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Abstract

This thesis focuses on several important aspects of growth, characterisation and
physics of IlI-nitride semiconductors. The first chapter contains a brief review of
physical properties of III-Nitrides. The second chapter covers the principles of the
metal organic chemical vapour deposition process and its application for the epitaxial
growth of III-Nitrides. Following chapters focus on the nucleation process of GaN on
sapphire (chapter 3), the p-type doping of GaN (chapter 5), the growth of AlGaN and
InGaN alloys (chapters 6 and 7). In chapter 4 we discuss the use of x-ray diffraction
for characterisation of IlI-nitride epitaxial films and suggest a new method to extract
structural parameters of epilayers from x-ray diffraction scans. In chapter 8 we
analyse current spreading in IlI-nitride based light emitting diodes. It is shown that
efficient current spreading is limited by the resistance of the n-type layer. Chapter 9
covers the growth and properties of Si doped AlGaN/GaN superlattices. Due to
formation of two dimensional electron gas, these superlattices have high mobility of
electrons and can be used as current spreading layers in Ill-nitride based devices.
Chapter 10 describes the growth of strained Mg-doped AlGaN/GaN superlattices to
improve p-dopant activation. The growth of InGaN/GaN quantum wells is discussed
in chapter 11. Chapter 12 reports on successful fabrication of InGaN light emitting
diodes. Chapter 13 presents the results on optical pumping of III-nitride based laser
structures.
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Introduction

Introduction

The Group-III nitride-based compounds have been considered as promising
semiconductor materials. The most sought after property of III-Nitride semiconductors is
their wide direct bandgap, permitting the fabrication of highly efficient optoelectronic
devices operating in the blue and ultraviolet part of the spectrum. The wurtzite polytypes
of GaN, AIN and InN form a continuous alloy system whose direct bandgap ranges from
1.9 eV to 6.4 eV. Because of their wide band gap, they can be used in violet, blue and
green light emitting devices, covering a part of the electromagnetic spectrum that is not
covered by conventional semiconductor technology. Traditional III-V semiconductor
technology covers the spectrum from infrared to green.

The first studies of III-nitrides began in early 1970°s. However, the development of
III-nitride based semiconductor devices was slow, mostly due to poor material quality and
miscellaneous technological prol;lems. The material quality has been steadily improving,
and this improvement opened up new opportunities for rapid progress in III-Nitride related
devices in the early 1990°’s. The major breakthroughs were the development of a low-
temperature nucleation layer, which allowed the growth of device-quality GaN on sapphire
substrates, and the successful growth of the p-type GaN using Mg dopant. First
commercial high-brightness LEDs operating in blue and green regions of the visible
spectrum were produced in Japan in 1995. This has led to a revolution in LED technology
and opened up enormous new markets that were not accessible before. Full-colour
displays, for example, require at least three primary colours, usually red, green and blue, to
produce any visible colour. Bright red-emitting LEDs had been already commercialised by
that time, and the emergence of blue and green light emitters allowed to cover the whole
colour range, including white light. First full-colour display based on III-nitride LEDs was

demonstrated in 1996 in Japan.
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Figure 1.1 Bandgap energy of wurtzite GaN, AIN and InN versus lattice constants a
and c.

Solid-state lighting is another large niche for nitride-based light emitting diodes.
White light can be obtained by mixing monochromatic light from two or more LEDs (e.g.
red, green and blue LEDs). Another approach utilises conversion of short-wave radiation
(blue or UV) from III-Nitride LED into longer wavelength using a phosphor. Such all-
solid-state white-light-emitting devices would be more durable with less power
consumption than conventional incandescent bulbs or fluorescent lamps.

Blue-violet laser diodes are in high demand for optical storage applications. The
shorter the wavelength of laser emission, the smaller is the focused spot, which means
higher information density. Current DVD disk technology relies on red aluminium indium
gallium phosphide (AllnGaP) semiconductor lasers and have a data capacity of about 4.7
gigabytes, compared with 0.65 gigabytes for CDs, which use infrared aluminium gallium
arsenide (AlGaAs) laser diodes. By moving to violet wavelengths through the use of

nitride-based laser diodes the capacity of optical disks can be increased up to 20 gigabytes.
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Portable cost-effective nitride lasers can replace bulky and expensive gas lasers in
applications like underwater communication systems, detectors for chemical and biological

compounds, scientific equipment and many others.

Direct bandgap
i Indirect bangap
AIN GaN InN Growth problems
AlGaN InGaN
GalnPAs
InGaAIP
InP
AlP GaP
GaPAs
% AlGaAs
sic Al GaAs
Zn0O ZnSe
I I
ZnS CdS CdSe
¢ ZnCdS CdSSe 7]
I . [ ]
500 600 1000

Wavelength, nm
Figure 1.2 Spectral range coverage of various semiconductor materials
S. Nakamura and co-workers have laid the first milestone in nitride laser diode
research. In 1996 they demonstrated pulse-mode nitride blue-violet laser. The following
year the same group of researchers demonstrated a continuous wave operation of a nitride
laser diode. Recently, these results were repeated and improved by a number of research
groups in Japan, USA and Europe. Nitride lasers with lifetimes in excess of 10,000 hours

have been reported.



Introduction

Despite quick commercial success, many issues still remain to be solved. This work
is focused on the growth and characterisation of Ill-nitrides and Ill-nitride based

heterostructures and devices.



Chapter 1. Physical properties of GaN, AIN, InN and their alloys

1. Physical properties of GaN, AIN, InN and their alloys

Despite the relatively short history of III-Nitrides, they are fairly well reviewed in
scientific literature. A number of conference proceedings, authored and edited books have
been published on these semiconductors. Very informative reviews on various properties
of Group III nitride semiconductors have been written by Ambacher [1], Jain et al [2],
Morkoc et al [3,4,5]. An informative review of dopant characteristics of IlI-nitrides has
been published by Sheu et al [6]. Another comprehensive source of physical properties of
III-nitrides and related materials is the book [7] by Levinshtein and co-authors. Also, we
shall mention here the online database on Physical Properties of Semiconductors [8]
maintained by the Ioffe Institute. Since the detailed information on III-nitrides can be
readily found in the above-mentioned references, in this chapter we will give only a brief

summary of the most essential facts and properties of GaN, AIN, InN and their alloys.

1.1. Structural properties

In contrast to conventional III-V semiconductors like GaAs, which form the
zincblende (cubic) structure, III-Nitrides can crystallize in wurtzite (hexagonal) or
zincblende polytypes. At high pressures, a cubic high-pressure modification with NaCl
structure has also been observed. For practical device applications wurtzite and zincblende
structures are the most important. The wurtzite structure is more common, as it is the only
thermodynamically stable phase of all Ill-nitrides. The zincblende phase is metastable
under normal conditions. Nevertheless zincblende III-Nitrides can be grown under special
growth conditions on cubic substrates like Si, GaAs and MgO. Besides, coexistence of
wurtzite and zincblende phases is possible in epitaxial layers, for example due to stacking
faults. So far, hexagonal nitrides are normally used for device applications and are much

better studied. On the other hand, owning to their higher crystallographic symmetry, cubic
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nitrides are expected to have several advantages such as higher mobility and better doping
efficiency.

Crystallographically, the zincblende structure and wurtzite structure are very closely
related. Both structures have the tetrahedron arrangement of chemical bonds. They only
differ in stacking sequence of nitrogen and metal atoms. For wurtzite GaN the sequence in
[0001] direction is GaANaGaeNbGaANaGaeNb..., or AB AB AB. For zincblende GaN the
stacking sequence in [0001] direction is GaANaGaBNbGacNdGaANaGaBNbGacNc ..., or
ABC ABC ABC. In other words, the coordination ofthe nearest neighbours is the same for
both structures (tetrahedral). But the coordination of next-nearest neighbours is different

(cuboctahedral for zincblende and anti-cuboctahedral for wurtzite).

Waurtzite Zincblende
Figure 1.1. Wurtzite and Zincblende structures of Group III nitrides.

A schematic diagram of atom arrangement for the wurtzite and zincblende structures is
shown in Figure 1.1.

Wurtzite has hexagonal crystalline structure which is described by two lattice
parameters a and c¢. The a lattice parameter measures the length of the basal hexagon, the ¢
lattice parameter is the height of the hexagon prism. Commonly, crystallographic
directions and planes in hexagonal crystals are described ether in three- or four-index

notation. In case ofthree-index notation the basis is formed by axes aj, a? and ¢. However,

11
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in three-index notation, equivalent planes or directions do not have similar indices. For that
reason many researchers prefer to use four indices, based on four axes a;, a,, a3 and c.
Since all three a axes are equivalent, the equivalent planes are obtained simply by

permutations of the first three indices. The first three indices for the plane (hkil) are
always related by the equation

i=—(h+k) (1.1
Since the third index is completely determined by the first two an abbreviated style (k- 7)

may be used where the third index is replaced by a dot.

A direction in four-index notation may be specified by the four vector components
[uvtw] of the vector r=ua +vax +tas +we. Again, the first three indices are
interdependent and related by the equation

t=—(u+v) (1.1)
The transformation of the indices of the planes from three-index notation (4kl) to four-
index notation (hkil) is quite easy. The third index i is always given by the equation
i=—(h+k) (12)
The transformation back from four to three requires dropping the third index i.

Transformational equations for directions are more complicated. If the same vector is

written as [UVW] in three-index notation and as [uvtw] in four-index notation, the

following equations hold

U=u—-t V=v-t W=w (1.2)

u=tQU-V) v=l@V-U) t=—(u+v) w=W

Four index notation in triangular brackets (uvtw} denote a system of equivalent directions.

The individual vectors are obtained using equation (1.2) and by permutations of the first

12
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three indices. For example, %(1 1§O> denotes all directions along one of the sides of the
basal hexagon.

For ideal wurtzite structure, the ratio of lattice parameters is fixed
c/a=(8/3)"? =1.633. In real crystals, the c/a ratio is slightly smaller. In this sense, real

crystals can be considered as an ideal wurtzite structure compressed along [0001]
direction.

Table 1. Lattice constants for AIN, GaN and InN.

GaN (WZ) GaN (ZB) AIN (WZ) InN (WZ)
a A 3.189 4.52 3.112 3.533
c A 5.186 - 4.982 5.693
c/a 1.6259 - 1.6010 1.6114

Both wurtzite and zincblende structures have polar axes (lack of inversion

symmetry). In the wurtzite structure, the bonds in (0001) direction are all faced by cations

in one direction and anions in the opposite direction. As a result, directions [0001] and

[0001] are not equivalent. By convention, the [0001] direction is given by a vector
pointing from a metal atom to a nearest-neighbour N atom. As we mentioned before, in the
wurtzite structure atoms are arranged in cation and anion layers stacked along (0001)
direction. Therefore, the basal plane of hexagonal should be either metal or nitrogen faced.
Both bulk and surface properties can depend significantly on whether the surface is faced
by nitrogen or metal atoms. For example, it has been reported that the smooth side of GaN
bulk crystals corresponds to the Ga-face | (0001) whereas the N-face (0001) is much
rougher. Hexagonal GaN epitaxial layers grown by MOCVD on c-plane sapphire have
[0001] axis directed from the substrate to the surface of the film. Consequently, MOCVD-
grown GaN layers are Ga-faced. On the contrary, MBE growth commonly occurs in the

[0001] direction yielding an N-faced film.

13
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1.2. Piezoelectric properties

Waurtzite III-nitrides have two components of polarisation. The first component is the
so-called spontaneous polarisation along [0001] direction related to the low symmetry of

the wurtzite structure. The spontaneous polarisation is strain-independent and is present
even in unstrained material. The increasing nonideality of the crystal structure going from
GaN to InN to AIN (c/a decreases) corresponds to an increase in spontaneous
polarisation. The second component is strain-dependent. It is referred as piezoelectric
polarisation. In the absence of electric fields, the total polarisation is given as a sum of
spontaneous polarisation in the equilibrium lattice and the strain-induced piezoelectric
polarisation.

Knowledge of polarisation properties is very important for devices, as internal
electric field modifies the shape of the band edges and the carrier distribution inside
heterostructures. Further discussion on polarisation properties of III-Nitride
semiconductors, as well as experimental demonstration of polarisation-related effects can

be found in Chapters 9,10,11.

1.3. Electronic Band Structure
Hexagonal polytypes of GaN, AIN and InN have direct bandgaps of 3.4 eV, 6.2 eV
and 1.9 eV?, respectively. In cubic form, GaN and InN have direct bandgaps, while AIN is
indirect. The band structure of zincblende GaN is similar to that of GaAs (see Figure 1.2).
The valence band at & = 0 consists of three subbands, referred as 4, B, and C, bands. The C
band is split off due to spin-orbit coupling, and is referred as a split-off band. Bands 4 and

B form a multiplet; the degeneracy can be removed by shear component of the biaxial

* According to recent publications InN has much narrower bandgap of 0.7-1¢eV. See Chapter 7 and

references there
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strain. Holes in the 4 band have smaller effective mass than the holes in the B band. The

two hole bands are known as the light hole band and heavy hole band.

Zinc blende Energy
X-valleys L-valleys
] 300K
E,=32¢V
[-valley E,| Ex=46eV
E, E EL=48-51¢eV
Eso=0.02eV
<100> E; N Heavy holes  <111>
Light holes

Split-off band

Figure 1.2. Band structure of zincblende (cubic) GaN (From Suzuki ef al [9])

Waurtzite 1Energy
A-valley M-L-valleys
\ /
300K
E,= 339eV
E r-valley E E;-L= 4.5 - 5.3 eV
A E ML\ B,= 47-556V
€ Eyo= 0.008 eV
0 Eqx= 0.04eV
T E.| =~ Heavy holes k,
Light holes
Split-off band

Figure 1.3. Band structure of wurtzite (hexagonal) GaN (From Suzuki ef al [9])

The bandgap of wurtzite nitrides is higher than that of zincblende nitrides. The key
difference between the zincblende and wurtzite band structures is the splitting of the

valence band degeneracy due to the presence of the crystal field (see Figure 1.3).
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Consequently, there are three bandgap excitons, usually labelled A-, B-, and C-exiton. In
this sense, the wurtzite structure acts like a “pre-strained” cubic crystal. Therefore, for
wurtﬁte ITI-Nitrides, the effects of strain on the valence band dispersion are much less
dramatic than in GaAs and related III-V materials [10]

The effective masses of holes and electrons near I' valley are given in Table 2.
However, it should be noted that the effective mass approximation has very limited use for
III-nitride valence bands, since valence bands are highly non-parabolic.

Table 2. Effective masses in GaN, AIN and InN

Zincblende, 300K GaN InN AIN

Effective electron mass m, 0.13m, [11] - -

m, | 13m,[12]

Effective heavy hole mass | Mooy |  0.8m[12] - -
My 1.6m,[12]

my, 0.19m,[12]

Effective light hole mass | Moy | 0.21m,[12] - -
My | 0-18m, [12]

Waurtzite, 300K GaN InN AIN

Effective electron mass m, 0.20m,[11] 0.11m,[13] 0.4m,[14]

m, | 14m,[12] | 1.63m,[14] -

Effective heavy hole mass | m,, 1.1m,[12] - 3.53m, [15]
My, 1.6m,[12] - 10.42m,[15]
my, 0.3m,[12] 0.27m, [14] -
Effective light hole mass my,, 1.1m,[12] - 3.53m, [15]
my,, | 0.15m,[12] - 0.24m,[15]
1.4. Band offsets

Knowledge of band discontinuities between nitride materials in heterojunctions is
important for designing electronic and optoelectronic devices. The band splitting
parameters and the band offsets for IIl-nitride system has been experimentally and
theoretically determined in several studies; there is, however, significant disparity between
results. Band discontinuities depend on the strain state of the epilayer and, strictly

speaking, on the interface order. For example, the band offsets for InN/GaN
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heterojunctions are different from the offsets for GalN/InN heterojunctions. Approximate
band offsets are given in Figure 1.4; for more detailed discussion on band offsets we refer

the reader to Refs [1,2,16].

Waurtzite Zincblende
Ec
1.78eV E
189V
136eV 1.03eV
AIN GaN InN AIN AIN GaN InN AIN
— 051ev
g7y eV L1leV 0.84eV 135eV

Figure 1.4. The approximate band offsets for wurtzite and zincblende Group III-
Nitrides at room temperature. Polarization effects are ignored. (from Ambacher

(1D

1.5. Doping of III-Nitrides

Undoped GaN films exhibit n-type conductivity. Typically, the background electron
concentration in nominally undoped GaN is about 10'°~10'” cm?, depending on the growth
technique. Commonly, this background conduétivity is explained by the presence of
defect-related donor levels like nitrogen vacancies. Unintentionally doped InN and InGaN
films are heavily n-type (10'*~10%° cm™), regardless of the growth technique [6], and this is
usually ascribed to the presence of indium vacancies. Impurities like oxygen and carbon
can be also responsible for the strongly n-type conductivity in InN. As grown AIN always
has a large concentration of C, O, and H impurities. However, because of very wide
bandgap, these impurities form deep levels in the forbidden gap. Therefore, undoped AIN
is generally semi-insulating. Intentional doping of AIN is also quite difficult due to high

donor (acceptor) activation energy.
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As it is generally known, group IV elements like Si, Ge and Sn can act as a donor or
acceptor in III-V semiconductors depending, on which site it is substituted (a group III or
group V element). As a rule, group IV element incorporates at group III element site and
act as a donor. Under specific growth conditions, it can be incorporated as an acceptor; for
example, in liquid-phase epitaxial growth.

In GaN, Si is usually used to produce n-type material. Electron concentrations up to
2x10" cm™ have been demonstrated by Nakamura [10]. The doping characteristics of Ge
in GaN are similar to those for Si and have been demonstrated by Nakamura et al [17,10].
The carrier concentration up to 1x10'® cm™ has been achieved. However, GeHy is ten times
less efficient compared to SiHs. Some experiments have demonstrated that alternative n-
type dopants, such as Se and O, are also possible. Nevertheless, these dopants are more of
academic interest as the doping efficiency is much lower compared to that of Si.

For p-type doping, the acceptor level of GaN is deeper than the GaAs acceptor level
due to its larger hole mass. This leads to the difficulty in p-type doping and very low
activation of dopants at room temperature for GaN. The most commonly used dopant for
p-type GaN is magnesium. No other impurity has been so successful in producing p-type
conductivity in GaN. However, activation energy of Mg is ~150 meV, which is quite large,
compared to k7 at room temperature. Therefore, only a few per cent of the Mg atoms are

3 must be used to

ionised at room temperature. Very high doping levels of 10°-10% cm’
achieve hole concentrations in the middle of 10'7 cm™ region. Further improvement of the
hole concentration is quite a challenging task, the determining factor being the solubility of
Mg in GaN and various self-compensating mechanisms. In AlGaN, the activation energy
of Mg increases rapidly with increasing Al content. On the contrary, in InGaN the

activation energy of Mg is smaller than that in GaN. In spite of this, p-type doping of

InGaN is still difficult due to higher background electron concentration.
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Zn doping of GaN has been intensively investigated by many researchers worldwide.
Although Zn doping produces a deep acceptor level with high activation energy, it has
some practical applications. For example, Zn-Si co-doping was used in early nitride-based
light emitting diodes to create donor-acceptor recombination centres [10]. Also, Zn doping
can be used to produce highly insulating GaN layers [18] required in certain device
applications.

More specific details of the doping process of Ill-nitrides are covered in the
following chapters of the present work. In the Chapter 5 we will address various aspects of
efficient p-type doping of GaN and related materials. Chapters 9 and 10 present the

experimental results and theoretical analysis on doped p- and n-type superlattice structures.

10
Ambacher et al
Muth et al
105
n=2.3x10 cm'

n=2x10 cm'

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Photon Energy, eV

Figure 1.5. Room temperature absorption coefficient of wurtzite GaN versus photon
energy, (from Ambacher et al [19] and Muth et al [20])
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1.6. Optical Properties
Extensive work on the luminescence of Ill-nitrides has been done and several
reviews have been published (see e.g. [2] and references there). For information on optical

transitions in III-nitrides one should refer to above-mentioned sources.

1.0 15 20 25 3.0 35 40 45 50 55 6.0

Photon energy, eV

Figure 1.6. Refraction index of different AlGaN and InGaN films versus photon
energy at room temperature (from Brunner et al [21] and Bougrov et al [22]).

For example, in GaN the refractive index changes from 2.3 for infrared radiation to
-2.8 for the photons with bandgap energy. The refractive index of Ill-nitrides has more
pronounced dispersion than that of traditional III-V semiconductors. The dispersions
curves for different IlI-nitride materials are presented in Figure 1.6.

Here we will discuss briefly light absorption and refractive properties of IlI-nitrides
as these parameters are of key importance for optoelectronic devices such as lasers or light

emitting diodes.
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In contrast to conventional I1I-V semiconductors, III-nitrides have pronounced low-
energy absorption tails. For example, for lasing photon energy of a GaAs/AlGaAs laser‘
with a GaAs active region (corresponds to 40 meV redshift from the band-gap energy)
absorption of light in AlGaAs cladding layers is less than 10 cm™ even for very small mole
fractions of AlAs. But in nitride materials, absorption coefficients at lasing wavelength are
expected to be about 10° cm™. The dependence of the absorption coefficient on the photon
energy is presented in Figure 1.5.The infrared refractive indices of the wurtzite GaN, AIN
and InN are 2.3, 2.0, 2.9-3.1, respectively. As usual, the refractive index is increasing as

the photon energy approaches the bandgap.
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2. MOCVD growth of lll-nitrides

2.1. Introduction

Metalorganic chemical vapour deposition (MOCVD), also referred to as
metalorganic vapour phase epitaxy (MOVPE), is used in both the research and
manufacturing areas of the semiconductor industry. MOCVD has become a very popular
technique for growing thin, high purity epitaxial films with applications in electronics and
optics. The ability of the process to produce complex multi-layered structures has
stimulated the usage of MOCVD for the growth of modern semiconductor devices such as
light emitting diodes, lasers, photodiodes, solar cells, heterojunction bipolar transistors and
field effect transistors.

MOCVD is distinguished from other vapour phase epitaxy (VPE) techniques by the
chemical nature of the precursor gases. As the name implies, metalorganic compounds of
group II or III elements are employed. They are reacted with group V or VI hydrides (or
other compounds), and during pyrolysis the semiconductor compound forms. The great
advantage of using metalorganic compounds is that they are volatile at moderately low
temperatures; therefore, they can be easily transported to the reactor by the carrier gas
flow.

The development of the MOCVD technique started in late 1960s with the pioneering
work of Manasevit et al [1]. Nowadays, MOCVD is the dominant technique for the
production of compound semiconductors. In case of group IlI-nitride materials, MOCVD

is the only technique which has gained commercial success.

2.2. Overview of the MOCVD process
Although the MOCVD growth of Ill-nitrides is a complex process, the underlying

idea is quite simple. The film is deposited through a chemical reaction occurring between
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metalorganic precursors and nitrogen compounds. The growth process entails the transport
of precursors in a carrier gas flow towards the heated substrate on which they pyrolyse and
react with each other to produce an epitaxial film.
2.2.1. Source molecules

Usually, the choice of metalorganic precursors is limited to methyl or ethyl
compounds of Al, Ga, and In. Ammonia (NH3) is typically used as a nitrogen precursor.
However, the use of alternative nitrogen precursors like hydrazine (N2Hy), tetra-butylamine
(t-BuNH,), isopropylamine (i-PrNH;), trimethylsilylazide (Me;SiN3)* has been reported
[2].

Table 3. Properties of common metalorganic precursors used for the growth of III-
nitrides.

Abbreviation | TMGa TEGa TMAI TEAI TMIn TEIn
Chemical Ga(CH3)3 Ga(C2H5)3 AI(CH3)3 Al(C2H5)3 In(CH3)3 Al(C2H5)3
formula

Formula 114.82 156.91 72.09 114.17 159.93 202.01
weight '

Melting -15.8 -82.3 15.4 -52.5 88.4 -32
point, °C

Boiling 55.7 143 127 194 133.8 184
point, °C

Density, 1.151 1.06 0.752 0.835 1.3 1.260
g/cm’

V.P. @20°C, 182 5 8.7 0.02 1.7

mm Hg

These compounds have lower thermal stability compared to ammonia, therefore
allowing the use of lower substrate temperatures and reduced V/III ratios. We shall also
mention so-called single source precursors, which already contain nitrogen and group III
elements. These include [AI(NR2)s:], [HAI(NRz):]2, (Me;AINH,)s, (Et2AIN3)s, and

(Me,AINH,);. The so-called azide precursors, [RoGa(u>Ns3)], [(ReN).Ga(n'-N3)] and

* Hereafter Me, Et, and Bu denote methyl (CH;), ethyl (C,Hs) and butyl (CsH,) radicals, respectively. R

denotes either methyl or ethyl radical.
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(N3)>Ga[(CH,)3;NMe;], also have gained some attention because they are less toxic and
pyrophoric than conventional precursors.Although many chemical compounds can be
considered as precursors for nitride epitaxy, methyl and ethyl metalorganic compounds and
ammonia remain to be the industry standard for MOCVD growth of III-Nitrides. They are
produced commercially in large quantities and purities required in semiconductor
technology. The physical properties of conventional metalorganic precursors are listed in
the Table 3.

The methyl sources are more often used due to their higher vapour pressure and
greater thermal stability. The ethyl sources have lower vapour pressure, which may be an
advantage for the growth of thin layers, quantum wells and superlattices. Another
important characteristic of ethyl sources is that they pyrolyse through a B-hydride
elimination mechanism without producing highly reactive CHj3 radicals which are believed
to be the main source of carbon in the epitaxial layers [3]. TEIn is the least stable
compound and has been observed to decompose spontaneously during storage. The
pyrolysis of TEIn begins at <100°C and is complete at 400°C. Because of reduced bond
strength, TEIn has been known to improve the efficiency of indium incorporation relative
to TMIn. The use of TEIn is generally limited due to its propensity to participate in
parasitic gas phase reactions resulting in indium droplets. This adversely affects the growth
rate. The most important advantage of TEIn precursor for III-nitride epitaxy is low melting
point. In contrast to TMIn which is solid at room temperature, TEIn is liquid. The use of
solid TMIn precursor can limit the transport rate. Also, the surface area of TMIn crystals
can change with time, due to recrystallisation by vapour transport, resulting in an effective
vapour pressure that decreases with time during storage and use. Recently, Epichem has
developed an efficient method to deliver TMIn via a novel precursor system. In this
system, solid TMIn is suspended in an extremely low VP adduct solution. The evaporated

TMIn is continuously replenished by dissolution during usage.
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Figure 2.1. Temperature dependence of vapour pressure for common group III
metalorganic precursors

2.2.2. Dopant precursors

The most important dopant impurities for III-nitrides are magnesium (Mg), which
acts as an acceptor producing p-type material, and silicon (Si), which is a shallow donor
producing n-type material. Doping by zinc (Zn) is also used in IlI-nitride technology to
produce semi-insulating material, or to create recombination centres.

The most commonly used magnesium precursor is bis(cyclopentadienyl)magnesium
Mg(CsHs), (CpaMg). It has been demonstrated to be useful as as a p-type dopant of III-V
alloys. In traditional compound semiconductors like GaAs and InP p-type doping with
Cp2Mg is a well established process. Now, its use as a dopant in nitride based systems is
also included in the standard process for blue ultra-high brightness LEDs. A potential
problem with Cp,Mg is that it is a solid at room temperature. The efficiency of a solid
metalorganic source is less stable compared to that of a liquid source and can degrade with

time.
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Alternatively, bis(methylcyclopentadienyl)magnesium Mg(CsH7), (MeCp)Mg) can
be used as magnesium precursor. It has a lower melting point (29°C), therefore can be used
as a liquid source avoiding problems peculiar to sublimation sources. However, p-type
doping of III-V semiconductors using (MeCp,;)Mg is a less well established process. Also,
(MeCp),Mg is reported to be more reactive than Cp,Mg and more susceptible to parasitic
reactions which reduce doping efficiency. Recently, Epichem developed an efficient
magnesium precursor system, which combines the advantages of well-established Cp,Mg
doping process with the reliability of liquid precursor. In this system, solid Cp,Mg is
suspended in an extremely low vapour pressure hydrocarbon liquid. The solvent forms a
liquid layer over the solid Cp,Mg and it is assumed that the Cp,Mg is vaporized directly

from the solution.
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Figure 2.2 Temperature dependence of vapour pressure for dopant precursors

Ethyl and methyl zinc metalorganic compounds have been demonstrated to be useful
as a p-type dopant of III-V alloys. Dimethylzinc Zn(CH3), (DMZn) is a less common

doping source because of its high vapour pressure. Cooling of the source is required to
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access the useful range of concentrations. Diethylzinc Zn(C,Hs), (DEZn) has lower vapour
pressure and, therefore, is more compatible with the doping process.

Silicon can be used either in hydride form (monosilane SiH,, disilane SiHg) or
silicon organic compound form (tetramethylsilane Si(CH3)s, tetraethylsilane Si(C,Hs)s ).
Gaseous monosilane and disilane are more widely used for n-type doping because they do
not require temperature-stabilised bubbler. Typically hydride dopants are diluted with
hydrogen at 200 ppm. Successful growth of n-type GaN using tetraethylsilane precursor
has been also reported by a number of authors.

2.2.3. Chemistry of the MOCVD process

The basic MOCVD reaction describing the GaN deposition process can be described
by the following reaction:

Ga(CH3); + NH; — GaN + 3CH, 2.1)
However this equation simply balances the input and output reagents and does not reflect
actual reaction path and intermediate compounds involved. The more likely mechanism
involves pyrolysis of metalorganic precursors and ammonia leading to the formation of
highly reactive radicals, which in turn produce IlI-nitride epitaxial film. The high thermal
stability of NHj is one reason for the use of high substrate temperatures, typically more
than 550°C for InN and above 900°C for GaN and AIN. For this reason very high V/III
ratios are typically used in nitride epitaxy. Even at high temperatures, the decomposition of
ammonia is quite slow in the absence of suitable catalyst. Ammonia is thought to
decompose heterogeneously on the GaN surface or reactor walls to yield atomic nitrogen
or a nitrogen containing radical at high growth temperatures. The pyrolysis of ammonia

can be described by the following reaction

NH; — NH;« + xH 2.2)

Metalorganic compounds are much less stable compared to ammonia and decompose

at lower temperatures (see Figure 2.3). Therefore, the decomposition rate of metalorganic
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. precursors is not the limiting factor in the nitride epitaxy. Metalorganic precursors can
pyrolyse through different reactions mechanisms, depending on the type of metalorganic
compound and gas ambient. In nitrogen or inert gas atmosphere, methyl compounds
decompose via homolytic fission.
Ga(CH3); — Ga(CH3), + CH3
Ga(CHs); — Ga(CH3) + CH3 2.3)
Ga(CH3) - Ga + CH;
In the presence of hydrogen the decomposition process follows the hydrolysis
mechanism
Ga(CHs); + 1/2H, — Ga + CH4 2.4

In contrast, ethyl metalorganic compounds decompose via B-elimination process.
(CH,-CH3)-Ga-R — CH,=CH, + H-Ga-R 2.5)

Since no radicals or other external reaction partners are needed, the B-elimination is
not sensitive to the carrier gas and occurs both in N, and H,. The important characteristic
of B-elimination mechanism is that it does not involve the formation of highly reactive
methy] radicals, which are assumed to be the main source of carbon contamination in III-V
epitaxial films.

Figure 2.3 presents experimental data on percent of pyrolysis versus temperature for
various metalorganic compounds. As one can see, ethyl compounds decompose at lower
temperature than methyl compounds. This can be attributed to weaker bond strength and
lower activation energy for B-elimination reaction. The influence of carrier gas is much
stronger for methyl compounds, as addition of hydrogen gas changes the decomposition
mechanism and reduces the decomposition temperature. In the case of ethyl compounds
the decomposition mechanism remains the same for hydrogen and inert gas ambients;
therefore, the dependence of decomposition temperature on carrier gas composition is

weaker.
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Figure 2.3. Percent pyrolysis versus temperature for TMGa, TEGa, TMIn in
several ambients (from Stringfellow [3])

One possible growth mechanism of GaN involves the heterogeneous reaction at the
solid gas interface of Ga(CHs)x or GaHx radicals with NHy radicals. Alternatively,
metalorganic compounds can react with ammonia in the gas phase to form the adducts of
the kind [R3MNHj3] and [RsMNH,R’]. These adducts eliminate radicals on heating to form
[R;MNH;],, [RzMNHR'], and M(NH),M compounds, where n=2 or 3. These species
finally eliminate H, and CHj4 to form IlI-nitride film at the substrate surface [2]. Very high
V/III ratios typically used in the epitaxy of III-nitrides favour the predeposition reaction of
metalorganic precursors with ammonia. Very often, tile pre-reaction of precursors in the
gas phase reduces the growth rate and the efficiency of the reaction due to low adduct
volatility. Formation of gas-phase adducts is especially important for the growth of AIN
and AlGaN. On the contrary, the GaN deposition process is less sensitive to adduct

formation. R3Ga compounds are weaker electron acceptors than the corresponding R3;Al
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compounds, and thus the scarcity of any such adducts with NH3, could be expected due to

redissociation in the hot zone of the reactor [2].

2.3. MOCYVD system and reactor design issues
Now, we would like to review the technical aspects of the MOCVD growth. As we
mentioned before, the MOCVD epitaxy is a complex process governed by a large number
of factors, including mass transfer, gas flow dynamics, homo- and heterogeneous chemical
reactions etc. The precise control of all these factors is achieved by careful engineering of
the growth apparatus. Successful MOCVD system design must meet the following criteria:

e Uniformity of layer thickness

e Uniformity of alloy composition

e Abruptness of interfaces

e Ability to create desired doping profiles
e Reproducibility from run to run

e Wide process window

For mass production MOCVD systems, factors of high throughoutput, maintenance
and operation cost, source usage, etc are also very important.

A typical MOCVD system comprises a reactor chamber, a gas distribution system, a
temperature controller, an exhaust system and control electronics. A schematic block
diagram of a MOCVD system is presented in Figure 2.4. In this chapter, we will discuss
the design issues of the two most critical parts of the MOCVD setup: the gas distribution

system and the reactor.
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Figure 2.4 Schematic block diagram of MOCVD system

2.3.1. Gas distribution system

The purpose of the gas handling system is to deliver metered amounts of reagents
into the reactor and to provide fast switching between reagents. Nowadays this is a mature
technology and most of the manufactures use standard engineering solutions. Nevertheless,
the gas distribution system is one of key elements of a MOCVD setup therefore worth
giving it due attention.

Metalorganic compounds are liquids or volatile solids under normal conditions. The
most convenient containers for metalorganic compounds are bubblers, made from stainless
steel. For a constant vapour pressure, the bubblers are immersed in temperature-controlled
baths. The total pressure in the bubbler is stabilised by the pressure controller. Metered
amounts of a carrier gas are passed through the bubbler. There carrier gas is saturated with
metalorganic vapour. The amount of metalorganic compound transported to the reactor is
controlled using the bubbler temperature, the mass flow of the carrier gas, which goes
through the bubbler, and the bubbler pressure.

The standard MO source (see Figure 2.5) incorporates a source mass flow controller
(MFC), controlling the quantity of carrier gas going through the bubbler. The pressure in

the bubbler is set using the pressure controller. Optionally, the gas after the bubbler is
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mixed with pusher flow. This additional flow serves two purposes. First, it accelerates the
MO flow and reduces the switching time between different metalorganic sources.

Secondly, it facilitates the optimum flow adaptation through the pressure controller.

J Pressure ’\‘] ¢ Inject li] ¢
.Ven .Ven
A
HCp }_»EC > Reactor "Reactor
Standard MO source MO source with dilution
Inject
! fVVent
Reactor sReactor
Standard hydride source Hydride source with dilution

Figure 2.5 Typical design of metalorganic and hydride sources

For handling of small amounts of metalorganic compounds, e.g. for doping or for the
growth of quantum size structures, a metalorganic source with dilution is used. In the

dilution source the flow after the bubbler is mixed with dilution flow. A small percentage
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of the gas mixture is passed into the reactor through the injection mass flow controller, and
the excess gas mixture is conducted to the vent line through the pressure controller.

Hydride precursors are stored in special gas cabinets outside the system, filled in
cylinders under high pressure, diluted or highly concentrated. They are delivered to the
system in the gaseous form; therefore, hydride sources are simpler than MO sources, as
they do not comprise bubblers and temperature-stabilised baths. Standard hydride source
includes one source MFC and optional push MFC. Hydride sources with dilution are
typically used for dopant precursors like silane. The principle of operation is similar to that
used in MO sources with dilution. The source flow is mixed with dilute flow and fed to the
reactor via injection MFC. The pressure controller sets the operating pressure of the
injection MFC and leads the excess gas to the vent line.

All sources are connected to the reactor via special source-switching manifold. Its
construction is very important, as the physical switch of precursor chemicals is the first
factor in controlling the interface abruptness. The manifold should provide fast switching
of the reagents without producing pressure fluctuations. Normally, a gas handling system
has two separate manifold lines, one for metalorganics, and another one for hydrides. Some
systems have additional injection lines for dopant sources. Typically, a run-vent manifold
is used for process gas switching. This configuration includes the run line, which leads to
the reactor, and the vent line, which leads directly to the exhaust. The sources can be
switched between the reactor and the vent line. The carrier gas continuously flows through
the run and vent lines for purging and for adjusting the flow speed through the reactor.
Run-vent manifold design allows purging and stabilising the source before connecting it to
the reactor. Some MOCVD systems have a differential pressure controlled run-vent
manifold. This ensures equal pressure in run and vent lines and prevents fluctuations of
pressure and flows during switches. When large gas volumes are being switched, an

additional flow of carrier gas is switched in opposition, to replace the switched gas volume
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during switches and minimise the pressure fluctuation in the injector block. However, the

physical switch of different precursors in gas phases is much more complicated than a

simple volume replacement, because the density and the viscosity of each gas is different.
2.3.2. Reactor

After the run-vent manifold the reagents are delivered to the reactor. The geometry
of the reactor chamber is very important as it must provide a stable gas phase at all growth
temperatures, pressures and flows that are used in the process. In the case of the MOCVD
growth of Ill-nitrides, it is important to overcome problems presented by high growth
temperature and adduct formation in the gas phase. As we mentioned above, ammonia
tends to pre-react with the group III metalorganic compounds to form non-volatile adducts.
When mixed at room temperature, the adduct formation between TMGa or TMAI and
ammonia is completed in less than 0.2 s. Such parasitic reactions in the gas phase could
cause adverse effects like defect formation on the substrate surface and growth suffocation.
Therefore, to avoid the unwanted pre-reaction the reactants must be allowed to interact
with one another only in the vicinity of the substrate.

Several types of reactor geometries have been developed for the MOCVD growth of
III-nitride based materials and devices. Both atmospheric pressure and low-pressure
systems are being produced by the major MOCVD equipment manufacturer as Aixtron
GmbH, Emcore Corp., Nippon Sanso, and Thomas Swan, Ltd. (now an Aixtron
subsidiary). In addition, a number of GaN-based device manufacturers like Nichia
Chemicals and Toyoda Gosei use in-house built MOCVD reactors. It is not our intent to
judge which reactor design is superior as all systems are producing high quality GaN and
device structures. The benefits of each approach will be specific to the ultimate device and
materials being grown.

Atmospheric pressure reactors offer the advantage of higher nitrogen partial

pressures. Low-pressure reactors have better control of convectional flows and pre-
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reactions in the gas phase. All MOCVD reactors incorporate laminar flow and feature
separate inlets for group III precursors and ammonia. A rotating susceptor is widely used
to enhance the uniformity of the deposited films.

A classical horizontal configuration of the reactor is widely used for MOCVD
growth of Ill-nitrides, particularly for small, research-scale reactors (e.g Aixtron 200
series). In the horizontal reactor, the substrate wafer sits on a susceptor in a horizontal tube
and reactants flow over it, parallel to the wafer surface. The reactor geometry is designed
to allow a laminar flow to develop and to avoid turbulence vortexes within the reactor cells
of gas. Usually, the susceptor is ether tilted or rotated to compensate the growth
nonuniformity caused by the depletion of the reactants as they flow over the wafer.
Horizontal flow reactors have relatively simple construction, which can be easily adapted
for particular experimehtal or technological purposes. For example, various in situ
characterisation techniques like reflectometry, ellipsometry, x-ray analysis, mass-
spectroscopy etc can be readily employed in horizontal flow reactors. Disadvantages of
this design include: thickness nonuniformity due to the depletion effect and edge effects of
the side walls, deposits on the ceiling, which affect uniformity and surface quality, and a
tendenéy to exhibit recirculation cells.

The Aixtron planetary reactor is the further development of the horizontal flow
reactor. The underlying concept encompasses radial flow from centre to the outer rim and
planetary motion of wafers, i.e. slow double rotation to achieve averaging of deposition
thickness and enhance uniformity. Rotation is achieved by gas that is introduced behind
each wafer carrier and is constrained by spiral grooves; this causes the carrier to float and
rotate. By the correct choice of geometry and carrier gas flow, the depletion across the
susceptor can be made approximately linear, so that with the wafer rotation, good thickness

uniformities of 1-2% can be achieved.
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The two-flow MOCVD reactor developed by Nakamura [4] can be also regarded as a
horizontal flow reactor, as the source gases (main flow) are introduced parallel to the
substrate surface. A second flow (sub flow) containing equal amounts of N2 and H: was
introduced perpendicular to the substrate surface to suppress any thermal convection
arising from the heated substrate and to bring the reactants toward the substrate surface.
The suppression of thermal convection is effective enough to allow atmospheric pressure

operation.

Nozzle
I Substrate

Satellite
Rotation

Rotation Rotation

Figure 2.6. Schematic cross-section of the planetary reactor (top). Process
chamber of the AIX2000HT for GaN high temperature MOCVD with 7x2"
wafer capacity (bottom).
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Figure 2.7 Schematic drawing of the two-flow MOCVD reactor
A similar reactor concept was suggested by Wang et al [5] who reported on a three-
flow reactor. Two parallel carrier gas-flow for Group-Ill sources and NHs separated by a
quartz plate which are also parallel to the substrate are used. The Nz, which is used as a
sub-flow, flows through a quartz filter perpendicular to the substrate where it meets the
two parallel group III and group V source flows. This new flow arrangement enhances the
mixture of group III-V sources at the contacting substrate due to the perpendicular

direction ofthe N2 sub-flow.
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Figure 2.8 Schematic drawing ofthe three-flow reactor for GaN-based MOCVD.
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Two other players on the MOCVD reactor market, Emcore and Thomas Swan (now
subsidiary of Aixtron) produce vertical flow reactors. As a rule, vertical reactors are more
subjected to formation of recirculation cells and convectional flows because they typically
have larger free height above the substrate than horizontal reactors. In Emcore’s design,
thermal convection is suppressed by a high speed rotating susceptor. The gas layer adjacent
to the rotating susceptor is forced out by centrifugal force. This flow is balanced by the
axial flow towards the susceptor. In other words, the rotating susceptor produces a
pumping action, which effectively suppresses buoyancy forces. In addition, high-speed
rotation creates a thin, uniform boundary layer, enhancing the mass-transfer towards the
substrate. Thin and adjustable boundary layer facilitates fast change of reaction
components and, consequently, the growth of heterostructures with abrupt interfaces. The
reagents are delivered into the reactor through the Emcore proprietary Flow Flange® with
radial reactant distribution over the susceptor area to achieve both thickness uniformity and
high source utilisation efficiency.

A different approach for suppression of thermal convection is used in the Thomas
Swan vertical reactor. In this design, the group III and group V elements are injected
separately into the reactor through a water-cooled "showerhead" to avoid undesired
upstream pre-reactions. The showerhead surface is very close to the to the substrate (less
than 2 cm) to avoid the formation of recirculation cells. The very fine mesh (~100 per sq.

inch) of injection tubes ensures a very good uniformly gas distribution.
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Figure 2.9 Emcore TurboDisc reactor

40



Chapter 2. MOCVD growth o fIII-Nitrides

rectangular
optical viewport

3” reactor ¢ =m

height V¥
water cooled

a cylindrical shutter

«

§0°0 °0 | 325mm
diameter

Figure 2.10 Cross-section of the Emcore’s large area GaN reactor

A graphite resistance heater is used to raise the temperature of a graphite susceptor
up to 1200°C. The temperature is measured with an optical pyrometer looking directly at
the substrate or the susceptor. The substrate is placed on a rotating susceptor to achieve
improved uniformity and lateral flow regime across the substrate surface. The rotation
speed of the susceptor can be varied between o and 1500 rpm (typically 800 rpm)- The
reactor has a wide process window; the deposition can be performed both under
atmospheric and low pressure.

It should be noted, that some convergence tendency between Thomas Swan’s and
Emcore’s reactor conceptions can be observed. In recent models of Emcore systems (short
jar design) the free height of the reactor was reduced to 3 inches, while Thomas Swan

introduced a fast rotation option into their reactors.

41



Chapter 2. MOCVD growth ofIII-Nitrides

Figure 2.11 Thomas Swan close coupled showerhead reactor. 1- precursors top
plenum; 2-precursors bottom plenum; 3 -water cooled injector surface;
4 - thermocouple; 5-three zone heater; 6 - quartz liner; 7-exhaust; 8 -SiC
coated graphite susceptor; 9 - optical probe.

We now discuss in more detail the Aixtron 200/4/HT/RF MOCVD system as it was
used in the present work. It is a single 2" wafer horizontal flow research type reactor. The
reactor includes a water-cooled stainless steel chamber with internal quartz liner forming a
reaction zone. The liner has a rectangular cross-section 130x45 mm?2. Substrates are placed
on the rotating SiC or TaC covered graphite susceptor heated by RF coil. The graphite
susceptor is rotated by the Gas Foil Rotation® principle. The cross-sectional drawing of
the reactor is presented in Figure 2.13. Metalorganic and hydride precursors are injected to
the reactor via an injection head. The two flows are prevented from mixing by a separating
plate made of quartz. Mixing of the reagents occurs a few centimetres upstream of the

wafer.
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The setup has a computer controlled gas distribution system with six metalorganic
lines (TMGa, TEGa, TMA1, TMIn, TEZn and Cp2Mg), two ammonia lines, two SiH4 lines,
a propane line and one HCI line for in situ etching. All the sources are temperature- and
pressure-controlled to ensure constant vapour delivery and all gas flows are controlled with
metal-sealed mass-flow and pressure controllers. Hydrogen or nitrogen can be used as a
carrier gas.

The system is equipped with in situ reflectometry for real time measurements of

epilayer thickness, growth rate and surface roughness.

Figure 2.12 Photograph of Aixtron 200/4/HT/RF reactor. 1 - reactor chamber;
2- MO inlet; 3- hydride inlet; 4- RF supply line; 5- pyrometer;
6 - reflectometer; 7- exhaust; 8- viewport; 9- cooling water supply;
10 - window purge.
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Figure 2.13 Aixtron AIX 200-4/HT/RF reactor

2.4. References

. H.M. Manasevit, Appl. Phys. Lett. 116 1725(1969)
. O. Ambacher, J. Phys. D: Appl. Phys. 31 2653 (1998)

. G.B. Stringfellow, “Organometallic ~Vapor-Phase Epitaxy: Theory and Practice”,
Academic Press, London, 1989.

Shuji Nakamura, Yasuhiro Harada, Masayuki Seno , Appl. Phys. Lett. 58, 2021-2023
(1991).

. H.X. Wang, T. Wang ,S. Mahanty, F. Komatsu, T. Inaoka , K. Nishino, S. Sakai
Journal of Crystal Growth 218 148 (2000)

44



Chapter 3. Nucleation layer

3. Nucleation layer

3.1. Introduction

A c-plane sapphire is the most common substrate for the GaN growth. The surface
energy of the sapphire surface is too high resulting in a low density of nucleation centres.
Therefore, the growth by MOCVD of GaN directly on sapphire results in nucleation only
on isolated islands and leads to highly defective films with rough morphology. In order to
overcome these problems, the two-step growth method was proposed by Amano and co-
workers [1]. In this method a high temperature (HT) growth at T>1000°C of GaN was
preceded by the deposition of a low temperature (LT) at T=500-600°C nucleation layer of
GaN or AIN. The LT buffer reportedly increased the density of nucleation sites and
promoted the lateral growth of GaN. The HT growth first leads to the formation of islands,
the coalescence of these islands, and, finally, a quasi-two-dimensional growth. The
introduction of a low-temperature nucleation layer has considerably improved the
morphology and the crystalline quality of subsequently grown high-temperature GaN

films.

3.2. Nucleation and growth mechanisms

Typically, the initiation of GaN growth on sapphire involves the following stages:
e  High temperature (~1200°C) desorption of sapphire substrate in hydrogen.
e  Growth of the low-temperature (500 — 600°C) nucleation layer
e  High temperature (>1000°C) anneal of nucleation layer.
e  Growth of GaN at high temperature (>1000°C)

The growth mechanisms involved in this process are not yet understood in full detail;

however the following model is generally accepted. At low temperature the supersaturation

is high and the mobility of adatoms is low giving rise to high nucleation rates and
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promoting uniform dispersion of nuclei along the substrate surface. The as-grown
nucleation layer is polycrystalline and consists of grains of highly disordered cubic and
wurtzite GaN. Afterwards the deposition is stopped, and the nucleation layer is annealed at
high temperature for a short time. During this anneal the nucleation layer recrystallises into
GaN seeds. The material is transported by surface diffusion and desorption/re-deposition
reactions from smaller seeds to larger seeds, which have smaller surface energy. As a
result, the seeds smaller than some critical dimension completely disappear while the other

seeds are growing both laterally and vertically.

GaN

Sapphire

Figure 3.1. Schematic GaN evolution during initial stage of MOCVD growth on
sapphire substrate. (1) - deposition of a low-temperature GaN nucleation layer.
A uniform distribution of nucleation seeds is achieved during this stage. (2) -
high temperature annealing of the nucleation layer. GaN recrystallises and forms
isolated islands. (3) - high temperature growth of GaN started. GaN islands
grow laterally and wvertically. (4) - high temperature growth continued.
Coalescence process has finished and a quasi-two-dimensional growth is
established.

The microstructure of NL and its transformation during annealing have been studied
by a number of authors by using TEM, AFM, elipsometry, RHEED and other methods.
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Wickenden et al [2] observed that the degree of crystallinity of the LT nucleation
layer increases during the temperature ramp and anneal. George et al [3] and Wu et al [4]
examined as-grown and annealed LT nucleation layers by TEM and AFM. Both groups
made similar observations that the roughness and average grain size increased after
annealing. Wu et al [5] and Twigg et al [6] have reported that the proper as-grown NL is
predominantly cubic in structure and transforms into hexagonal wurtzite phase upon
annealing. After annealing the GaN deposition is started again. The growth starts first on
these seeds expanding both laterally and vertically and is then continued by their
coalescence.

Similar results were published by Munkholm et al [7]. They have measured the
proportion of the cubic and hexagonal phases throughout the GaN nucleation layers using
the grazing incidence x-ray scattering. The as-grown 20nm nucleation layer has the cubic
fraction of 0.56. High temperature treatment reduces the cubic fraction to 0.17.

Nakamura et al [8,9] reported on the first in situ monitoring of the surface roughness
and evolution of nucleation layer using an infrared pyrometer. The observed decay and
recovery of IR transmission during initial stage of HT growth supports the model of
growth evolution discussed above.

In situ real-time reflectivity measurement is a simple, but very useful technique for
monitoring of NL properties. It has been successfully used for optimisation of the LT
nucleation layer many groups, e.g. by Han et al [10] and Koleske et al [11]. Figure 3.2
shows the reflectivity recorded during the progress of the process. The reflectivity of a bare
sapphire substrate is about 7-8%. During the deposition of the nucleation layer the
reflectivity is increasing as a function of layer thickness (1). When the reflectivity reaches
~15%, the deposition of the nucleation layer is stopped and the temperature is ramped to
1140°C. The recrystallisation, inducing a 2D-3D transition, increases the diffuse scattering

of the light beam and appears as a continuous decrease of the reflectivity (2). The
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reflectivity reaches a minimal value and starts to increase slowly, indicating the completion

of the recrystallisation process. At this point TMGa is introduced into the reactor and the

growth started again.
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Figure 3.2. Reflectivity recorded during the growth of GaN on sapphire. 1 —
nucleation layer growth at 560°C; 2 — anneal nucleation layer at 1140°C; 3 -
coalescence; 4 —high temperature GaN buffer.

The nucleation islands continue to expand laterally and vertically; their facets
effectively reflect the light sideways causing a profound dip in the reflectivity signal. The
subsequent recovery of reflectivity signal reflects the beginning of coalescence process.
Interference fringes also appear. The magnitude of interference fringes is increasing (stage
3), as the surface morphology of the growing film improves. At stage 4, the magnitude of
oscillations reaches its maximal value indicating that the quasi-two dimensional growth

mode is established.
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Han et al and Koleske et al studied the effect of NHj3 partial pressure on morphology
evolution of LT nucleation layer. The two reports made similar observations. A higher
temperature and a higher NH; flow (at a fixed TMGa flow rate) tend to promote lateral
growth, thus increasing the coalescence rate and increasing the recovery rate. Also, Han et
al have demonstrated that H, partial pressure strongly affects the coalescence process.
Higher H; partial pressure slows down the coalescence process and increases the recovery
time. Delayed coalescence with slow recovery time leads to the epitaxial layers with
narrower XRD rocking curves and higher electron mobility.

Koleske et al observed the correlation between the reflectance recovery time and
LED output power. By delaying the reflectance recovery time through the use of slow NHj3
flow at the initial stages of HT growth, LEDs with higher output power were fabricated.
Another way to delay the coalescence of GaN islands has been suggested by Haffouz et al.
[12]. They used a high-temperature SiN treatment before the deposition of a low-
temperature GaN nucleation layer. The treatment was carried out by introducing silane
together with ammonia in the vapour phase at 1150°C. The treatment modifies the surface
energy of the sapphire and increases the mobility of adatoms. As a result, the treatment
facilitates the conversion from continuous nucleation layer into isolated truncated
hexagonal islands and leads to a 3D growth mode. Such a 3D growth mode improves
considerably the material quality and reduces the dislocation density.

The growth temperature of low-temperature nucleation layer also affects the
properties of the epitaxial films. The growth rate at low temperatures is limited by the rate
of the chemical reaction, which increases exponentially with temperature. Thus, the
thickness of nucleation layer has strong dependence on temperature. Yi et al [13] studied
the effects of growth temperature on the microstructure of GaN nucleation layers by x-ray
synchrotron scattering. As the growth temperature was increased from 467°C to 655°C, the

stacking of GaN changes from random stacking to a mixture of cubic and hexagonal
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stacking. The nucleation layer grown at 505°C shows the best crystalline order in atomic
layer positions and the smoothest surface morphology. The GaN grown on 505°C
nucleation layer shows only the band edge luminescence, while the GaN films grown on
the nucleation layers grown at 467°C and 655°C show a significant amount of the broad

yellow luminescence originated from the defect levels.

3.3. Experiment

The samples were grown using low-pressure MOCVD. Before the growth, (0001)
sapphire wafers were annealed in H; at 1200°C for 10 min. Then a low-temperature GaN
nucleation layer was grown at 550°C at 200mbar using 66 pmoles/min TMGa, 3 slm of
NH3, and 9 slm of H,. Real time in situ reflectance monitoring was used to control the
thickness and the surface evolution of the GaN layer. The low temperature deposition of
GaN nucleation layer was stopped when reflectivity signal at 600 nm reached 15-17%.
After that the temperature was ramped for 3 min to 1140-1160°C and stabilised for 4 min
prior to high temperature growth. For the samples 539GN and 540GN the NH; flow during
initial high temperature growth was reduce to 0.5 slm and then ramped to 3 slm for 30 min
and 1 min, respectively. All samples were grown to the thickness of about 3 um. After the
growth the samples were characterised by x-ray diffraction, room temperature
photoluminescence and resistivity measurements. The reflectance waveforms are presented
in Figure 3.3. Note that slowing down the NHj; flow during initial stage of HT growth
results in longer recovery time.

X-ray diffraction experiments were performed using a Bede D1 diffractometer. We
measured - and ®-20 scans of (002) reflection in triple axis mode and ®-20 scan of (114)
reflection in double axis mode; (114) scans were collected with open detector. The width
of the (002) w-scans gives information on the tilt component of mosaic spread in the

sample. However (002) reflection is not sensitive to the twist component of mosaic spread.

50



Chapter 3. Nucleation layer

It has been reported that specific dislocation structures in hexagonal III-nitrides may lead
to anomalously narrow symmetric rocking curves, although the dislocation density is still
very high [14]. For this reason 0-20 scans of the (114) reflection were also measured. In
this case the measurements were performed in double crystal geometry with open detector.
Therefore, the width of the (114) 6-20 scan is the cumulative figure of merit for tilt, twist

and inhomogeneous strain in the sample.

Reflectance, a.u.

0 1000 2000 3000 4000 5000

Time, sec

Figure 3.3 Real time reflectance waveforms recorded for GaN samples grown under
different growth conditions. Longer recovery time corresponds to slower coalescence
process. The monitoring wavelength is 600 nm.

Figure 3.4 depicts ©-20 scans from GaN epilayers collected in the triple axis mode.
All ®-20 scans consist largely of two components; a sharp central peak occurred near the
bulk position of the GaN (002) and a broad component. The sharp central peak is attributed
to the thick part of the epitaxial layer where most of the lattice strain was released.
Meanwhile the broad component represents the highly strained thinner part of the epitaxial

layer. The line breadths of ®-20 scans are presented in Table 4. Samples grown using the
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delayed coalescence process have broader co-20 scans, which indicates higher degree of
heterogeneous strain in those samples. A possible explanation is that the samples grown
under delayed coalescence conditions have lower density of misfit dislocations; therefore
strain relaxation in those samples is less effective.

Room temperature photoluminescence spectra were collected using a Renishaw
Raman microscope. Photoluminescence was excited by 244 nm radiation generated by a
frequency doubled Ar laser. The excitation power density was about IkW/cm2. The

photoluminescence spectra are presented in Figure 3.5.

3

3

M 542GN,

3 i'fr
1541GN
540GN
539GN

-400 -300 -200 -100 0 100 200 300 400

co0-20, arcsec

Figure 3.4 Triple axis co-26 scans of GaN films on sapphire around (002)
reflection. The curves are vertically shifted for clarity.

Resistivity measurements were done using both two-point probe and van der Pauw
methods. In case of two-point probe method a narrow stripe (-2x25 mm) was cut from a
wafer, then two indium contacts were created on both ends of the sample. Van der Pauw
measurements were performed on square -7x7 mm samples with soldered indium

contacts on each comer. Both techniques yield essentially the same results.
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The results of PL, XRD and resistivity measurements are summarised in.Table 4
Clear dependence of the properties of epitaxial layers on the reflectance recovery time has
been observed. Samples grown under the conditions with longer recovery time have
narrower rocking curves, brighter edge photoluminescence, and lower resistivity. This
suggests smaller dislocation densities in these samples.

The rate of the coalescence process also affects the surface morphology. Figure 3.6
presents Nomarski phase contrast micrographs of two GaN specimens grown under the
conditions of fast coalescence (541GN, left) and slow coalescence (542GN, right). Clearly,
GaN epilayer grown in the slow coalescence process has rougher surface morphology than
that of the sample grown using the fast coalescence process.

Table 4. Growth conditions and characterisation results for GaN epilayers on
sapphire.

Parameter 541GN 540GN 539GN 542GN
Coalescence fast medium slow slow
Thickness, pm 2.75 2.9 3.1 3.2
NH; flow [slm], 3 0.553, | 053,30 min | 0.21, 30 min
time [min] 1 min
Growth 1160 1140 1140 1160
temperature
X-ray:
©-20 scan (002), 12.8” 13.8” 16.6” 15.4”
triple-axis ) ’ ) )
(o-s.can (00.2), 256" 280" 242" 237"
triple-axis
®-20 scan (114),
open detector, 446" 540” 352”7 325"
double-axis
Resistivity, Qcm 1.73 0.61 0.55 0.4
Edge PL peak 1185 1485 3970 4920
intensity, a.u.
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o.w

— 542GN-
539GN-
540GN-
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340 345 350 355 360 365 370 375 380
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Figure 3.5. Room temperature photoluminescence spectra for GaN epilayers
grown under different coalescence conditions. The spectra are vertically shifted
for clarity.

541GN 542GN
Figure 3.6. Nomarski phase contrast micrographs of GaN epilayers grown using

fast coalescence process (left) and delayed coalescence process (right). Delayed
coalescence leads to rougher surface morphology. Field size is 300x225 Jim.

Figure 3.7 presents AFM images for samples 541GN and 542GN. Again, the sample

grown under delayed coalescence conditions has rougher surface morphology.
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X 1.000 !M/<Itv

Z 5.000 iWZiv
X 1.000 im/4iv
Z 5.000 iW4iw

Figure 3.7 AFM images of samples grown with different coalescence rate. Left:
541GN (fast coalescence), right: 542GN (slow coalescence).

The structural properties of the samples 541GN (fastest coalescence) and 542GN
(slowest coalescence) were studied in more detailed by high-resolution x-ray diffraction
using Williamson-Hall method [15,16]. XRD measurements were made using a Bede DI
diffractometer in triple-axis mode. Angular scans (co-scans) and radial scans (co-20 scans)
of the symmetric reflections (002), (004) and (006) have been recorded. In addition, O-
scans of asymmetric reflection (204) have been performed.

In Chapter 4 we use the double axis XRD analysis to determine structural parameters
of GaN epitaxial layers such as dislocation density and misorientation mosaic blocks.
Rocking curves measured in the double axis geometry are broadened by a large number of
factors including heterogeneous strain, finite coherence length and misorientation of
crystallites. Because the impact of different broadening factors is different for different
diffracting planes, it is possible to separate those by performing measurements of several
symmetric and asymmetric reflections and using special mathematical procedure (see
Chapter 4). However, double axis analysis is quite time consuming and requiring a large
amount of experimental work.

The analysis can be simplified significantly by using a triple axis diffractometer. The

most important advantage of a triple axis diffractometer is its ability to distinguish between
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broadening due to misorientation of mosaic blocks and nonuniform strain. In triple axis
geometry, a rocking curve (@-scan) is broadened due to tilt misorientation of subgrains and
finite coherence length in the direction parallel to the sample surface. On the other hand, a
radial scan (®-20 scan) is broadened by the heterogeneous strain along the surface normal
and finite transverse coherence length. In most cases instrument broadening can be
neglected.

Because crystalline misorientation and heterogeneous strain are already separated by
the experimental setup, the mathematical procedure in triple axis analysis straightforward
and involves simple linear dependences. We will omit the derivation of the equations used

in Williamson-Hall method as they can be found in special literature and Chapter 4.

LS L L] LJ ' L] ' L] 10 l Ll l L J l L v '
® 541GN ' (0006) ® 541GN | ey
6F O 542GN - : ; ¢ 8 O 542GN | (0006)
<« ; e = ; ; 7
P 5 (0004) 4 - § (0004) _~ ]
() = ! ; ‘
5 T < | o2 e .
‘ : =] j
0002 i d 7]
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Figure 3.8. Williamson—Hall plots for samples S41GN and 542GN.

In the Williamson-Hall method f,sin@/A is plotted against sin@/Afor each
reflection (so-called Williamson-Hall plot, see Figure 3.8), and fitted by a straight line. @,
A and S, are the Bragg reflection angle, x-ray wavelength, and the FWHM of the w-scan,
respectively. The y-intersection y, gives the lateral coherence length.

_ 21n2i~ 0.44 G3.D
T W Yo

L
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The slope of the line gives the tilt misorientation £, of the subgrains. Assuming random

distribution of the dislocation lines, the density of the screw dislocations can be obtained

from the following equation:

D _ ﬂ 1?1: (3 2)
o 27 In 282y,

Biooor; = € =5.187A

If dislocations are piled up in small angle grain boundaries, the dislocation density is
given by:

D = Bu (3.3)
2 In 200

Bioooyy = € =5.187A
where L, is the lateral coherence length.
In the other Williamson-Hall plot, S, ,,cos@/Ais plotted against sin@/A for
every reflection, and again fitted linearly, where S, ,, is the FWHM of the radial scans.

The y-intersection gives the vertical coherence length

_2In2 1 044 (3.4)

L
* T Yo Yo

and the line slope is a measure of the heterogeneous strain along the c-axis, €, .

The azimuthal misorientation of the subgrains or twist angle f,,,, can be measured
by performing ®-scans on asymmetric reflections. The twist angle f,,, and the
broadening of the @ -scans are related by the following equation:

Boiss = Bo sing (3.5)
where ¢ is the inclination angle of asymmetric diffracting plane.

If dislocations are distributed randomly, the density of edge dislocation is given by
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B (3.6)
Desee = 5 iman? -
120>
b =a=3.185A

11120y
If dislocations are arranged in small angle grain boundaries, the density of the edge

dislocations is given by

b o B (3.7)
“* 2r l1'1217'(11§o)l‘l|

3

b =a=3.185A

K1120)

Table 5. Analysis summary of XRD measurements of samples 541GN and 542GN

541GN 542GN
L, pum 0.8 1.8
L, ,pm 1.6 1.5
P » arcsec 204 225
Bt » ATCSEC 483 357
D,,.,,cm?> 0.8x10° 1.0x10®
from Eq (3.2)
D, . ,cm?, 5.5x107 2.7x10’
from Eq (3.3)
D, cm?, 1.2x10° 6.8x10°
from Eq (3.6)
D,,,,cm>, 2.1x10° 6.9x10’
from Eq (3.7)
£, (107) 6.63 8.79

The results of Williamson-Hall analysis are presented in Table 5. The dislocation
densities were estimated under two different assumptions of dislocation arrangement.

Values D, and D,

.aze Were calculated assuming random distribution of dislocation lines

using equations (3.2) and (3.6). Values D;,_, and D;dge were calculated assuming that the

dislocations are piled up in small angle subgrain boundaries using equations (3.3) and

(3.7). As one can see, sample 542GN has larger coherence length (i.e. larger crystalline
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blocks), smaller twist misorientation and lower dislocation density. Both samples have
close values of the vertical coherence length; probably because the thickness of the

epitaxial film is the limiting factor.

3.4. Summary

In conclusion, we have demonstrated that III-V ratio during initial stage of the high
temperature growth can profoundly affect the coalescence process and properties of GaN
epilayers. A combination of in situ reflectance monitoring and ex situ characterisation by
photoluminescence, x-ray diffraction and electrical measurements suggests that decreased
NHj; flow during the initial stage of the high temperature growth reduces the coalescence
rate. In turn, samples grown under slow coalescence conditions exhibit superior quality in
terms of better crystallinity and lower dislocation density. However, the improvement of

structural properties is achieved at the expense of slightly rougher surface morphology.
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4. X-ray measurements of dislocation density in GaN
layers

Typical dislocation densities in Ill-nitrides are in the order of 10° cm™, which is
much higher compared to conventional III-V semiconductors like GaAs and GaP. High
dislocation density affects the performance of III-N devices. Most device parameters like
LED output power, ESD stability, LD threshold current densities etc. can be significantly
improved merely by decrease in dislocation density.

High resolution x-ray diffraction (XRD) is a useful technique to characterise the
structural quality of epitaxial films. Commonly, the full widths at half maximum (FWHM)
of symmetrical reflections are taken as a figure of merit for the crystalline perfection.
However, such measurements allow only qualitative comparison between different
samples, rather then quantitative analysis of epitaxial film properties. Moreover, specific
dislocation structures in hexagonal III-nitrides may lead to anomalously narrow symmetric
rocking curves, although the dislocation density is still very high [1]. More accurate
analysis should involve measurements of several reflections, including asymmetric ones.
Then, using a special mathematical treatment it is possible to derive epitaxial layer
parameters such as dislocation density, strain, coherence length etc [2,7]. For instance,
Williamson-Hall plots [3,4] can be used for analysis of symmetrical triple-axis rocking
curves. The analysis of double-axis rocking curves is even more complicated because it is
not possible to distinguish between heterogeneous strain and mosaic spread in this
geometry.

In this chapter we will develop a technique to extract epilayer parameters from

double-crystal rocking curves.
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4.1. Dislocations in GaN

First, we would like to discuss basic properties of dislocations in GaN. GaN has a
wurtzite structure with ¢ axis oriented parallel to the surface normal. The slip systems to be
expected in the wurtzite structure [5,6] are listed in Table ¢ and illustrated in Figure 4.3.
The TEM diffraction analysis of GaN epitaxial films [7,8] shows that the interfacial layer
between the substrate and the epitaxial film has a very high density of misfit dislocations
(MD) with their line along the interface. These are geometrically necessary dislocations to
account for tilt and twist subgrain misorientation and lattice mismatch between GaN and
substrate. The volume ofthe epitaxial film contains a high density ofthreading dislocations
(TD), which propagate along [0001] direction, i.e. they lie perpendicular to the

substrate/GaN interface.

Figure 4.1 Bright field cross-sectional TEM image of the sample with (0002) reflection
excited. All the defects observed in the GaN epilayer originate from those in the GaN
buffer layer. (From [9])

Threading dislocations in GaN are of three types: a type dislocations with Burger’s

vector perpendicular to [0001] direction, ¢ type dislocations with Burger’s vector along

[0001] direction, and c+a type dislocations with “1123”~ Burger’s vector. From the mutual

arrangement of the dislocation line and the Burger’s vector one can see that a type, ¢ type
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and c+a type dislocations must be pure edge, pure screw and mixed dislocations
respectively.

Since a dislocation of Burger’s type cannot end within the crystal, threading and
misfit dislocations are just different segments of the same dislocation lines. The misfit
segment lies in the GaN/substrate interface plane. Then the dislocation line bends towards
the surface of the film and propagates along [o001] direction, forming the threading
segment. Figure 4.2 shows possible dislocations for the wurtzite crystal. For the slip
system indicated D1 the misfit segment is a pure screw dislocation, while the threading
segment is a pure edge dislocation. The misfit segment can lead to twist misorientation.
The threading segment plays no role in misorientation between the subgrains and the

substrate.

substrate

Figure 4.2. Misfit and threading dislocations in GaN crystal
The only way to achieve tilt is to have a dislocation in the basal plate with the
Burger’s vector out of the basal plane. The dislocation ofthis kind is indicated as D2. The
threading segment of the D2 dislocation is a pure screw dislocation and plays no role in
misorientation. The misfit segment is a pure edge dislocation and leads to the tilt

misorientation. To summarise, threading dislocations cannot contribute to the subgrain
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misorientation directly, but since threading dislocations are related to the misfit
dislocations in the interface, tilt is correlated to the density of the screw TD, twist is
correlated to the density of edge TD. Threading dislocations of the mixed type lead both to
tilt and twist

Table 6. Primary slip systems in GaN.

Slip system Burger’s Slip plane Dislocation type
vector
b==%[110] (1100)
DI b=1[120] (1010) Edge
b=%[210] (0110)
(110),(110)
D2 b==001] (100), (120) Screw
(010),(210)
b==%[101]
D3 b==+[011] Qikl) Mixed
b=%111]
\ \ {1120} \ {1010} \
0001> <0001>

\ \ \

\ {0001} A
1/3<1120 1/3<1120>
1/3<1120
41122y
{1011}
1/3<1123>

Figure 4.3. Various slip systems in the wurtzite structure
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4.2. Broadening components

Here we will develop a simple theory describing the broadening of x-ray rocking
curve's and relating the width of x-ray peak with parameters of the sample. The broadening
of rocking curves is influenced by a large number of factors; some of them are related to
the intrinsic parameters of the sample such as dislocation density or non-uniform strain,
and others are related to the conditions of the particular experimental setup. For example,
the use of a triple-axis diffractometer allows us to distinguish broadening caused by mosaic
spread and dilation. The experimental geometry is also very important. For instance, the
diffraction from the asymmetrical planes can be measured in three possible ways:
symmetrical, grazing incidence and grazing emergence geometries. The XRD data
collected using the asymmetric geometry (grazing incidence and/or grazing emergence) are
more difficult for analysis. The rocking curves for the same set of diffracting planes
measured under grazing incidence and grazing emergence conditions have different widths
[10,11].

We will limit our study to the analysis of the x-ray rocking curves obtained with
double crystal diffractometer with opened detector using the symmetrical geometry. In this
case the broadening of x-ray rocking curves is caused by the following factors:

e The lattice misorientation arising from dislocation tilting,
e The dislocation strain interaction,
o The subgrain particle size,
¢ The uniform lattice bending,
e The geometrical broadening of instrument,
e The natural broadening of the specimen and the analysing crystals etc.
All these factors could be calculated independently, following the approach suggested by

Hordon and Averbach [12]
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Let us consider the double-crystal rocking curve as Gaussian in shape. Assuming
Gaussian distributions for rocking curve components due to lattice tilting o, lattice strain €
and particle size L, the measured rocking curve full width at half maximum (FWHM) Sy
is given by:

B =B+ Bl B+ B+ B (4.1)
where By, B, B., B., B, are the line breadths due to natural broadening, lattice tilting,
local strain, particle size and uniform lattice bending, respectively. In case of III-nitride
samples natural broadening is much smaller than measured breadth By, and can be
neglected. The wafer is assumed to be flat and broadening due to uniform lattice bending is
also neglected.

Bu' =B, +B. +B 4.2)
4.2.1. Broadening due to mosaic spread

The broadening component Sa is the measure of the misorientation of the subgrains.
Due to anisotropic nature of the wurtzite structure, the disorientation of the subgrains is
also anisotropic. Usually the mosaic structure of an epitaxial film is described in terms of
two parameters: the tilt angle and the twist angle. The tilt of the blocks (rotation around the
axis parallel to the surface) and twist of them (rotation around c axis) can be separately
considered. For symmetrical scanning geometry (see Figure 7.9) the broadening due to tilt
and twist can be written as:

B2 =Bk, sin’ ¢+ B2, cos’ ¢ 4.3)
where ¢ is so-called inclination angle (the angle between the surface and the diffracting
plane). Symmetrical reflections of the type (00-/) are sensitive only to the tilt component,

while reflections from the asymmetric planes are sensitive to both. The impact of the twist

broadening component is increasing with the increase of the inclination angle.
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The inclination angle is calculated as an angle between the diffracting plane (hk /) and

(00 1) plane:

34’ (4.4)
()= arccos 47
h2+k2+hk +2 [ 2
where a and c are the lattice constants of GaN.
c=5.187A (4.5)
a=3.185A

Figure 4.4. Tilt and twist components of subgrain misorientation

4.2.2. Broadening due to finite crystalline size

The broadening component p L responsible for finite number of diffracting planes is

given by Scherrer equation [13].
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4In2 X 1 (4.6)
Bi=—5—5=C——5—
nl” cos” O, cos” ©,

where A =CuK,, =1.5405A is the wavelength of x-ray radiation, L is the particle size,
0, is the Bragg’s angle.

4.2.3. Broadening due to nonuniform strain
The effect of a nonuniform strain on the rocking curve width can be easily derived
from Bragg’s law in differential form

Ad _ AL A© 4.7

d A tan®

The wavelength dispersion % is negligibly small for CuK,, line, thus

AO = —Acitan O] (4.8)
d
In differential form
B2 =¢"tan* ©, =C, tan’ ©, 4.9)

The nonuniform strain can be described by two independent components:
macroscopic strain caused by lattice mismatch and /or difference of ‘thermal expansion
coefficients and microscopic strain caused by dislocations.

4.2.4. Broadening due to macroscopic strain

In most cases the macroscopic strain has two components: a biaxial strain £ parallel

to the sample surface and the corresponding perpendicular strain £, .
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GaN

SiC

Figure 4.5. Macroscopic strain due to lattice mismatch and TEC difference between
substrate and epilayer.

The two components ofthe strain are related by Poisson’s ratio v

(4.10)

The strain along the direction rcan be obtained using conventional rotational matrix

transformation
er=£nsin2 (p+ e\ cos2(p- 2e” sin $cos (p (4.11)

The shear strain ev is zero, hence

4.12
er=£[,(sin2(f—2y—-—cos29P ~ el{sin2"-0.44 cos2 P (4.12)
where (p is the angle between the diffracting plane and the surface of the sample.
The broadening component due to macroscopic strain can be written as
Pl ="(sin2{- 0.44 cos2(p)2tan2Qb (4.13)

4.2.5. Broadening due to strain fields of dislocations
For the sake of simplicity we will account only for ¢ and a type threading
dislocations, broadening caused by misfit or c+a threading dislocations is neglected. As it

was mentioned before, a-type threading dislocations are pure edge dislocations with

dislocation line along [0001] and Burgers vector -*1120”. The mean square strain of edge

dislocation along direction N is given by (see Appendix 1)
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— b2 r 4.14)
£, = 2807 (Scos2 A+17cos’ l//)ln;

where Ais the angle between the dislocation glide plane and normal of the diffracting
plane N, ¥ angle between the Burger’s vector b and N . This equation is different from

the one used by other authors. Hordon and Averbach [12] suggested the following

expression for the mean square strain.

— 5K 4.15)

et =—2__(2.45cos* A—0.45cos’ w)in—
N 6anr? ( '//) 7

The same equation has been used by Metzger et al [7]. However, Hordon and Averbach

have used a different expression for £, component of the strain

_ bsin@ (4.16)
T 4r+v)r’

This is not correct. The correct expression is given by

__b(1-2v)sin6 4.17)

" 4z(l1-v)r
The detailed calculation of the strain field of the edge dislocation can be found in [16] and
in Appendix 1.

C-Type dislocations are pure screw dislocations lying along [0001] and having a

Burger’s vector [0001]. The mean square strain of screw dislocation along direction N is
given by (see Appendix 2)

.-ﬂ,‘——z—Lln—r—sin2 cos’ i (4.18)
Yoo1extrt o, v

Broadening due to dislocations can be written as

. (4.19)

5 £ (hkl )] tan? o,
K

g =| =2 _inTeg (k) —05__in
1287}, 167°r

where f;(hkl), f;(hkl)are angular factors for edge and screw dislocation, respectively.

Since there are three distinct dislocation systems for pure edge dislocation, the mean
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square strain is influenced by all three possible orientations. All possible combinations of
slip plane and Burger’s vector are presented in Table 7. All these planes and directions are
equivalent, thus we assume that all directions are equally possible.

Table 7. Possible edge dislocation systems

Slip Plane, Burger’s vector
{1700} family 1(1120) family
(010) 1[100]
(100) *[010]
(110) +[110]

The angular function for edge dislocations is obtained by summarising over different
directions of the Burger’s vector and slip planes.

f; (hkI) = 5(cos” A 7o) +€08” A 1o) +€08” A1)+ (4.20)

(010)

+17(cos® Yy, +cOS’ Wioro + cos’ Yiito)

The mean square strain of the screw dislocation does not depend on the orientation of
the slip plane. The Burger’s vector has only one possible direction [0001]. Therefore, the
angular function for screw dislocations is simply

f(hkl) =cos Yiooo) sin Yio001) 4.21)

The angle between the diffracting plane (A,k; /) and the slip plane (A,k, -1,) is

obtained from the formula:

1 . (4.22)
a
hh, +kk, +E(h1k2 +kh, )+ Zc_zl‘lz

2 2
\/(hf +k2 + ik, +%1§J(h§ + k2 + hyk, +§%1§)

¢ = arccos

The normal vector N =[uvw] to the diffracting plane (hkl)is found from the

following equations:

u=2h+k (4.23)
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v=h+2k

2
w=§(£j l
2\¢c

Note that using above equations one can obtain non-integer values of w, which has

no physical sense, but is mathematically correct.

The angle between the diffracting plane normal N = [u,v,w,]and the Burger’s vector

b= [u,v,w,] is given by:

(4.24)

cZ

1
wu, +vv, — > (u,u, +vyv, )+ w,w, el

¢ c?
ul +vi+w S—uy, | ug vy +w -y,
a a

Values of Oy, ¢, A, Wy, W, £(hkl) and f;(hkl) for different set of diffracting

W = arccos

planes are tabulated in Table 8.

Combining all broadening components together we obtain the following expression
for the measured rocking curve FWHM: 5,,

(4.25)

2 . 2 2 s 2 v
ﬂM = Crwisr sm ¢ + Ctill Cos ¢ + CL + Cslmin (SIn ¢ - 21

cos” ©, -v
+[C £ (kD) + C £ (hkD)]tan* ©,

cos’ ¢)* tan’ ©,

Where ¢is the inclination angle of the diffracting plane, ©, is the Bragg’s angle, v is the

Poisson’s ratio, f; and f; are the angular factors (see equations (4.20), (4.21)).
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Table s. Values of the Bragg’s angle o &, inclination angle 43 angle between dislocation
slip plane and diffracting plane A, angle between Burger’s vector and diffracting
plane normal \|f,and angular factors f£ and fs for different diffracting planes in GaN.

~ Vs, d
%ﬂ = A, deg Ve, deg Blirge(:"gs
e o5 slip plane Burger’s vector
= ©B, <> vector £
- W fE S
£ 2 deg deg
25 (010) (100) (110) [100] [010] [110] [001]
002) 1728 0.00 90.00 90.00 90.00 90.00 90.00 90.00 0.00 0.00 0.00
(004) 36.44 0.00 90.00 90.00 90.00 90.00 90.00 90.00 0.00 0.00 0.00
(006) 63.00 0.00 90.00 90.00 90.00 90.00 90.00 90.00 0.00 0.00 0.00

(102) 24.05 43.22 11002 46.78 110.02 53.63 90.00 126.37 43.22 1547 0.25
(103) 31.71 32.06 10539 5794 10539 62.63 90.00 117.37 32.06 9.30 0.20
(104) 41.02 2517 10228 64.83 10228 68.39 90.00 111.61 25.17 597 0.15
(114) 4998 39.14 12314 5686 90.00 71.60 71.60 129.14 39.14 13.15 0.24
(204) 54.60 43.22 11002 46.78 110.02 53.63 90.00 126.37 43.22 1547 0.25
(105) 52.49 20.60 10013 69.40 100.13 7226 90.00 107.74 20.60 4.08 0.11
(205) 68.26 3693 10748 53.07 10748 58.64 90.00 12136 36.93 1192 0.23
(106) 69.01 1739 98.60 72.61 98.60 75.00 90.00 105.00 17.39 295 0.08

The equation (4.25) is a linear equation of six unknowns , Ctilt, CL, Cslran, CE
and Cs, hence at least six measurements of line breadths of different reflections are

required to find the unique solution. For a larger number of experimental points, a suitable
minimisation method, e.g. least squares fitting can be used.

In fitting we minimise the following error function:

(426

v H
where /Bmand J3¢are measured and calculated peak widths of ith reflection and Nisthe

number of reflections measured. The natural criterion for satisfactory fit is

E<A4/3 (4.27)
where A/3 is the average experimental uncertainty in line breadth measurements.
Due to unavoidable experimental error, we cannot obtain exact values of C* , ,Ctilt,
CL, Cstran, CE and Cs but a range of acceptable values for which the condition (4.27)

holds. More accurate determination of fitting constants is limited by the accuracy of

rocking breadth curve measurements.
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C; and C; have a distinct physical meaning.

strain *

Coefficients C,,,,, C,;,, C,, C

C

Wiz and C,, are related to subgrain misorientation, the corresponding tilt and twist

angles are calculated as:
IBIwist =4 Crwist (428)
ﬁn‘lr =4 Crilx
The constant C, is related to the coherence length (or average crystallite size)

In2 (4.29)

L

L =24

The constant C

strain

is related to the biaxial nonuniform strain in the plane of the epilayer.

8" = ‘\/ Csrrain (4.30)

Constants C,; and C; are related to the density of threading edge and screw dislocations.

C. -3 b2 n’e (4.31)
128772
2
Cs = sz 2 ln"_s
l67°ry

The factor of 3 in the equation for C, denotes three possible directions of the Burger’s

vector.

4.3. Dislocation density
4.3.1. Dislocation density and mosaic spread
Fitting equation (4.25) to experimental data one immediately obtains tilt and twist
angles describing the mosaicity of the sample. Assuming that subgrains are separated by
small angle tilt and twist boundaries, it is possible to relate tilt and twist angles to the

dislocation density. First, we will estimate the average angle between two adjacent
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subgrains. Assuming Gaussian distribution for the orientations of the subgrains with half-

width S, the probability density for the subgrain to have an orientation ¢ is given by:

| ¢22 (4.32)
flo)= Tors 20
where o is the standard deviation
o= Pe (4.33)
2422

The average misorientation between two subgrains can be calculated as

— teoteo +o0 00 2,2 (4.34)
le-ol= | [lo-olf(®)f(p)agdp= 27;72 | II¢-¢|eXP[- %f—}dwco -2

T

From equation (4.34)

i Ba (4.35)
|¢ (pl N27In2

Next, we estimate the dislocation density from tilt and twist angles using elementary
geometrical considerations. A sheet of edge dislocations must be formed between two
crystalline blocks to account angular misorientation. The angle between two adjacent
subgrains can be expressed as

i 2 (4.36)
p-ol=-

where b is the Burgers vector and 4 is the average distance between dislocation lines.

The dislocation density is given by

1 4.37)
Lh

D=

where Lis the spacing between subgrain boundaries. Assuming random distribution of
dislocations L = &

1 (4.38)
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combining equations (4.36) and (4.38) we obtain the following relation between tilt (or

twist) angle S and dislocation density D:

5 B (4.39)
" 271n2b°

If the dislocations are not distributed randomly, but rather piled up in the small angle
boundaries, the spacing between subgrain boundaries is approximately equal to the

coherence length L = L. In this case the dislocation density is given by

b B (4.40)
2771n2bL,

Misfit dislocations at the interface between the substrate and the epilayer are
responsible for tilt and' twist rotations of single crystallites. In order to create a tilt
boundary, the misfit dislocation must have a Burger’s vector pointing out of the interface
plane. Assuming that screw threading dislocations with 5 =[0001] are related to edge-type
misfit with the same Burger’s vector, the density of these screw dislocations can be
obtained from the following equation:

= ﬂr%lr (441)
e 27 In by,

broooy = ¢ =5.187A

By similar argument, a-type threading dislocations mediate an azimuthal rotation of
crystallites around surface normal. The density of these dislocations can be derived from

twist angle using the equation:

o B (442)
“  2xln2b?

L1120)

b =a=3.185A

%(1 120)
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However, for nitride materials the assumption of assumption of dislocation
arrangement in subgrain boundaries is more realistic. In this case the densities of screw and

edge dislocations are given by the following equations:

ﬂtill (443)

270 2y, L,

brooo; =€ =5.187A

_ ﬂrwist (444)
Dete = nop, — L
7'In %{1150) c
b =a=3.185A

L1120

4.3.2. Dislocation density and dislocation strain fields

Another approach to estimate the dislocation density is to use coefficients C,; and

r

Cs. Both of them involve the term ln( j where 7, and r are lower and upper limits of

To
integration, respectively. From the physical point of view 7, is the radius of dislocation

core, and r is the maximal extent of the strain field. For a random array of threading

dislocations with average spacing 4, the strain field of each dislocation effectively acts

over a distance r = /2. Consequently, the dislocation density is given by

1 (4.45)
D edge — '4"—2
E
-1
screw 47‘52

where effective radii of edge dislocations 7; and screw dislocations r; are obtained from

equations (4.31) It should be noted that determination of the dislocation density from the

strain broadening is accurate only to an order of magnitude because it involves 7.
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4.4. Experiment
Here we will illustrate the use of the theoretical model described above for analysis
of experimental XRD data. Three GaN samples were grown by MOCVD using the reaction
of TMGa and ammonia in the presence of hydrogen as a carrier gas.

Table 9. Properties of GaN epitaxial samples used for x-ray analysis.

163GN 299SiC 486GN
Substrate (00-1) ALLO; (00-1) 6H-SiC (00-1) ALLO3
GaN thickness, um 2.5 1.1 3.6
Nucleation layer low temp. GaN high temp. AIN low temp. GaN

The x-ray diffraction experiments were performed using double crystal Bede D1
diffractometer equipped with four-bounce monochromator. The rocking curves were
measured using the symmetric geometry. In this geometry, the sample is rotated in the
vertical plane and around the sample normal so that the diffracting planes are brought
perpendicular to the diffractometer plane®. The rotation in the vertical plane is given by the

inclination angle ¢. The angle of rotation around the vertical axis of the diffractometer @
is given by the Burger’s angle ©,, and the position of the detector is 20, . Thus, in the

symmetric geometry the incidence and diffracted angles are both equal to the Burger’s

angle ©,. The x-ray rocking curves were measured in w—20 geometry without slit in

front of the detector (open detector), so the rocking curves were broadened both by tilts
and dilatations. The peak width was measured as FWHM of a Gaussian fit to experimental
data. The widths of the rocking curves for all three samples are presented in Table 10.

Coefficients C,,,, C,,, C,, C C; and C; were found by fitting equation

strain >

® The plane containing the x-ray tube, the specimen and the detector.
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(4.25) to experimental data. The experimental error in line width measurements is about
10 arc sec. Using condition (4.27) we obtain the admissible ranges for fitting coefficients.
Then using equations (4.28), (4.29), (4.30) (4.31) and (4.45) we can calculate tilt and twist
angles f,, and f,,,, coherence length L, non-uniform straing&, and density of screw and

edge dislocations Dg and D .

Table 10. Experimental and calculated line breadths

Reflection 163GN 299SiC 486GaN
Measured | Calculated | Measured | Calculated | Measured | Calculated
(002) 324 319 270 267 279 282
(004) 309 320 268 275 276 282.
(006) 328 329 325 329 278 288
(102) - - 416 409 517 517
(103) - - 369 363 452 440
(104) 461 447 337 339 405 394
(114) 547 566 396 409 - -
(204) 615 604 433 435 523 533
(105) 427 426 345 337 364 369
(205) 594 595 468 466 527 526
(106) - - 402 400 381 374

As one can see, sample 299SiC has the smallest twist and tilt angles, indicating more
coherent growth of GaN on SiC. On the other hand, sample 299SiC has the largest non-
uniform strain and the smallest coherence length, probably due to small thickness of the
GaN epitaxial film. The dislocation density for all three samples is comparable, however
for samples 299SiC and 486GN we obtain very wide range for the edge dislocation density
(from 0 to 2x10° cm™). This is the intrinsic limitation of the technique because it is
difficult to distinguish between broadening caused by mosaic spread and broadening by
strain fields of dislocations. For more accurate measurements, a triple axis diffractometer
should be used.

Now we would like to check the technique for consistency. The twist angle can be

measured by performing ®-scans on asymmetric reflections, where the sample is rotated
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with respect to the surface normal. From simple geometrical considerations the twist angle
is given by

Bt = Po sing (4.46)
where [, is the FWHM of ®-scan and ¢ is the corresponding inclination angle.

Table 11. Upper and lower values for twist angle S .., tilt angle £, , coherence
length L, non-uniform straing and density of screw and edge dislocations Dy
andD,.

g 163GN 299SiC 486GN
>
g
g low high low high low high
Bovia» 760 800 480 545 665 720
arcsec
B> 310 330 230 260 265 290
arcsec
L,um 0.85 o0 0.35 0.27 0.6 oo
g 0 6.5x10™ 0 7%x10™ 0 6x10™
*D;,em? | 2x10° 5%10° 0 2x10° 0 2%10°
2 Dg,cm™ 1x10° 4x10° 0 2x10° 8x10° 4x10°
D, ,cm™ 5x108 6x108 3x10® 4x10® 4x10® 5x108
®Dg,em? | 1x10° 1x10° 4x108 6x10° 9x10° 1x10°
°D, cm> 0 1x10® 2x108 3x10® 0 2x108
°Dg,cm™ 0 2x108 3x108 4x108 0 3x10°

Hence, the widths of ®@-scans can be fitted by a linear function f ( _1 J The twist

sing

angle is found as g, = f(1)

* Calculated from strain fields using equations (4.45)
® Calculated from tilt/twist angles assuming random distribution of dislocations using equations (3.2), (3.6)
¢ Calculated from tilt/twist angles assuming that dislocations are piled up in small angle subgrain boundaries

using equations (3.3), (3.7)

80




Chapter 4. XRD measurements ofdislocation density in GaN

1500
1400
1300
1200
1100
1000

700
600
500
400
300
200
100

R I=<TR N

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
I/sin({)

Figure 4.6. O-scan widths for sample 299SiC as a function of 1/sin & where (f is the
inclination angle. Intercept with the line x=1 gives the twist angle p*

Figure 4.6 illustrates the graphical solution of equation (4.46). Experimental values

of O-scan widths for sample 299SiC are plotted as a function of 1/sin™ where ¢ is the
inclination angle. Intercept with the line x=I gives the twist angle p”lst. The obtained

value of Pmst * 500 arcsec is very close to the value estimated by fitting equation (4.25).

4.5. Summary
A technique for analysis of double crystal rocking curves and determination of the
epilayer parameters has been developed. The theoretical model is in good agreement with
experimental data. The technique allows measuring tilt and twist angles with high degree
of accuracy. However, in case of GaN samples the mosaic spread causes most of the
broadening and the influence of other components is relatively small. That is why the
accuracy of coherence length and dislocation density measurements is not very high. In

most cases the model gives only the upper limit for the dislocation density and the lower
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limit for the coherence length. For more accurate measurements the triple-axis geometry
should be used. In this case broadening due to mosaicity can be separated from the other

components.
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4.6. Appendix 1. Strain fields of an edge dislocation.
Let us consider a straight edge dislocation running along z axis and having Burgers
vector (b,0,0). All displacements are in the xy-plane and the theory of plane strain could be
applied. According to that theory [14,15,16] stresses are obtained by differentiating a stress

function F,

7

[o3 =.!.a_F+_1_§_2_F_ O —az_F lo —_azF (F) (447)
" rdr 238 T’ T o8 \

The stress function F is governed by a biharmonic equation:
2 2 (4.48)
vir=(2 19,19 1o g
or* ror r’adé
The only solution of that equation which has the essential properties of a dislocation is

bE (4.49)

F=—Drsin01n(1), p=—"T"_
b 4n(1-7)

where v is the Poisson’s ratio and FE is the Young’s modulus

The stresses are derived from the stress function ¥

Dsin@ Dcosé@ (4.50)
O, =0g == s> O, = P
r

o,=v(0,+0,), O0,=0,=0

The strain components are given in terms of stresses by [14]:

_b(1-2v)sind 4.51)

(O'rr — V(O +O—zz))= az(l—v)r

E =

n

by | =

1 b(1-2v)siné
£y =—\04—-V(0,+0,))=—"—"""—
66 E ( 68 v( mr zz)) 4”(1 _ V)r

£ (O.zz - V(O'n. + 0-09 )) = 0

1
= E

1+v bcos@
€= O, =
E 4z(1-v)r
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Let us consider the mean square strain 8,,2 along the direction n in the radial plane of the

dislocation, where n is the radial component of the diffracting plane normal N. By
definition

— o (4.52)

£, —m—”'e *rdrd6

Y
where g,,is the strain tensor element along n direction. It can be found by changing the
polar coordinate system (r,6) to a new rectangular coordinate system (x',y'), defined in

such a way that axis x' is parallel to the direction 7. The transformation equations for
these two coordinate systems are
x'=rcos(y—6), r=qx*+y" (4.53)

y'=rsin(y-60), @=y- tan'ly

where ¥ is the angle between the Burger’s vector bandn.A displacement vector having
components U, and U, in the (7,8) coordinate system is considered to have components
U,, U, inthe (x',)') coordinate system. The new components are expressed in terms of
the original components by means of transformation equations

U,.=U, cos(}'— 6)+U,sin(y - 6) (4.54)

U,'=U,cos(y—6)-U,sin(y—0)

By definition
U, (ord 362 (4.55)
= = —_——t——|U. =
Em =€ =0 (ax' o o ae) :

= (cos(y— 9)% + %sin(y— e)i)(u, cos(y—6)+U, sin(y—8)) =

19U, —L+-L Y, ) +cos(y — @)sin(y - 9)(8(]
0 r or

=cos’(y—0)¢,, +sin*(y - )&, +2cos(y —@)sin(y — )¢,

= 005"y ~0) 2 +sin (7 - 6)( +190 —ﬂ]=

rood r

Finally, the mean square strain along the direction » is given as
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. . (4.56)
- +
J 1 j2r 6(1-2v)sin0 bcos# sin(~-0)cos(/-0) rdrdQ
m2) * 4;r(1- v)r 2;x(1- v)r
Taking the Poisson’s ratio v equal to T the above integral become
(4.57)

It appears that the lower limit of integration r0 must be non zero value, otherwise the

denominator is zero. Thus, we have to consider a hollow tube of material with internal

radius r0 instead ofa solid cylinder. It has a direct physical meaning:

First, the material has a discrete nature and the displacement vector » could not be smaller
than an atomic spacing. Second, Hook’s law assumption of the elastic deformation does

not hold at the vicinity ofthe dislocation line. Usually, 70 is taken to be an order of

magnitude ofa few atomic spacings, 10~ 107cm.

radial plane

diffraction plane

dislocation plane
Figure 4.7. Strain field of edge dislocation.
The lattice dilation component along the diffracting plane normal N is found from

simple geometrical considerations. Defining A as the angle between the dislocation glide

plane and N , and i as the angle between the Burger’s vector b and N , then
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.e_N—z = 6',,—2(0052 A+cos’ ) (4.58)
Noting that
2 4.59
cos? y = 2cos v i (4.59)
cos” A+cos“ v
The mean square strain along N is
- B2 . ’ (4.60)
2 2 2
&g, =———\5cos" A+17cos” i )In—
v = T v) "
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4.7. Appendix 2. Strain fields of a screw dislocation.

For a screw dislocation lying along z axis the only component of displacement is U2,

being given by

4.61
U=— 0 (4.61)
2 2T
Only pure shear strains are involved
b 4.62
€. =- 2 Ny =—r-s§ ( )
” dni{x+y) 4m
= cos#

Wre2+y2) Am
and all other components vanish [16]
The strain along the diffracting plane normal N is found from shear strains by a
transition to a new coordinate system (x |y \z') with axes z' parallel to N and axis X'

lying in the

dislocation line

Figure 4.8. Transformation of coordinate system

xy plane. The transformation can be uniquely described in terms of angles )/ and y,

where i/ is the angle between z and z', and yis the angle between x and jc¢' . Then, the

strain along N is given by strain component € ,,.
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The strain components referred to the new set of axes (x',',z") can be found from

first principals, i.e. by differentiating aaU L as it was done in Appendix 1. However, here
4

we will use more general approach. By definition, a second order tensor has the

transformation law

a,= ZE oLy (4.63)
iy

where / ; are the elements of the rotational matrix T

cos(x/;c') cos(ygc') cos(z;c') (4.64)

T=[e,]=|cos(n) cosy) cos(zy)
cos(xz") cos(yz') cos(zz')
From equations (4.62), (4.63) we have

Erp =L, En + L, L LE,, (4.65)

where

£,, =cos(z'y) =cosysiny

£,,= cos(z:\z) =cosy
Substituting (4.66) into (4.65)
£, =sinycosy(cos)e, —sinjE, ) = (4.67)

= Lsin ycosy(cosycos@ +sinysinf)
4mr

The mean square strain along N is found as
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. ' 25 (4.68)
£ = # I j[sin W cosy(cos JE,, —sin }@xz)]zrdedr =
n 0

2 rirz

N | o
T sin” i cos y/r;[ (;[r (cosycos@ + s ysin @) d&dr =

bz .2 2 ¥
T6—7t_2r_2sm wcos“ yln ;0-
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5. P-type doping of GaN

5.1. Introduction.

P-type GaN is of a critical importance for high performance optoelectronic devices.
Among all other elements, Mg is the only efficient species used as a p-type dopant in
MOCVD grown GaN. No other impurity -has been so successful in producing p-type
conductivity in GaN. Nevertheless, effective p-type doping of III-Nitrides remains to be a
challenging task. The activation energy of Mg is relatively high (typically about
150-200 meV), therefore only a few percent of Mg atoms are electrically active at room

3

temperature. Thus, the Mg doping level in around of 10" cm™ is required to achieve the

3 range. The corresponding hole mobility is around

hole concentration in the 10" cm’
10 cm?/V's and the specific resistivity of Mg doped films remains high. This limited p-type
conductivity is one of the major reasons that hampers further rapid development of nitride-
based electronic devices. For efficient light emitting diodes, laser diodes, ohmic contacts
etc. doping densities of about 10'%cm™ are desirable.

The Mg doping of GaN is comprehensively reviewed in the scientific literature. Here
we will briefly mention only most important results on Mg doping of GaN. For a more
thorough review on doping of III-nitrides one could refer to the publication by Sheu and
Chi [1] and references cited. Published results can be roughly divided into three groups: (1)
reports on Mg-doped GaN, (2) reports on Mg co-doped GaN, (3) reports on Mg-doped
superlattices. For the first group, GaN was doped by Mg only and low-resistivity material
was achieved by optimisation of doping level, growth parameters and annealing
conditions. For the second group, GaN was co-doped with Mg and other elements (Si, O,
Zn, etc), which helps to reduce the activation energy of the acceptor. For the third group,

the activation energy of the acceptor was reduced by modification of the zone diagram of

GaN using a superlattice structure. A summary of the best published results on Mg-doping
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can be found in Table 12. In this chapter we will discuss Mg doping and Mg co-doping.

Mg doped superlattice structures will be reviewed in Chapter 10.

Table 12, Review of the best published results on Mg-doping of GaN.

P, P, Hn, Mg,
Reference Qem em- em?Vs | em” Comments
Mg-doped GaN
Horizontal atmospheric system
Tolunaga | o0 | 8107 | 75 | 8x10" | with 3-layered laminar flow
et al [2] S
gas 1njection.
Sugiura 18 ) 19 | Atmospheric pressure system,
et al [30] 0.8-1.0 | 0.8-2x10 5-10 | 6x10 H,-free ambient
C.-R. Lee 11 3.2%10" 17.5 ) Using Sle cap layc?r during ex
et al [3] situ annealing
Kumakura ) 17 i 19 | 0.4 pm-thick Mg-doped Ing 4
et al [4] 6.7x10 3x10 Gag g6 N layer grown at 780 C
Mg-codoped GaN
Ki Mg+Zn co-doping,
m 17 19 : . :
et al [5] 0.72 8.5x10 10 2x10 ratio Cp,Mg:DEZn is about
1000:1 ?
Kim Mg+Si co-doping, without Si
et al [13] 1.26 4.5x10" 11 - hole concentration was higher
(6.7x10"7 cm™)
. Mg+Si co-doping, ALE
A‘;y;lgl - 4.5x10'8 - - s epitaiy ¢
(Details in Technical Notes)
Mg+O co-doping, Oxygen
Ijto;?t[lig‘]/ 0.2 2x10'8 16 2x10"° concentration in the reactor
4.0—11.5 ppm
Mg-doped superlattice structures
Kumakura 18 19 | 25-30 period AlxGa;xN/GaN
et al [6] - 3x10 - | 2107 1 540/1204) SL, x=0.13-0.30
Kumakura 19 19 45-period InyGa;xN/GaN
etal[r] | 0P | 28x10 - | 3107 | (40/40A) SL, x=0.10 and 0.22
Kozodoy ) 3%1018 10 ) 25-period uniformly doped
et al [8] Aly,Gag gN/GaN (80/80A) SL
Modulation-doped 25-period
Al 12Gao 3sN/GaN (80/80A)
Kozodoy SL
et al [8] - 1.9x10% 19 - Plasma-assisted MBE was used
for growing this SL on top of
MOCVD-grown GaN based
layers.
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5.2. Mg doped GaN
As we mentioned before, the highest hole concentrations at room temperature in
MOCVD grown Mg-doped GaN, as reported by several groups, are in the 5x10'—

1x10'® cm™ range for doping levels in the mid 10"° cm™

range. The specific resistivity of
the layers is about 1-2 Qcm. Achieving higher hole concentrations with Mg as the dopant
has proved very difficult. The further increase of the doping level results in the decrease of
the hole concentration. Among the possible reasons for difficulties to achieve higher hole
concentration different authors have cited:

e Compensation by the residual donor impurities such as oxygen

e Deterioration of the layer crystallinity at very high doping levels

e Limit of Mg solubility and formation of Mg;N;

¢ Self-compensation by formation of Mg-related donor levels

According to the publication of Kozodoy et al [9], temperature dependent Hall
measurements indicate that concentration of compensating donors in Mg-doped GaN is in
the 10'*-10" cm™ range. On the other hand, concentration of residual donor impurities
such as silicon and oxygen in the undoped GaN is well below 10!’ ¢cm™. Therefore, we can
conclude that compensation by residual impurities played some role in the early days of
GaN epitaxy, but for the modern stage of technology it is definitely not a major issue.

A deterioration of the layer crystallinity is also unlikely to be the cause for the drop
of the hole concentration at high doping levels. Firstly, results of x-ray analysis and surface
morphology observations suggest that a significant deterioration the layer crystallinity
occurs only for a very high Mg doping levels 10* cm? ). Secondly, as the hole mobility
is very sensitive to the degradation of the crystalline structure, one should expect a
dramatic decrease of the hole mobility with the increase of the doping level. Nevertheless,

experimental results indicate that the hole mobility does not change much with Mg
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concentration. Therefore, we can conclude that deterioration of the layer crystallinity does
not play a significant role in reduction of the hole concentration.

If the solubility of Mg were the limiting factor, one would expect the hole density to
increase with Mg concentration and saturate at maximum value. However, the decrease of
the hole concentration for high doping levels is not explained by this theory. Another
argument against is that the formation of the second phase Mg;N5 is observed only for high
Mg doping levels (10%°-10*" cm™). We can conclude that for typical doping levels below
10% cm?® solubility of Mg is not the major factor for the decrease of the hole concentration.

Self-compensation is the only remaining possibility to explain the decrease of the
hole concentration at high doping levels. Two major arguments support this theory. Firstly,
temperature dependent Hall measurements indicate high concentration of compensating
donors in Mg-doped layers. Secondly, GaN layers with high Mg concentration exhibit
strong donor-acceptor recombination at 2.8 eV. The most natural choice of acceptor is
Mgga (shallow acceptor), while donor is thought to be a complex of Mg with nitrogen
vacancy MgVy (deep donor).

Nitrogen vacancy is a most common native defect in GaN. It acts as a triple donor

and can accept charge g from 0 to + 3e. The formation energy of the nitrogen depends on
the position of the Fermi level E,., In other words, the formation energy of nitrogen

vacancies is quite high in n-type GaN, but is significantly lower in p-type GaN. Because of
low formation energy, nitrogen vacancies are easily generated during the growth of Mg-

doped GaN. According to Haufmann et al [10] the concentration of nitrogen vacancies N,

is given by the following phenomenological equation:

_qEF) .1,

N, o< exp( T
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where ¢ is the charge state of the vacancy, i.e. 0 to +3, and E;. is the Fermi level. Thus the
concentration of nitrogen vacancies increases exponentially when E, approaches the

valence band, i.e. with increasing hole concentration. In the same manner, the
concentration of nitrogen vacancies is rapidly increasing with temperature.

Now we suggest the following mechanism for formation of vacancy MgVn
complexes. First, nitrogen vacancies are generated during the epitaxial growth of Mg-
doped GaN at high temperature (T=1300 K). The nitrogen vacancies are mobile at growth
temperatures and positively charged; therefore, they are attracted to negatively charged Mg
acceptors forming a VyMg complex. Because migration of VMg complexes is limited,
they are more stable than stand-alone nitrogen vacancies. Therefore it is reasonable to
assume that after cooling down the equilibrium concentration of VMg complexes
corresponding to the growth temperature is frozen. For simplicity, we assume that all
generated nitrogen vacancies are coupled with Mg atoms. In this case the resulting

concentration of acceptors N, and donors N, is given by

- - 5.2
NA=NMg—Cexp(Z—TEF) ND=Cexp(z—TEF) (>2)

where N, is the doping level and C is some coefficient which depends on density of

sites in GaN lattice and entropy of nitrogen vacancy formation. In our phenomenological
model we treat C as a fitting parameter. For simplicity, we assume that all nitrogen
vacancies are in the charge state +3. The position of the Fermi level is found from the

electroneutrality equation:

Nega S (Eg;T)+m N, f(E,T)=N,, (1= f(0.T)—mpN,(1- f(Ep,T) =0 (53)

where N

cond

N

val

are the effective densities of states in conduction and valence bands,

respectively, m, and m,, are the multiplicity factors, and f(E,T) is the Fermi distribution

function:
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N,,; =043-10"-T° (cm?) N,,=89-10"-T**(cm?  (54)
m,=1 mpy =2

S
fED = 2
1+exp( T F)

For p-type material E, << E,, E; << E) holds and the equation (5.3) can be simplified
(Nyg =Np)f(E,T)=N,, (1= £(0,7))-2N, =0 (5.6
Strictly speaking, the acceptor activation energy E , depends on the doping level and
varies from 100 meV to 250 meV. For the sake of simplicity, a constant value of 160 meV

is used here. Solving equation (5.6) for 7' =1300K we can find the position of the Fermi

level at growth temperature. Then the concentration of acceptors N, and compensating
donors N, can be readily calculated using equation (5.2). After that we solve equation

(5.6) for T =300K to find the position of the Fermi level at room temperature. Finally, the
room temperature hole concentration is given by
p=N,,(1-f(0,T) (5.7

In the above calculations the fitting parameter C in the equation (5.2) was arbitrary
chosen to be 5x10* cm™ as this value gives reasonably good agreement with experiment.
Figure 5.1 shows the calculated dependence of the hole concentration versus the doping
level. Two cases were considered: one in which donor concentration is negligibly
small N, =0, and another where Mg doping generates VMg donors. Although this crude
model is not accurate enough in a quantitative sense, it allows making some important
qualitative observations. First, due to large activation energy, the hole concentration is
increasing much slower than the doping level. Hole density in the beginning of the
10" cm™ range can be easily achieved with a moderate Mg concentration in the 10"-

10" cm™ range. However, in order to increase hole concentration 10 times one should
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increase Mg doping level 50-100 times. Second, the influence of self-compensating effects
is negligible for Mg concentrations below 10" cm?®, but becomes progressively more

significant with increase of the doping level.
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Figure 5.1. Calculated hole concentration versus Mg doping level

5.3. Co-doped GaN

Recently, there was a number of theoretical [11] and experimental [12,13,14]
publications on co-doping of GaN, in which both n- and p-type dopants are introduced into
the GaN layer. The co-doping method is considered to form meta-stable acceptor-donor
complexes, which have lower activation energy, than acceptor alone. Additionally, the
carrier mobility of co-doped samples is believed to increase due to the replacement of
long-range Coulomb scattering in the case of a simple doping, by short-range dipole
scattering.

Using Mg+0O co-doping Korotkov et al [12] reduced the resistivity of the p-type layer
from 8 Qcm to 0.2 Qcm and increased the hole density from 1x10"7 cm™ to 2x10"® cm'3,
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while reducing the activation energy to 135eV. Reverse engineering of Nichia’s
commercially available white LED revealed, that the p-type cladding layer contained a
high concentration of Mg (~2x1020 cm?) and O (~1x10% cm'3) [11]. Just a few
publications on successful Mg+Si co-doping are available. Kim et al [13] reported increase
of the hole concentration from 4.3x10'7 cm™ to 8.5x10'7 cm™ with Mg+Si co-doping.
However, higher flow of Si resulted in n-type material. It could be argued that Mg+Si co-
doping is not efficient due to a chemical interaction between Si and NHj3 during the growth.
Ammonia affects the surface diffusion of Si adatoms and prevents the formation of Mg-Si
complex. To overcome this problem, an alternative co-doping method has been proposed
[14]. In this method, GaN is grown by alternative supply of TMGa and NH; with a
sequence of 1 sec and 3 sec interval for each source gas in a low pressure MOCVD reactor.
Mg doping material (Cp,Mg) is supplied during TMGa feeding and Si dopiné material
(TESi) is supplied just after the feeding of Mg source within the purging time of TMGa
before NHj3 feeding time.

According to publications of Kim [5,13] and Cho [15] Mg+Zn co-doping increases
the hole concentration (up to 8.5x10'” cm) and improves the structural quality of GaN as
compared to the only Mg-doped GaN layer. In addition, the specific contact resistance for
Mg+Zn co-doped GaN (5.0x10™ Qcm?) is lower by one order of magnitude than that for
Mg-doped only GaN film (1.9x10'3 Qcmz). Interestingly, the Cp,Mg flow was
0.643 pmol/min (Mg/Ga ratio of 7.6x10™) and the DEZn flow was only 0.616 nmol/min
(Zn/Ga ratio of 7.3x10°®). According to our SIMS measurements and Amano’s data on Zn
incorporation [16] the solid-vapour ratio of Zn to Ga at typical growth temperatures
(~1000°C) is about 1x107. This means that with given Zn/Ga ratio of 7.3x10° in the gas
phase the Zn/Ga ratio in the solid will be 7.3><10'9, which corresponds to Zn concentration

of 3x10" cm™. Such a low concentration can hardly have any effect on electrical or
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structural properties of the material. We have carried out similar experiments on Mg+Zn

co-doping but have not observed any improvement of p-type doping.

5.4. Mg activation

Another particularity of Mg doping during MOCVD growth is the necessity of a
special activation procedure. Generally, as-grown Mg-doped GaN films exhibit insulating
behaviour. According to commonly adopted theory, in as-grown samples Mg atoms are
passivated by hydrogen forming electrically neutral complexes. The formation of Mg-H
complexes is supported by experiments of Theys ef al [17]. They have studied deuterium
diffusion in GaN layers when they are exposed to a remote deuterium plasma at 500°C.
They have found that deuterium diffuses deeply in Mg doped GaN samples altering the
native hydrogen profile. On the other hand, in the same plasma conditions, deuterium does
not diffuse significantly in non-intentionally doped samples. For detailed study on various
hydrogen related complexes in GaN one should refer to the work of Reboredo et al [18].
Due to formation of these complexes, magnesium tends to incorporate in GaN in
electrically inactive form. The activation of Mg can be achieved by thermal annealing or
by electron beam irradiation. Amano et al [19] have demonstrated that Mg atoms can be
activated by low energy electron beam irradiation after the growth. Later, Nakamura et a/
[20] showed that the same effect can be achieved by thermal annealing in hydrogen-free
ambient.

Usually, temperature in the fange 600°C-900°C is required to activate Mg acceptors.
As a rule, annealing temperature and annealing time are interdependent, i.e. lower
annealing temperature requires longer annealing time and vice versa. It has been widely
discussed that too high annealing temperature can generate defects reducing hole
concentration. Fujita et al [21] have studied successive dehydrogenation and

hydrogenation of Mg acceptors in GaN by N, and H; annealing, respectively, at different
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temperatures. The authors have found that the higher annealing temperature reduces the
number of unfavourable scattering centres originating from Mg-H bondings. Annealing at
the temperature higher than the growth temperature results in compensation but does not
enhance the generation of scattering centres. Even if the GaN experiences thermal damage
by high temperature annealing, it is not destructive and can be well recovered by
appropriate hydrogenation/dehydrogenation treatments afterwards. It has been reported
[22,23] that rapid thermal annealing (RTA) has certain advantages for Mg activation
compared to conventional furnace annealing. High ramp up rates in temperature (up to
100°C/s), allow an efficient activation of the Mg dopant but avoid the formation of
nitrogen vacancies, which may eventually compensate the p-type conductivity.

Waki et al [24] reported on successful activation of Mg by deposition of a Ni film on
the sample surface and performing a low-temperature annealing in nitrogen at 200°C.
These results suggest that the Ni film significantly enhances hydrogen desorption from the
GaN film, which results in the activation of Mg-doped GaN at quite low temperatures.

Lee et al [25] have studied the annealing effect of Mg-doped GaN epilayers capped
with SiO; layer. The samples were annealed in nitrogen at various temperatures, after that
the SiO, was removed by chemical etching. The hole concentration of the GaN:Mg
epilayers capped with SiO, after annealing was much higher than that of the layer annealed
without SiO; at any temperatures. The authors explained this phenomenon by reduced out-
diffusion of cracked Mg from MgH complex in the samples with SiO, layer during
annealing.

Recently, it has been found that magnesium can be activated by thermal annealing in
oxygen atmosphere [26]. The authors have found that when activated in O, containing
ambient, the resistivity was considerably lower, at any given temperature, than that of
samples activated in pure N,. This phenomenon is believed to result from chemical

interaction of oxygen with hydrogen, which is responsible for passivation of Mg acceptors.
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5.5. Mg doping during MOCVD growth
5.5.1. Mg precursors

A priori, two magnesium precursors are available, the
bis(cyclopentadienyl)magnesium (Cp,Mg) and the bis(methylcyclopentadienyl)magnesium
((MeCp):Mg). The Cp,Mg is commonly used to obtain Mg-doped GaN. However, the
Cp2Mg is solid at practical temperatures (melting point of 176°C) and has those typical
problems, which are common to all solid sources, i.e. non-equilibrium vapour pressure,
poor stability and efficiency degrading with time. Furthermore, significant memory effects
have been experienced when using a solid Cp,Mg source due to low transport efficiencies
resulting in uncontrollable doping levels.[27]

The (MeCp),Mg has lower melting point (29°C) and potentially does not have these
drawbacks. However, this precursor is much more reactive compared to the Cp,Mg. It
reacts in the gas phase with ammonia producing tiny solid particles, reducing magnesium
incorporation and deteriorating the epilayer [28].

Several commercial manufactures of metalorganic precursors for MOCVD growth
have addressed these problems by offering an efficient magnesium precursor system where
solid Cp,Mg is suspended in an extremely low vapour pressure hydrocarbon liquid®. The
behaviour of this system is expected to be very similar to TMIn solution [29]. The solvent
forms a liquid layer over the solid Cp,Mg and it is assumed that the Cp,Mg is vaporized
directly from the solution. A dynamic equilibrium establishes between the solid Cp.Mg,
Cp2Mg in the vapour and the Cp,Mg dissolved in the hydrocarbon solvent. [27] As Cp,Mg
is vaporized from the solution a similar quantity of solid Cp,Mg dissolves into the solvent,
maintaining a constant saturated liquid phase concentration.

The Cp,Mg solution offers the following advantages:

* For example Solution Magnesocene™ manufactured by Epichem
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e Constant output of CpoMg over nearly the entire life of the source

e Speedy response like other liquid metalorganics

e Vapour pressure effectively the same as that of Cp,Mg

e More contact time between the carrier gas (hydrogen) and the Cp,Mg
¢ Reduced memory effects due to increasing transport efficiency

Recent work on solution Cp,Mg in comparison with (MeCp).Mg, showed that
solution CpoMg increased by twofold the efficiency of Mg incorporation and gave a
reliable delivery [28]. We have carried out experiments on p-type doping of GaN using
both solid Cp,Mg source and liquid Cp,Mg source.

5.5.2. P-type doping using solid Cp.Mg source.

The Mg-doped epilayers were grown on (0001) sapphire substrates. Before the
growth, substrates were annealed at 1200°C in hydrogen. A low temperature GaN
nucleation layer was deposited at 540-560°C. Then the substrate temperature was raised to
1160°C for the growth of 1.5um thick nominally undoped GaN buffer layer. After that, the
temperature was lowered to 1070°C for the deposition of Mg-doped GaN layer (~0.5 um
thick). The reactor pressure was 200 mbar during the growth of undoped GaN buffer and
100 mbar during the growth of Mg-doped GaN. The source materials were TMGa (for
undoped GaN buffer), TEGa (for Mg-doped GaN), NH; and Cp,Mg. Hydrogen was used
as a carrier gas. During the growth of p-type GaN, the TEGa flow was kept constant at
34 umol/min for all samples, while CpoMg flow was varied from 62 nmol/min to
168 nmol/min. The details of the growth conditions and results of electrical measurements

are presented in Table 13 and Figure 5.2.
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Table 13. Growth conditions and electrical properties of Mg-doped GaN samples.

Growth run Mg flow, P NVH Tgrowth*
nmol/min Qc,m cm2Vs ch’ °c
134 82.5 2.2 7.1 3.9x1017 1070
135 168.0 3.1 5.1 4.0x1017 1070
191 82.5 2.9 10 2.2x1017 1070
192 168.0 6.0 7.8 1.3x1017 1070
193 118.0 3.9 11 1.4x1017 1070
194 62.5 3.9 11 1.4x1017 1070
195 168.0 2.5 11 2.2x1017 1070
196 82.5 1.9 16 2.0x1017 1070
197 82.5 3.0 12 1.7x1017 1050
198 118.0 2.2 9 3.1x1017 1070
10 T T T T
9 Tg=1070C, V/II=1576, MO/Hyd=0.2
Tg=1070C, V/lI=1576, MO/Hyd=0.125
8 Teg=1050C, V/IIN1576, MO/Hyd=0.2
7 Te=1070C, V/lI=1576, MO/Hyd=0.14
E Te=1070C, V/1=2390, MO/Hyd=0.125
o 6
a
£ 5
>
B4
£ 3
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Figure 5.2. Resistivity of Mg-doped GaN layers versus Cp2Mg flow.
5.5.3. P-type doping using Solution Magnesocene
Mg-doped GaN layers were grown on (0001) sapphire substrates using a similar
deposition procedure to the one described above. The growth sequence included the
annealing in hydrogen, the growth of the low temperature nucleation layer (30 nm), the

growth of undoped GaN layer (~1 pm), the growth of a Zn-doped layer (~1 pm) and the

102



Chapter 5. P-type doping of GaN
growth of Mg-doped layer (0.5 pm). The insulating Zn-doped layer was added to the
structure to prevent current leakage through the buffer layer during -electrical
measurements. GaN:Mg layer was deposited at 1070°C and 100 mbar. The sources of Ga,
N and Mg were TEGa/TMGa, NH3 and Cp2Mg solution, respectively. Samples 348-356
were grown using TEGa precursor with TEGa flow being 31.5 pmol/min. Samples 543-
549 were grown using TMGa precursor with TMGa flow being 17.7 pmol/min. The
Cp2Mg flow was varied from 69 nmol/min to 743 nmol/min. The samples grown using
TMGa precursor exhibit similar properties to that of specimens grown using TEGa
precursor. It is interesting to note, that in terms of growth rate TMGa is almost twice more

efficient precursor than TEGa.

GaN:Mg 0.5pm GaN:Mg 0.5pm
GaN:Zn ~lpm
Undoped GaN
1.5-1.8pm Undoped GaN
~lpm
Sapphire Sapphire

Figure 5.3. GaN:Mg structures without insulating layer (left) and with insulating
layer (right).

After the growth, the samples were annealed in nitrogen (or oxygen) ambient for
activation of acceptors. The annealing procedure will be is discussed later on in more
detail. The samples were characterised using a secondary ion mass spectroscopy (SIMS),
photoluminescence (PL), Hall effect and resistivity measurements. The details of the

growth parameters and electrical properties are summarized in Table 14.
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Table 14. Growth conditions and electrical properties of Mg-doped GaN samples,
grown with Solution Magnesocene source.

Sample Mg flow, NH; flow, P, Pu.

nmol/min slm Qcm cm2'Vs e
348 743.4 1.2 5.1 8 1.5x1017
349 739.3 1.2 high — -
350 210.3 1.2 2.7 11 2 2X1017
351 220.1 1.2 34 9 2 0x1o17
352 1514 1.2 2.2 14 2 0xlo17
353 100.9 1.2 1.7 15 2.4x1017
354 69.1 1.2 0.09 193 3.5x1017
355 85.1 1.2 34 9 2.1x 1o 17
356 100.9 1.2 3.6 10 1.6X 1017
543 105 3 5.0 - -
544 91 3 4.9 10 1.3x1017
546 240 3 2.8 18 1.3x1017
547 78.6 1.2 2.3 7 4x1017
548 58.2 1.2 2.2 14 2.4x1017
549 78.6 1.2 1.7 12 3X10r

100t
no T Cj*M g Solution

—*— Cj®*M g Solid

n-type p-type compensated

100 200 100 800

Mg flow”imol/min

Figure 5.4. Resistivity of Mg-doped GaN layers versus Cp2Mg flow. m - samples
grown using solid Cp2Mg source. ¢ - samples grown using Cp2Mg solution.

The behaviour of a liquid Cp2Mg source was very similar to that of a solid Cp2Mg

source. Using a liquid source we have repeated the results obtained using a solid source
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(see Figure 5.4). However, we have found that with a liquid source the results were more
reproducible. The usage of liquid Cp2Mg source enabled our further studies of the whole
Mg flow “window” from n-type to compensated material. The specific resistivity has a
minimum at Cp2Mg flow about 100 nmol/min. Further increase of doping level results in
increasing resistivity. Such behaviour can be explained by self-compensation by the
formation of Mg related deep donors [10,31].

As one can see from Table 14 Mg doping is strongly affected by ammonia flow.
With all other parameters being kept constant, an increase of ammonia flow results in a
decrease of the hole concentration. Higher Cp:Mg flow is required to achieve the same
level of Mg doping. This phenomenon is well explained by homogeneous prereaction
between NHs and Cp:Mg. Higher ammonia flow results in increased gas phase reactions,

which reduce the effective Cp2Mg concentration in the deposition zone.

3.0

2.5

0.5

0.0
1020 1030 1040 1050 1060 1070 1080 1090 1100

Growth temperature, °C
Figure 5.5. Resistivity of Mg-doped GaN layers versus growth temperature.

The growth temperature also influences the doping process. Figure 5.5 shows the

dependence of specific resistivity of magnesium doped GaN films on the growth
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temperature. The optimum growth temperature corresponding to the lowest resistivity is
about 1050°C. It should be noted that the actual temperature on the substrate surface
differs from the pyrometer reading and depends on large number of factors. When the
conditions inside the reactor are changed, for example after the change of the quartzware,
temperature corrections are often required. For this reason it is correct to compare growth
temperatures only between experiments from the same series.

5.5.4. Growth in nitrogen ambient.

Sugiura et al [30] have studied the influence of the carrier gas on electrical properties
of GaN films. They have obtained a low-resistivity p-type GaN with the resistivity of 0.8-
1 Qcm and the carrier concentration of 0.8-2x10'® cm™ by H,-free growth without any
post-treatments. The small amount of H; gas in a reactor strongly influenced the electrical
properties of the Mg-doped GaN films.

We have conducted an experiment on GaN:Mg growth under N, rich conditions.
Figure 5.6 shows the reflectance versus time signal measured during the growth of
GaN/GaN:Mg structure. During the growth of undoped GaN buffer layer under H; (region
A) the magnitude of oscillations is high, indicating good quality of the film. For Mg-doped
GaN the carrier gas was changed to Ho/N; mixture (60% of N,) and the magnitude of
oscillations drops rapidly, indicating roughening of the surface. When the carrier gas was
changed back to H, the reflectance signal partially recovers, yet not to the original level
(region C). The growth rate with Nj-rich carrier gas (0.35 um/h) is slower than that for H,
carrier gas (0.6 um/h).

Figure 5.7 shows micrographs done with Nomarski microscope for samples grown
under N>+H, mixture (right) and under H; (left). The film grown under hydrogen has a
very smooth surface. On the contrary, film grown under nitrogen-rich conditions has much

rougher surface.
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Figure 5.6. Optical reflectance at 600 nm versus time recorded during the growth of
Mg doped GaN. A - growth of UD GaN buffer layer under H2, B - growth of GaN:Mg
under N2(60%) + HX40%) gas mixture, C growth of GaN:Mg under H2

Under H2 Under H2+N2

Figure 5.7. Nomarski micrographs of the surface of GaN:Mg samples grown under H2
(left) and under N2+H2mixture (right). The field size is 200x300 pm.
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To summarise, GaN deposition under H-free ambient requires more detailed optimisation
of the growth parameters. Simple change of the carrier gas from H; to N, does not improve

p-type doping but leads to a defective film with a very rough morphology.

5.6. Optimisation of annealing.
In the present research, we used the following annealing techniques:
e In situ annealing in the MOCVD reactor at reduced (400-500 mbar) nitrogen
pressure
e [Ex situ annealing in the open flow furnace under nitrogen
e [Ex situ annealing in the open flow furnace under oxygen

The advantage of the in situ annealing technique is that it can be easily integrated
with the growth process. However, ex situ techniques are more flexible and offer better
control of gas ambient and temperature.

Samples before run 348GN-p were grown using in situ annealing in nitrogen at
900°C for 25 min. Not to escape one’s attention is the fact that in our MOCVD system the
lightpipe pyrometer controls the temperature of the lower graphite disc. The real
temperature on the surface of the wafer is 50-100°C lower.

5.6.1. Annealing in nitrogen

For detailed investigation of annealing effects GaN:Mg films were grown without in
situ annealing. After that the 2 wafer was cut into 7x7 mm? pieces and they were annealed
- in nitrogen for 10 min at various temperatures. The effect of annealing temperature on the
specific resistivity of the Mg doped GaN is presented in Figure 5.8. The lowest value of the

resistivity (1.6 Qcm) corresponds to annealing temperature of 800-840°C
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Figure 5.8. Effect of the annealing temperature on resistivity of Mg doped GaN films.
5.6.2. Annealing in oxygen"

Pieces of Mg doped GaN wafers were annealed in oxygen at 550°C. Figure 5.9
presents the dependence of specific resistivity on annealing time. As one can see,
resistivity saturates after first 40 min.

Table 15 compares properties of GaN films with different Mg doping level annealed
in nitrogen and oxygen. Samples annealed in 6xygen exhibit lower specific resistivity than
that of the samples annealed in nitrogen. It should be noted that in annealing in oxygen
requires much lower temperature, therefore, it can be considered less damaging in terms of

thermal decomposition and creation of nitrogen vacancies.

* Experiments performed by A.Andreev at Ioffe Institute, St.Petersburg, Russia
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Figure 5.9. Dependence of specific resistivity of Mg doped GaN films on annealing

time in O, at 550°C.

Table 1S. Comparison of Mg activation in nitrogen and oxygen ambient.

Specific resistivity, Qcm

Sample, Cp,Mg flow Annealing in N, Annealing in O,
15 min, 800°C 40 min,550°C
Sample A, 95nmol/min 1.9 0.95
Sample B, 155nmol/min 2.2 1.7
Sample C, 21 1nmol/min 3.4 2.3

5.7. SIMS measurements.

Secondary Ion Mass Spectroscopy (SIMS) measurements were performed by MATS,

UK. Figure 5.11 shows SIMS profiles of two Mg-doped samples grown with different Mg

fluxes. Sample 348GN-p was grown with Cp,Mg flux of 743 nmol/min using a

conventional Cp,Mg solid source. Sample 350GN-p was grown with Cp,Mg flux of

210 nmol/min using a liquid Cp,Mg source.
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Both samples appeared to be heavily doped with Mg. The average concentration of
magnesium was 1-2x1020cm'3and 2.5-3.5x1020 cm'3, for samples 350GN-p and 348GN-p,
respectively. It is noteworthy that magnesium incorporation was very effective. The
incorporation coefficient was 29% and 51% for samples 348GN-p and 350GN-p,
respectively, (see Table 16)

Table 16. Mg/Ga ratio in gas and solid phase and calculation of the segregation
coefficient.

Sample  Cp2Mg flux, TEGa flux, Mg/Ga, Mesolid Mg/Ga Mg/Ga”

# nmol/min pmol/min  (gas phase)  at/cm3 (solid) Mg/Gags
348GNp 743 31.5 2.36x102  3x1020 6.8x10'3 0.29
350GNp 210 31.5 6.66x10’3  1.5x1020  3.4x10'3 0.51

1.0
0.9
0.8 J
o 0.7
To ‘
O 0.6 [
0> »
2 05
3 04
5 ,
o> 0.3
2
0.2
0.1 "
0.0
1019 1020 1021

Mg concentration by SIMS, cm”

Figure 5.10. Published data on Mg incorporation efficiency, (from Kozodoy et al [9])
The efficiency of magnesium incorporation for our system is very similar to the
results published by Kozodoy [9]. It is interesting to note that efficiency of Mg

incorporation increases with increasing Mg concentration (Figure 5.10).
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0
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Depth, pm
Figure 5.11. SIMS profiles of two Mg-doped GaN samples, with different Cp2Mg

fluxes. 348GNp - Cp2Mg flow=743nmol/min, solid source, 350GNp -
Cp2Mg flow=210nmol/min, Cp2Mg solution source.

On both samples the magnesium concentration increases with increasing depth. This
gradient is not an artefact because the signal of interest (24Mg) was ratioed against a
matrix signal (14N). This means that the magnesium levels do appear to have a real
gradient. This is possibly related to Mg out-diffusion after the growth. Zn concentration in
the Zn-doped sublayer was about 1x10 B cm' . This is very close to the expected value and

proves that our calculations on efficiency of Zn incorporation were correct.

5.8. PL measurements.

The photoluminescence measurements were performed using two experimental
setups. The first system included Oriel M260 spectrograph, Andor CCD array and
collimating optics. The photoluminescence was excited with the 325 nm line from a
Kimmon He-Cd laser. The maximum excitation power density is estimated to be of the

order of 1 kW/cm2. Smaller excitation densities were achieved by defocusing of the laser
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beam. PL experiments at higher power densities were performed using Renishaw
microraman system. A frequency-doubled argon laser (A.=244nm) was used as an
excitation source. The excitation power density was about 10 kW/cm2. In both cases, PL

measurements were performed at room temperature.

FRED laser, 244nm, 9kW/cm

CpMg=743nmol/min
Cp2Mg=101nmol/min
3
3
S
350 375 400 425 450 475 500

Wavelength, nm

Figure 5.12. PL spectra for GaN sample with different concentration of Mg.

Figure 5.12 shows photoluminescence spectra from Mg-doped samples with different
doping level. The sample with high Mg concentration exhibits a wide peak centered around
430-440 nm (2.8 eV). Under the same experimental conditions, the sample with lower Mg
concentration reveals only near edge emission at 365 nm (3.4 eV) and Mg-related band at
380 nm (3.2 eV). Samples without annealing also have a broad red line centered at 700nm
(1.8 eV) (see Figure 5.14). In contrast to undoped or Si-doped GaN, Mg-doped samples
show no yellow luminescence at 600 nm (2.1 eV).

Figure 5.13 presents PL spectra from Mg-doped GaN measured at different
excitation power densities. Three samples with different concentration of Mg were

measured. The lowest Mg concentration corresponds to n-type material (“underdoped”
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sample), the average Mg concentration corresponds to p-type material, and the highest Mg
concentration corresponds to compensated material (“overdoped” sample) The

“overdoped” sample shows only 2.8 eV line, while two other show both 2.8 ¢V and 3.2 eV

luminescence.
Sample 348
High Mg concentration
low exitation
high exitation
G

350 375 400 425 450 475 500 525 550 575 600

Wavelength, nm

Figure 5.13a. PL spectra for the “overdoped” GaN:Mg sample obtained at various
excitation intensities. Only 2.8 eV defect-related peak is observed.

The 3.2 eV line does not change much its position with the increase of excitation
power density. At the same time, 2.8 eV line shifts remarkably to higher energies with
increasing power density. At high excitation intensity, the 2.8 eV luminescence band
saturates and 3.2eV line dominates in the PL spectra.

The magnesium related blue luminescence has been well studied by a number of
authors [31,32,33,34,35]. The 3.2 eV line is usually observed in samples doped in lover
109cm*3 and is assigned to capture free electrons at neutral Mg acceptors (Mg0, e)
[36,37,38]. Most of the authors conclude, that the 2.8 eV line is a donor-acceptor pair

(DAP) emission involving a deep donor and shallow acceptor. The shallow acceptor is
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Mgoa and a deep donor is thought to be a complex of nitrogen vacancy with magnesium or

hydrogen (e.g Mgi-VN MgGrVN VN-H).

Sample 353
Optimum Mg flow, p-type
low excitation density

high excitation density

S

350 375 400 425 450 475 500 525 550 575 600

Wavelength, nm

Figure 5.13b. PL spectra for the sample with optimum Mg concentration obtained
under various excitation intencities. The 2.8 eV band dominates at low excitation
power density. At higher excitation PL switches to 3.2 eV band.

Two major facts support the DAP model. First, the 2.8 eV line is observed only for
the samples with high Mg concentration (1019102° cm'3) when average distance between
acceptors and donors is small enough (15-30A). The close location of pair components
results in a high probability for DAP type transitions in spite of strong localization of the
electron and the hole bound to the deep defect. Second, there is a distinct shift of the
2.8 eV line to higher energy with increasing excitation power density. The intensity of the
2.8 eV line saturates with increasing excitation density. The intensity of 2.8 eV line
saturates at high excitation densities The reason for this behaviour is the Coulomb

interaction of an ionised DAP
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(5.8)
hv=E-(Ej +E)—_

The mean separation » between donors and acceptors in neutral pairs decreases with
increasing excitation density. Consequently, the Coulomb term in the above-mentioned
equation increases and /v shifts to higher energy. Authors [39] suggest that 2.8 eV
luminescence is related to a defect complex composed of the nitrogen vacancy and the Mg
interstitial at a nearby empty site in p-type GaN. This defect complex forms deep donor

levels positioned around 2.8 eV above valence band.

Sample 354
Low Mg flow, n-type
low excitation density

high excitation density

"SR

350 375 400 425 450 475 500 525 550 575 600

Wavelength, nm

Figure 5.13c. PL spectra of the “underdoped” GaN:Mg sample obtained under
various excitation intencities.

The red luminescence at 700 nm (1.8 eV) was observed only on the samples without
annealing. After annealing even at moderate temperature (about 700°C), the intensity of
the 1.8 eV line drops below the detection limit of our system (see Figure 5.14). The 1.8 eV
red emission has been observed in Mg-doped GaN by other authors [40, 41]. It has been

reported that the emission is increased by co-doping of Si+Mg. The 1.8 eV luminescence
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has been also observed in nominally undoped GaN grown by HVPE [42]. Hofmann et al
[43] demonstrated that the presence of high amounts of C and O also leads to the presence
of 1.8 eV band. This suggests that the chemical nature of dopants has no strong influence
on the chemical nature of the red emission. It is likely that the red band is related to native
defects such as vacancies or native interstitial atoms, possibly paired with impurities. It can
be speculated that the red 1.8 eV and the blue 2.8 eV emission bands are related to the
same Mg-induced deep donor (e.g. [MgGrVN]). The other centre involved in the red

emission band is some deep centre, possibly [Voa-Si] complex.

as grown

Q7

annealed at 860°C

350 400 450 500 550 600 650 700 750 800 850 900

Wavelength, nm

Figure 5.14. Red luminescence (1.8 eV band) from Mg-doped GaN.

Figure 5.15 shows PL spectra for Mg doped GaN films annealed at different
temperatures. The intensity of the edge luminescence and Mg-related 3.2 eV line is
constantly decreasing with increase of the annealing temperature. This annealing effect can
be attributed to the surface decomposition, which is known to result in the degradation of

PL signals.
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Figure 5.15. PL spectra of Mg doped GaN samples annealed at various temperatures

5.9. Summary

We have successfully grown Mg-doped GaN layers by MOCVD using solid and
liquid Cp2Mg sources. Magnesium concentration up to 3x10™ cm'* and hole density up to
5x1017cm'3 have been achieved. We have studied the electrical and optical properties of
Mg-doped GaN as a function of doping level, growth temperature, NH3 flow and annealing

conditions.
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6. Growth of AlGaN

6.1. Introduction

The AlGaN alloy is a solid solution over the whole range of composition and has a
direct band gap from 3.4 to 6.2 eV. Nitride-based device structures for electronic and
optoelectronics applications usually incorporate layers of AlyGa;«N. For instance, AlGaN
alloys form the thick cladding layers in nitride-based injection lasers, AlGaN/GaN
heterostructures are used in III-nitride heterojunction field effect transistors, AlGaN/GaN
superlattices found wide application for efficient acceptor activation and mobility
improvement.

However, most research to date has indicated that AlGaN alloys are more difficult to
grow than pure GaN due to problems of strain, increased parasitic reactions in the gas
phase, and doping. As a rule, the number of challenges in AlGaN growth significantly
increases with increasing Al content.

To obtain high quality AlGaN for electronic applications it is necessary first to study
the growth mechanisms and to optimise the growth conditions. Therefore, we have grown

AlGaN layers in a wide range of compositions by varying the gas phase composition.

6.2. AlGaN Growth by MOCVD
MOCVD technique is capable of growing AlGaN layers with Al content ranging
from 0% to 100%. However, increased reactivity of Al-based metalorganic compounds
compared to that of Ga-based metalorganic compounds implies certain limitations on the
usable range of the growth parameters. TMALI tends to prereact with NHj in the gas phase.
This parasitic reaction reduces the incorporation of Al and leads to the formation of tiny
particles in the gas phase, which may deteriorate the quality of the layer. To minimise this

effect, AlGaN layers are commonly grown at smaller V/III ratio and reduced pressure.
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6.2.1. Experiment
AlGaN films were grown on (0001) sapphire substrates by the low-pressure
MOCVD using TMGa, TMALI and NHj as precursors. Hydrogen was used as a carrier gas.
The deposition sequence included the growth of a low temperature nucleation layer
followed by the growth of a 1-2 um thick GaN buffer layer. The AlGaN layer was grown
either directly on GaN buffer layer, or using an intermediate compliance layer to prevent
cracking.

Table 17. Typical conditions used for AlIGaN growth

TMGa flow 15-20 umol/min

TMALI flow 0-40 umol/min

NH; flow 500-1500 scecm
Temperature 1000-1100

Pressure 100 mbar

Carrier gas H,, total flow 5000 sscm

The composition of AlGaN films was determined by x-ray diffraction, assuming that
the variation of the lattice parameter ¢ between GaN and AIN is linearly proportional to the
Al concentration. The calculations were done using the assumption of fully relaxed AlGaN
epilayers.

6.2.2. Results and discussion

For the epitaxial growth of AlGaN the relationship between the concentration of
TMAL in the supplied gas phase and the resulting Al composition in the solid state is very
important.

The experimental dependence of the Al content in AlGaN layers versus the input
concentration of TMAL is presented in Figure 6.1. As one can see, the dependence exhibits
a sublinear behaviour, especially for high input concentration of TMAI. The efficiency of
Al incorporation increases with decrease of NH3; flow and growth pressure. On the

contrary, increase of the total molar flow of group IIl precursors (fast growth rate
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conditions) results in reduced Al composition. Such type of growth behaviour is explained

by increased premature reactions of TMA1 withNHs in the gas phase.

m0— NH3=500sccm, P=100mbar

00— NH31000sccm, P=1 OOmbar

-— NH3=1000sccm, P=1 OOmbar (fast growth rate)
NH3=1500sccm, P=100mbar

[ NH3*1200sccm, P=1 OOmbar
NH3=2000sccm, P=50mbar

03 04 05 06 07
TMAI/(TMAI+TMGa)

Figure 6.1 Al content versus input TMAI/(TMAI+TMGa) ratio

The growth AlGaN can be described by a simple model [1,2], which assumes that the
deposition process is mass-transport limited. Ifthere are no pre-reactions in the gas phase,
the ratio of Al to Ga in the solid phase is linearly proportional to the ratio of TMALI to

TMGa molecules injected into the gas phase.

Xa VIM
where xAl, xGrare concentrations of Al and Ga in the solid, and vmdi> vimMp are mPlar

flows of TMAI and TMGa injected into the gas phase. The coefficient kis given by the

ratio of incorporation efficiencies of Al to Ga.
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In the presence of gas phase reactions, the effective concentration of TMAL in the gas
phase will be reduced. Therefore, equation (6.1) has to be rewritten in terms of effective

flow of TMAL v;,,,, which is given by the following expression

(6.3)

Vo =Viuu€

Where ¢ is the time required for a volume of gas to travel from the reactor inlet to

the substrate. Reaction constant & describes the number of effective collisions between
TMAI and NH; molecules and depends on pressure, temperature, V/III ratio and other
factors. The volume collision rate is proportional to p?and the transfer time ¢ is

proportional to p . These results in

Vo =Vaue " (6.4)
Equations (6.1), (6.2) and (6.4) yield
Xa _ Ty Viva e (6.5)

x Ga lGa VIMGa

V.
: —_ = T™MAl
Denoting x,,,, =x,, X =

vapour

and bearing in mind that x;, =1-x,,, we can
ViumGa + Vima

rewrite equation (6.5) as

1 (6.6)
14laa e 14
lAI xvapour

Equation (6.6) relates the Al content x in AlyGa;.xN with injected TMAL to total MO

Xg=

flow ratio x and growth pressure p. The exponent constant ¢’ and the ratio of

vapour

incorporation efficiencies -°2 can be found by fitting the model to the experimental data.
Ta
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Figure 6.2 AIGaN solid composition versus growth pressure. Circles represent
experimental data fitted by our model (continuous line).

Figure 6.2 presents the dependence of AIGaN composition on the growth pressure.
As one can see, Al incorporation is drastically reduced at growth pressures above
200 mbar. On the other hand, below 50 mbar gas phase pre-reactions can be neglected.
Figure 6.3 shows the experimentally measured dependence (circles) of Al composition in
the solid on gas phase composition. The continuous line represents to the best fit of the

model to the experimental data.
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Figure 6.3 AIGaN solid composition versus gas phase composition. Circles
represent experimental data fitted by our model (continuous line).

Fitting equation (6.5) to the experimental data we have obtained — = 0.834 and

*l
a'=1.98x10"6 mbar'3. These values are very close to ones reported by other authors
[L,2].

Homogeneous pre-reactions strongly affect the growth rate of AIGaN layers. The
growth rate is decreasing with increase of the growth pressure (Figure 6.5) and with
increase of the input TMALI ratio (Figure 6.5). It is interesting to note, that the growth rate
of AIGaN can be even smaller than that of GaN at the same flow TMGa. This observation
suggests that the presence of TMAI facilitates homogeneous reactions involving TMGa
and other species. One of the possible mechanisms is the reaction between TMAI adducts

and TMGa leading to formation of AIGaN powder in the gas phase.
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Figure 6.4 Pressure dependence of incorporation efficiency and growth rate.
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Figure 6.5 AIGaN growth rate versus input TMAI/(TMAI+TMGa) ratio
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6.3. Optical Characterisation of AIGaN layers
Room temperature PL spectra from AIGaN samples are presented in Figure 6.6. The
measurements were performed using Renishaw micro Raman system. A frequency doubled
Ar laser (k=244 nm) was used as an excitation source. Besides the shift of the emission
peak to the shorter wavelengths, one can also notice a decrease of PL intensity and
broadening of the PL peak. This can be explained by the alloy broadening and lower

material quality of AIGaN layers with high Al content.

0.20 0.80'

0.34 0.66'
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3.0 3.5 4.0 4.5 5.0
PL energy, eV

Figure 6.6 PL spectra from AIGaN layers of different composition.
The dependence of the PL peak position on Al composition is presented in Figure
6.7. The experimental points follow the parabolic compositional dependence for the band
gap

Eg(x) =34(1- x) - 1(1- x)x + 6.2x (6.7)
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where the bowing parameter responsible for the magnitude of the parabolic nonlinearity is
+1 eV. Published data for the bowing parameter in AIGaN are scattered from -0.8 eV to
+2.6 eV. A detailed survey of published values of the bowing parameter for the AIGaN
system has been done by Lee e al [3]. According to them, extant data suggest that the

intrinsic band-gap bowing parameter for AIGaN alloys is b=+0.62(+0.45) eV.
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Figure 6.7. PL peak position versus Al composition.

6.3.1. Crack formation

The formation of cracks is one of'the most severe problems in AIGaN growth. Misfit
dislocations do not easily afford stress relief during strained heteroepitaxy of the (0001)-
oriented, wurtzite, III-nitrides. Difficulty of misfit-dislocation formation in AIGaN crystals
is due to the absence of effective slip systems. Therefore, the relaxation of tensilely
stressed AIGaN on GaN can proceed only through the generation of crack network (see
Figure 6.8).

Various types of interlayers have been reported to facilitate the crack-free growth of

AlIGaN. Nakamura and Fasol [4] reported the use of an InGaN layer before the growth of
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AlGaN cladding layers in laser diode structures to avoid cracking. Amano et al [5] and Han
et al [6] demonstrated that the introduction of a low temperature AIN interlayer on a high
temperature GaN epilayer facilitates subsequent crack-free growth of HT AIGaN.

We have successfully employed GaN-—»AlGaN gradient layers to control and

eliminate cracking of subsequent AIGaN layers.

Figure 6.8 Optical micrograph of Alo33Gao.67N layer, a cracking network is
clearly observed.

6.4. P-type AIGaN

Magnesium doped p-type AlGaN layers are used as carrier emitters in optoelectronic
devices. However, it is difficult to achieve high p-type conductivity in p-type AIGaN
alloys due to high activation energy of Mg dopants as well as reduced crystalline quality of
the alloys. Because these materials are of great importance in realizing nitride-based
optoelectronic devices, studies that could provide better understanding and realization of
highly conductive p-type AIGaN are urgently needed. A few studies have been reported on
Mg-doped p-type AlGaN [7,8,9,10]. Most of the authors reporting on p-type AlGaN
conclude that the activation energies of Mg acceptors increase with the increase in Al

content.
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Due to the increased Mg activation energy, it has been difficult to achieve p-type
conductivity in AlGaN with high Al content. Suzuki et al [11] reported that Alg;5GaggsN
has a hole concentration and a thermal activation energy of about 6.6x10'® ¢cm™ and 250
meV, respectively. Li et al [12] have demonstrated p-type AlGaN layers with the Al
content up to 0.27. The activation energy of Mg acceptors N measured by variable
temperature Hall technique increased linearly from 150 meV for p-GaN to 310 meV for p-

Aly27Gag 73 N.

6.5. Experiment

P-type AlGaN samples were grown by the low pressure MOCVD on (0001) sapphire
substrates. The deposition sequence included the growth of the foflowing layers: the low-
temperature nucleation layer, the 2-3 pm thick undoped GaN buffer layer, the 1 um thick
GaN:Zn layer, the 0.5 pm thick A1GaN:Mg layer, 0.05 um thick GaN:Mg contact layer. In
this structure the zinc doped layer acts as an insulation layer to prevent current leakage via
GaN buffer during electrical characterization. Thin p-GaN on the top prevents oxidation of
AlGaN and facilitates the preparation of ohmic contacts.

Table 18. Growth conditions for p-AlGaN.

TMGa flow 17.7 pumol/min
TMALI flow 0.5-1.5 umol/min
NH; flow 1000 sccm
Cp2Mg flow 250-360 nmol/min
Temperature 1070°C
Pressure 100 mbar
Carrier gas H,, total flow 5000 sscm

The doping level for GaN:Zn layer was in the 10'® cm?

range. According to our own
observations and published data [13] such Zn doping produces effectively insulating
material with specific resistivity of 10%-10'> Qcm. The growth conditions for p-type
AlGaN are presented in Table 18. The Cp,Mg flow during the growth of p-AlGaN layer

was 250-360 nmol/min instead of 70-100 nmol/min normally used for p-GaN growth.
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After the growth the samples were annealed at 800°C in nitrogen for 15 min to activate

Mg. The Al composition measured by x-ray diffraction varied from 0.09 to 0.13.
GaN:Mg 0.05pm

AlGaN:Mg 0.5pm
GaN:Zn ~Ipm

Undoped GaN
~2pm

Sapphire

Figure 6.9 Layout of AIGaN structure used for electrical measurements.
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Figure 6.10. Specific resistivity of AIGaN layers versus Al composition.

The carrier concentration, the hall mobility and the specific resistivity of the samples

were determined by room temperature Hall effect measurements using the van der Pauw
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geometry. The hole concentration for all samples was about 10'7 cm™. The mobility was 4-
7 cm?/V's, which is about 2 times lower than that in p-GaN. The reduction of the mobility
is probably explained by the increased scattering and lower crystalline quality of AlGaN
material. The specific resistivity of p-AlGaN layers was from 7 Qcm to 15 Qcm, which is
high compared to 2-3 Qcm for p-GaN samples. As one can see on Figure 6.10 the specific

resistivity of AlGaN layers is rapidly increasing with increase of Al composition.

6.6. Summary

We have grown AlGaN epitaxial layers with Al composition ranging from 0 to 55%.
The layers were characterised by means of XRD, PL and optical microscopy. Considering
that the growth mechanism is mass-transport limited and the composition is determined by
the relative Al and Ga fluxes reaching the interface by diffusion, we have developed a
model describing incorporation from the gas phase to the solid AlGaN. It was found that
homogeneous gas-phase pre-reactions strongly affect the growth AlGaN alloys. The effect
of premature reactions can be minimised by using low-pressure growth conditions
(<50mbar).

We have obtained p-type conductivity in Mg-doped AlyGa;«xN for x up to 0.13. It

was found that the resistivity of the layers is rapidly increasing with increase of Al content.
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7. Growth of InGaN

7.1. Introduction
The high efficiency of luminescence from InGaN/GaN heterostructures has
underpinned recent developments in blue—green optoelectronics. InGaN alloy constitutes
the active region in the form of quantum well (QW) and emits light by the recombination
of electrons and holes injected into the InGaN. The thickness of the InGaN layers in these
devices ranges from 3-5 nm in conventional quantum-well structures to 10-50 nm in

charge asymmetric resonance tunnelling structures [1].

7.2. MOCVD growth and thermal stability of InGaN

The growth of high quality InGaN films with a large indium mole fraction is
difficult, because of the compositional unstable nature of the alloy or the deposition of
indium droplets. This problem arises from the significantly higher vapour pressure of
nitrogen over InGaN [2], and low thermal stability of InGaN. Rapid decomposition of InN
occurs above 700°C. Trainor and Rose [3] observed dissociation of thin InN films at
temperature as low as 500°C at atmospheric pressure. In turn, In incorporation is
drastically reduced at high temperatures due to high volatility of indium nitride. For that
reason, low temperature conditions are preferred for the growth of InGaN. Lowering the
growth temperature, however, usually results in an inferior material quality, because the
decomposition rate of NHj is very low. For the efficient activation of ammonia, the growth
temperature should exceed 550°C (N-H bond strength is 3.9 eV). Additionally, at too low
substrate temperature the mobility of adatoms is too slow, resulting in highly defective
material, which is not desirable for device applications. The above-mentioned

considerations limit the usable temperature window for InGaN growth to 550-850°C.
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In contrast to conventional III-V alloy systems like AlGaAs where the solid
composition is a linear function of the input mole ratio of the Group III metalorganic
precursors at constant partial pressure of Group V gas, the solid composition of InGaN
deviates significantly from a linear function at high substrate temperatures. Figure 7.1
presents theoretical curves [4,5] showing the solid composition x of InyGa; <N as a function
of the input mole ratio of the indium metalorganic sources In/(In+Ga), as well as a survey
[6,7] of experimental results on InGaN growth by MOCVD. As one can see, the deviation
of solid composition from a linear function is increasing with increasing growth
temperature. An important feature in the figure is that the isotherm lines change in a
complex manner at high temperatures. This indicates that the deposition of compounds
with several solid compositions is expected for a given input mole ratio of the group III
metalorganic source. For example, for 790°C isotherm the solid composition from x=0.2 to
x=0.8 are unreachable for any input ratio and formation of inhomogeneous composition is
possible for input ratios from 0.85 to 0.95. Authors [6,7] predict from thermodynamic
analysis that the compositional inhomogeneity occurs under the conditions of high growth
temperature, high mole fraction of H,, low input partial pressure of the group III
metalorganic sources and low input V/III ratio.

Besides temperature, gas ambient is another important factor affecting the
composition of InGaN alloy. Hydrogen used as the transport gas can also significantly
reduce the incorporation of indium. The detailed mechanism as to how hydrogen affects
indium incorporatioh is not clear. Presumably, hydrogen forms volatile InHx compounds,
shortening the lifetime of reactive indium species at the surface, and consequently reducing
the amount of indium being incorporated into the growing film. Another possibility is that
hydrogen affects the concentration of contaminants at the growing surface, such as carbon,

which could in turn affect the In content of InGaN.
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Figure 7.1 Theoretically predicted compositions of InGaN alloys for different input
In/(In+Ga) gas phase ratios [4,5] are compared with experimental data for different
substrate temperatures (Matsuoka [6], Scholz [7]). (From Ambacher [8])

Apart from hydrogen partial pressure, input indium ratio and the substrate
temperature, the incorporation of indium can be influenced by the strain. Group-III nitrides
binary compounds have crystalline lattice constants differing significantly from each other.
For example, the mismatch between GaN and InN is 10.7% and 15.0%, for a and c lattice
parameters, respectively. Such a large difference in the lattice parameters results in a
considerable internal strain arising in ternary nitrides. Even small additions of some group-
III elements into a ternary compound changes its lattice constant remarkably. As a result, a
layer of ternary compound grown on an underlying binary wafer becomes highly strained.
This not only influences the properties of grown material but also can affect just the
growth process. For example, indium incorporation efficiency can be reduced due to so-

called “compositional pulling effect”. In the presence of strain, indium atoms are excluded
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from the InGaN lattice to reduce the deformation energy. Compositional pulling effect was
observed for other systems, such as LPE-grown InGaP/GaAs and InGaP/GaAsP and MBE-
grown InAlAs/InP. Shimizu et al [9,10] reported on observation of compositional pulling
in InGaN.

Table 19 summarises general trends between deposition parameters and structural
qualities and the In incorporation in InGaN.
Table 19. General trends of the In content of epitaxial InGaN film growth in

dependence of various MOCVD parameters. T—increasing; l—decreasing; 0-weak
influence. From Ambacher [8]

Indium
Parameter

content
Substrate temperature T J
Growth rate T T
In/(In+Ga) input ratio T )
Hydrogen partial pressure T d
Ammonia partial pressure T 0
Total pressure T 0
Biaxial compressive stress ) l

Another interesting strain-related effect is considerable suppression of phase
separation in the strained InGaN layers [11]. Because the enthalpy of mixing for InGaN
alloy is positive, at temperatures below a certain temperature a single homogeneous phase
has a higher free energy than a mixture of two phases. This dictates that at equilibrium, the
single phase will decompose into a mixture of two phases. The decomposition process can
be either spinodally, with no energy barrier, or binodally, with energy barrier. On the T-x
phase diagram the boundaries of unstable regions are described by spinodal and binodal
curves, respectively. Below the spinodal curve the solid can decompose spontaneously; in
the region between spinodal and binodal the alloy is metastable. According to [12,13] the
critical temperature corresponding to InGaN spinodal decomposition of InGaN is 1200°C,
and the stable ternary compound with In content higher than 10% can not be obtained up to

the growth temperature of 800°C. These results have been obtained using the Valence
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Force Field approach for the analysis of lattice distortion. Other authors gave even more
hard estimates for critical temperature: 2460°C in [14] and 1950°C in [15]. Despite the
strict limitation caused by spinodal decomposition, the InGaN ternary compounds with
high In content up to 30% have been repeatedly grown inside the miscibility gap.
Normally, the application of the Valence Force Field model to conventional III-V
compounds gives results close to experimental ones; this means that some other
mechanism providing suppression of the phase separation exist. One such possible
mechanism refers to additional elastic energy accumulated in a uniformly strained epitaxial
layer. This energy modifies the Gibbs free energy, and as a result the miscibility gap shifts
remarkably into the area of higher InN concentration and becomes an asymmetric shape

(see Figure 7.2 and Figure 7.3).

Binodal

00 01 02 03 04 05 06 07 08 09 1.0

In composition

Figure 7.2. T-x phase diagram for relaxed InGaN alloy

The results obtained by Karpov [11] show that elastic strain affects dramatically the
phase separation in InGaN ternary compounds. The effect is predicted to lower the critical

temperature from 1135°C down to 735°C.

139



Chapter 7. Growth o fInGaN

1800 [ i | 1 { ko poxp o p g
1600 Biaxially Strained InGaN
1400

M 1200 T
1000

RSN

| 600 Binodal

400
200

0
00 01 02 03 04 05 06 07 08 09 1.0

In composition

Figure 7.3. T-x phase diagram for biaxially (OOOI)-strained InGaN alloy

7.3. Experiment. MOCVD growth of InGaN layers

Sets of samples have been grown by low pressure MOCVD on (OOOl)-oriented 2”
sapphire substrates. TMGa/TEGa, TMIn, NHs were employed as precursors and H2/N: as
gas carriers. The growth pressure was 200 mbar. The structures consisted of a low
temperature GaN nucleation layer, 1.2 jam-thick GaN buffer layer and upper InxGai.xN
layers with thickness 15-70 nm. The growth of GaN buffer was conducted using hydrogen
as a carrier gas due to superior quality of GaN films grown under hydrogen ambient. In
contrast, the growth InGaN was conducted in nitrogen in order to improve the

incorporation of indium.

140



Chapter 7. Growth of InGaN

0.30 v

|} v ' L] ! L4 ' L4 L4 * L L]

In/(In+Ga)=0.66 ]

0.25

0.20

0.15

> -]
2

In content

Ip/(In+Ga)=0.

}

H

0.10

In/(In+Ga)=0.20

0.05

0.00 2 2 . - A l _a Y A ' g
680 700 720 740 760 780 800 820 840 860

Growth Temperature, °C

Figure 7.4. Indium content versus growth temperature for different In/(In+Ga) input
ratios

The alloy composition of the InGaN layer was controlled by changing the input
In/(In+Ga) ratio from 0.2 to 0.8 and the growth temperature from 680°C to 860°C. The

indium content was measured by x-ray diffraction (see details below) and was in the range

0.05-0.25.
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Figure 7.5. Illustration of unstable InGaN growth for the input ratio In/(In+Ga)=0.8
and the growth temperature of 800°C

Figure 7.4 illustrates the dependence of the indium composition on the growth
temperature. As one can see, the indium incorporation into the InGaN film strongly
increases with decreasing growth temperature. The dependence is stronger for high input
ratios, which agrees well with theoretical thermodynamic calculations (see Figure 7.1). We
have found it difficult to control In composition for input ratio In/(In+Ga)=0.8 for
temperatures below 800°C. The explanation of this phenomenon can be readily seen in
Figure 7.5.

For growth temperatures higher than 800°C the indium content is uniquely defined
by the intersection of the vertical line In/(In+Ga)=0.8 and the corresponding isotherm
curve. For growth temperature of 800°C the input concentration of 0.8 corresponds to the
unstable region of the isotherm, resulting in abrupt increase of In composition and

multiphase growth.
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The discrepancy between isotherm temperatures in Figure 7.1 and Figure 7.5 is
explained by the difference of temperature definitions. In the Figure 7.1 we refer to the
temperature of the substrate surface used in thermodynamic calculations, while in Figure
7.5 we deal with the susceptor temperature measured by the pyrometer. The difference
between pyrometer readings and actual substrate temperature is about -60°C under these

conditions.

7.4. AFM measurements

The surface morphology of InGaN layers was characterised by means of Atomic
Force Microscopy (AFM). As one can see in Figure 7.6, there is a clear dependence of the
surface morphology on the growth temperature. InGaN layers grown at the highest
temperature (800°C) have a smooth surface with some occasional “bumps”. At this point,
it would be speculative to draw any conclusions on the nature of these “bumps”. Most
likely they are three-dimensional InGaN crystallites. The average size of the “bumps”
decreases with decreasing growth temperature (increasing In content), until they fully
vanish at 720°C. At the same time, the atomic growth steps are getting more pronounced
with temperature decrease. The sample grown at the lowest temperature (720°C) has a
large density (10°-10' cm™) of pinholes caused either by the patterning of dislocation

lines or formation of In droplets.
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800°C 760°C
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Figure 7.6. AFM images of InGaN epilayers grown at various temperatures

7.5. Photoluminescence
Room-temperature photoluminescence (PL) spectra were measured to obtain
emission wavelength ofthe InGaN layers. A 0.1-1 mW He-Cd laser was used as the
excitation light source for PL. Figure 7.7 presents room temperature PL spectra from
InGaN films with different In content. All samples show strong sharp emission peaks with

narrow FWHM ofabout 50-100 meV. All PL peaks showed the excitation power
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dependence due to built-in piezoelectric field. No evidence of the phase separation in the

InGaN layers has been observed by PL measurements.
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Figure 7.7. Room-temperature PL spectra for the InGaN layers grown on GaN.

7.6. X-ray characterisation of InGaN films

High resolution X-ray diffraction (HRXRD) techniques are widely used to measure
very accurately and non-destructively the lattice constant of alloys, hahng possible the
determination of the composition x when the dependence with the lattice constant is
known. In many systems, this dependence is assumed to be linear (Vegard’s Law). In this
case, it is sufficient to measure one of the lattice constants, usually in the direction
perpendicular to the surface of the epilayer, to calculate the alloy composition.

However, Vegard’s law is valid only for relaxed crystals, which in most cases is not
a valid assumption for InGaN epilayers. Due to difficulty of dislocation formation at
typical InGaN growth temperatures, InGaN layers with thickness much larger than the

critical thickness remained pseudomorphic to GaN [16,25,27,32,35] and no misfit
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dislocations were formed at InGaN/GaN interface. Thus, the In content needs to be
corrected with respect to elastic properties of the layers. For strained layers the change of
the lattice constants due to biaxial stress must be considered. Both ¢ and a lattice
parameters, have to be measured to separate the influence of strain and composition on the
lattice constants.
7.6.1. Measurements of lattice constants

For the correct determination of a and ¢ lattice constants it is required to measure at
least two reflections from non-parallel diffracting planes. In practice, it is convenient to
measure one symmetric reflection from (00-/) plane, and one asymmetric reflection from
(hk-1)plane. Symmetric reflections are sensitive only to the c¢ lattice constant, while
asymmetric reflections are sensitive to both a and c lattice constants. The c lattice constant
can be readily found from the position of the symmetric reflection. Afterwards, using the
obtained value for ¢, the a lattice constant is found from the position of the asymmetric
reflection.

Reflections from the planes not parallel to the sample surface can be measured in two
different ways. In the first approach, the sample is rotated about the axis perpendicular to
the plane containing the incident and diffracted beams to accommodate angle between the

plane and the sample surface. In this geometry the primary beam makes angle ©—¢ (low
incidence) or ® + ¢ (high incidence) with sample surface, where © and ¢ are the Bragg’s

angle and the angle between the plane of reflection and sample surface, respectively. This
is so-called asymmetric geometry, as incident and reflected angles are different.
In the second approach, asymmetric reflections are measured in a symmetric

experimental geometry. In this geometry the sample is tilted by angle ¢ about an axis in

the plane containing the incident and diffracted beams.
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Figure 7.8 High and low incidence asymmetric geometries

It is very difficult to measure the absolute value of the Bragg’s angle; for epitaxial
layers it is more convenient to measure the separation between the epilayer and substrate
peaks. For InGaN/GaN samples, the reflection from GaN can be used as an internal
reference for Bragg’s angle position. The thick GaN buffer is assumed to be relaxed with
the a and c lattice constants equal to those for bulk GaN. The separation between GaN and
InGaN peaks can be measured experimentally with a high degree of accuracy.

In asymmetric geometry this separation is either A 0-A (p or A0+ A(p, where A0
is difference of Bragg angles A0 = 0 GiV- Q&N and A#p is angle between planes in GaN
and in InGaN 4<p = ¥@N~(pIhGN In general, planes of the set (hk-/) in GaN are not
parallel to the planes of the same set (hk I) in InGaN, because the ratio of lattice
constants a/c is different for GaN and InGaN. Consequently, A(p is non-zero. Moreover,
A(p depends on the degree ofrelaxation of'the InGaN layer and for the fully strained layer

can be as high as 0.1°-0.3°. It should be noted, that it is possible to eliminate the influence
of A(p performing two scans with high and low angle of incident beam and averaging the
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separation between GaN and InGaN peaks from these two scans. In this case + A(p terms

cancel each other out

XZ
detector sample
X-ray source.
XY YZ
Sample
0>—% 0 Sample

"Reflected Incidem'V
beam beam

Figure 7.9. Symmetric geometry

AQ+ Aff+ AQ-Aff (7.1)
2

Nevertheless, we have found this approach too complicated and not precise enough
for our purposes. In contrast, in symmetric geometry the angular separation between GaN
and InGaN peaks gives us the exact value of A0 without any additional calculations.
Since that, XRD measurements of InGaN films were performed in symmetric geometry.
High-order reflections are more sensitive to small variations of the lattice constant; hence

(00 +6) reflection was used for ¢ parameter measurements. The results were also validated
by (00+2) reflection scans. In plane Ilattice constant @ was measured using
(10-4),(10-5),(20-5), and (11*4) reflections. The resulting a-lattice constants for the

layer were calculated after averaging the values calculated from each of these three
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reflections. Symmetric and asymmetric reflections were measured using a high-resolution
Bede DI diffractometer with Cu Koti radiation. Figure 7.10 presents an example of the
XRD 0-20 scan for symmetric (00.6) and asymmetric (20.5) reflection from one of the
InGaN samples. In both reflections GaN- and InGaN- related Gaussian-like diffraction
peaks are clearly seen. The FWHM of corresponding (00.2) InGaN reflection peaks is
about 4-8 min. The FWHM for thicker InGaN layers is slightly lower than for thinner

layers.

I 111111

(00.6) GaN

u

(00.6) In, Ga N

(20.5) GaN

ﬁ*

U

(20.5) In6MGaC-8N
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Diffraction angle, deg

Figure 7.10. XRD rocking curves of symmetric (00-6) and asymmetric (20-5)
reflections for 40 nm - thick Ino.19Gao.8iN layer grown on GaN.

For a hexagonal crystal, the distance d/# between adjacent (hk [) planes is related

with lattice parameters a and c by the following expression
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2

=3 2

d:, 3 a c

1 4(h2+hk+k2J 12 (7.2)
In turn, the plane spacing d,,, can be found from the angular position of x-ray diffraction

peak ©, using Bragg’s law:

A (7.3)
™ 2sin@,

where A is the wavelength of x-ray radiation. In our case 4 =CuK,, =1.54059A

As we mentioned before, it is more convenient to measure the angular separation
AO©; between GaN and InGaN reflections rather than the absolute value of Bragg’s angle
O, . In this case the equation (7.3) can be modified as follows
4G (7.4)

(GaN) \?
1+2sin A6, |[2d. -1
2 A

A =

Knowing the interplanar spacing d,,, one can readily calculate the lattice parameters. The
interplanar spacing for (00-/) planes immediately gives the c lattice parameter

c=1-dy, (7.5)
The a lattice parameter is found from interplanar spacing of asymmetric diffracting planes

(hk - 1) using the obtained value of the c lattice parameter.

2 (1.6)
a= ‘/i(h2 +hk +k2y[iz—1y]
3 dy ¢

The results on lattice constant calculations are presented in Figure 7.11. The g lattice

parameters for all InGaN samples are close to that of the GaN, indicating that the InGaN

layers are pseudomorphic to underlying GaN buffer layer.
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Figure 7.11 The c-lattice parameter versus the a-lattice parameter for the InGaN
layers on GaN. The vertical line marks GaN a-lattice parameter. The diagonal
line corresponds to relaxed InGaN.

The maximal measured strain relaxation degree for the InGaN layers is only 4%,
while typical is about 0-2%. No visible change in the relaxation degree is observed even
for 60-70 nm thick InGaN layers as compared to 15-20 nm thick InGaN layers.

7.6.2. Calculation of In content
We assume that the Vegard’s law is valid for InGaN system, i.e. relaxed a and ¢

lattice parameters are changing linearly with In content x.

co =% . (1-x)+c™ . x (7.7)
a, =al®" . (1-x)+a™ - x

In the limiting case of a fully relaxed InGaN layer on the GaN substrate, the
experimentally measured lattice parameters are equal to unstrained ones. Using equation

(7.7) one can find the indium content x.
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GaN
I a9
c(()InN) _ c(()GaN)

X

- Only one measurement of symmetric plane (00-/) is required as the equation (7.8)
includes only the c lattice constant. As we discussed earlier, if the thickness of InGaN
layers is below certain critical value, the formation of misfit dislocations doesn’t occur.
Consequently, the InGaN film is biaxially stressed and the lattice parameters are different
from unstressed values. Nevertheless, the equation. (7.8) is still useful even for strained

layers as it gives the upper estimate of indium composition.

The biaxial compressive strain & in the InGaN layer induces the corresponding

perpendicular strain £, . The two components of strain are interdependent and related by

the following expression.

5 v(x) ).8“ () (7.9)

1-v(x
where v(x)is the Poisson’s ratio. For hexagonal layers grown along (00.1) axis the

Poisson’s ratio is expressed through elastic constants Cy3 and Cs3 as

v(x) _ Cu(x) (7.10)
1-v(x) Cylx)

Rewriting Eq (7.9) in terms of lattice parameters, we obtain the following expression

c—c,(x) v(x) a-a,(x) (7.11)

For an ideal wurtzite structure, the ratio of lattice parameters is fixed ¢,/a, =1.633.

For real crystals, the ratio can deviate from 1.633 due to non-ideality of the structure. For
example, for GaN this ratio is c° /a{®") =1.6259 and for InN c{™ /a{"™" =1.6114.

However, the variation of this ratio is small and can be neglected. As a first order
approximation, we can assume that the ratio of lattice parameters of GaN and InGaN is the

same.
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(GaN) 7.12
n= C?G,,N) = %) = const (7.12)
a, ay(x)

Co(x) =1ay(x)
Applying equation (7.12) to equation (7.9), we obtain

c—co(x)_ 5 v(x) .na—co(x) (7.13)

ox)  1-vlx) o)

The relaxed lattice parameters of InGaN can be calculated from the Vegard’s law

equations (7.7)
vix 7.14
¢ — M) _x(c(()lnN) __c(()GaN))= ) (x) _[(ﬂa_c(()GaN))_x(c(()InN) _c(()GaN))] (7.14)
1-v(x)
We solve this for x, which gives
_1-v(x) c—con + 2r(x) a-agy (7.15)

T1HV(X) gy —Cony 1HV(X) ayy —dou
Two marginal cases of fully strained layer and fully relaxed layer should be
discussed in more detail. For InGaN layers pseudomorphic to GaN the in-plane lattice

parameter of InGaN is equal to that of GaN a =a,,, , and the second term in equation

(7.15) vanishes. In the case of fully relaxed layer, which formally corresponds to zero
Poisson’s ratio v =0, equation (7.15) reduces to equation (7.8) for unstrained layers. In
these two particular cases, when it is possible a priori to make some assumption about the
degree of the strain (0% strain or 100% strain) in the layer, only the c lattice parameter is
required for calculation of the In composition. In the general case of indefinite strain the
equation contains both lattice parameters a and c. It is important to note that the In content
depends also on the value of the Poisson’s ratio used for calculations. Therefore, for the
correct determination of the In content in strained InGaN layers, one should have some

additional information about elastic properties of the material.
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7.6.3. Poisson’s ratio

Information on the elastic properties of InGaN alloy is incomplete and inaccurate.
Gorgens et al [17] used a linear interpolation between GaN and InN, which yields quite a
sophisticated expression for In composition x. However, their approach gives essentially
the same results as compared to experimental uncertainty. Therefore, we neglect the
dependence of the Poisson’s ratio on the indium composition and assume that the same
value can be used for GaN and near-GaN InGaN alloys.

Published theoretical and experimental data on the elastic constants of GaN are quite
scattered. Theoretical calculations [18,19] predict that in GaN the ratio 2C;3/C33 is about
0.51, which corresponds to the Poisson’s ratio of about 0.20. Calculation with this value
yields, however, a lower In content as compared to direct measurement by SIMS [32] or
RBS [25]. The measured Poisson’s ratio in the case of RBS In-content determination
should be 0.18. Several experimental works were performed for measuring the Poisson’s
ratio. Detchprohm et al [20] reported 2C;3/Cs3 = 0.38 (v = 0.16) after fitting their data on
c- and a- lattice constants for thick relaxed GaN layers on sapphire. Deger et al [21]
reported 2C}3/Cs3 = 0.56 (v= 0.22) of GaN from the surface acoustic-wave measurements
on epitaxial AlGaN films. Yamaguchi et al [22] reported 2C;3/Cs3 = 0.60 (v = 0.23) from
the Brillouin scattering study of epitaxial GaN films. This value was widely used by many
authors for determination of the bowing parameter. The Brillouin scattering study for bulk
GaN [24, 23] gave 2Ci3/Cs3 = 042 (v = 0.17). However, as it was mentioned by
Yamaguchi et al. [24], the measured elastic constants of thin GaN epitaxial films can differ
significantly from actual values due to the presence of residual strains in epitaxial layers.
In addition, epitaxial films have high dislocation densities, invariability affecting properties
of GaN. |

Therefore, the most reliable values of the Poisson’s are the ones that were measured

either for bulk GaN [22,23] or for thick relaxed layers [20], or obtained by correlating
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XRD data with independent measurements of In content by other methods [25]. As it is
seen, the most reliable data on the Poisson’s ratio measurements, give the same results as
compared to the admissible Poisson’s ratio uncertainty (see section 7.8.3). In our
calculations, we use ¥=0.17 as an average between these data.

Table 20. Elastic constants (GPa) for wurtzite GaN

Cis Cs; 2C13/Css3 v Cys

C33 + C'13
Kim et al [18] 100 392 0.51 0.20
Polian et al [26] 106 398 0.53 0.21
Wright et al [19] 103 405 0.51 0.20
Romano et al [25] - - - 0.18
Detchprohm et al [20] - - 0.38 0.16
Deger et al [21] 110 390 0.56 0.22
Yamaguchi et al [22] 114 381 0.60 0.23
Yamaguchi et al [24] 80 387 0.42 0.17
Deguchi et al [23] 80.4 387 0.42 0.17

7.7. Dependence of emission energy on alloy composition
Figure 7.12 presents the dependence of the PL emission energy on the In content in
the InGaN layers. Error bars illustrate the dependence of In content on the degree of
relaxation of the InGaN layer. The right end of the bar corresponds to the fully relaxed

material and the left end corresponds to the fully strained material.

7.8. Bowing parameter in InGaN alloys”
7.8.1. Review of published results
The dependence of the emission wavelength on the In content in InGaN layers is
important for device design. Emission energy of an In,Ga;xN alloy system is usually

described by

E(x)=(1-x)Egy +xE; 5 —b-x(1-x) (7.16)

® Published in MRS Internet J. Nitride Semicond. Res. 6, 6 (2001).
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where b is a bowing parameter. This dependence has been measured by many groups
[25,27,28,29,30,31,32], and significantly “different” results have been obtained.

The bandgap energy of GaN is measured with good accuracy and a value of 3.4 eV is
generally accepted. In contrast, there is large discrepancy in the values of InN bandgap
energy. In this chapter we assume InN bandgap to be 1.95eV as this value was used in all
publications cited here. However, it should be noted that recent study [33] strongly

suggests that a wurtzite InN single crystal has a true bandgap of 0.7-1 eV.

1 ; r 1 - T r
3.4 Linear band-gap approximation
from GaN (3.42¢eV) to InN (1.95¢V)

3.2 il

> g

A 3.0

v/

a

W 28

Q Band-gap approximation: Be-

EuaJ x) =
2.6  Bowing parameter: b =2.5eV

2.4 + + JL J L.
0.00 0.05 0.10 0.15 0.20 0.25 0.30

In contentx

Figure 7.12. PL emission energy versus In content in the InGaN layers.
Horizontal bars represent the possible In content range (as measured from c-
lattice constant) depending on the relaxation degree of the InGaN layers. The
right end of the bar (maximal In content) in error bars corresponds to fully
relaxed InGaN layers, while the left end (minimal In content) corresponds to
InGaN layers pseudomorphically strained to GaN.

The bowing parameter has been measured to be from 1eV to 3.2 eV (see Table 21).
The possible reasons of “scatter” in bowing parameter values were widely discussed. It has
been pointed out that determination of'the In content by x-ray diffraction (XRD), using the

linear interpolation of the ¢ lattice parameter between GaN and InN (Vegard’s law), may
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result in a systematic overestimation of the In content, and low values of bowing
parameter. This determination implicitly assumes that InGaN layers are relaxed. It was
observed, however, that due to difficulty of dislocation formation at typical InGaN growth
temperatures, InGaN layers with thickness much larger than the critical thickness remained
pseudomorphic to GaN [25,27,32,34,35], and no misfit dislocations were formed at
InGaN/GaN interface. Thus, the In content needs to be corrected with respect to elastic
properties pf the layers resulting in higher values of bowing parameter. The “scatter” in
bowing parameter exists, however, even in this case. Direct measurement of the In content
by Rutherford back-scattering spectrometry (RBS) [25] and secondary ion mass
spectroscopy (SIMS) with calibrated standards [32] confirms some of XRD results but
differs significantly from others. Besides, it has been proved that the bowing parameter
depends also on the method of optical transition measurement. Photoluminescence (PL)
[27,28,36] gives typically lower values of energy than optical transmission (OT) [29,25],
photothermal deflection spectroscopy (PDS) [31], photorefraction (PR) [30,32,36] and
spectroscopic ellipsometry (SE) [37]. This difference, however, as Well as uncertainty in
energy measurement due to possible In content fluctuation is not large enough to explain
“scatter” in the published values of bowing parameter.

Table 21. Values of bowing parameter for strained InGaN layers obtained by various
groups. Recalculated values with consideration of the same Poisson’s ratio v = 0.17

(2C13/C33 = 0.41) are also given. For references [25] and [29] the bowing parameter is
calculated from given experimental points.

Composition | Poisson’s In Energy Bowing parameter (eV)
measurement ratio content | measurement | measured | recalculated
Present work XRD 0.17 0-0.2 PL 2.5 2.5
Takeuchi et al. [27] XRD 0.23+0.10-x | 0—0.2 PL 3.2 2.6
Nakamura [28] XRD 0 0-0.33 PL 1.0 2.1
McCluskey et al.
[29] and Romano et | RBS & XRD 0.18) 0-0.11 oT 2.5 -
al. [25]
XRD PR 2.6 2.1
Wetzel et al. [30] 0.23+0.05x | 0—-0.2 PL 32 26
Scholz et al. [31] XRD 0 0-0.13 PDS 1.1 2.2
Wagner et al. [32] SIMS - 0-0.15 PR 2.0 -
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7.8.2. Admissible uncertainty of bowing parameter
The accuracy of bowing parameter measurements is limited by two main factors. The
first is the InGaN composition fluctuations over the sample surface. The second is the
energy-position fluctuations in room-temperature PL. measurements. We assume that both
these factors have approximately the same influence on experimental accuracy, so that the
uncertainty in emission-energy measurements is AE = kT. It gives the bowing parameter
measurement uncertainty Ab 2 4AE = 0.1 eV. The uncertainty depends on maximal In
content measured. The lower In content, the higher uncertainty. For example, for InGaN
layers with maximal In content of only 0.10-0.12, the uncertainty should be about 0.25 eV.
For layers with maximal In content of 0.20, the uncertainty should be about 0.15 eV.
7.8.3. Admissible uncertainty of Poisson’s ratio
X-ray diffraction is the most widely used technique for evaluation of the composition
of ternary alloys. As it was mentioned above, the deformation of the unit cell in InGaN
affects the interpretation of the In content from XRD measurements. Thus, the calculated
In content depends on the Poisson’s ratio. Knowing the admissible uncertainty of the
bowing parameter, we can estimate the required accuracy of the Poisson’s ratio. The
acceptable precision of the In content calculation Ax can be estimated from (7.16) as
follows:

Ax Ab (7.17)
x Eopn —En+b

Thus, the admissible Poisson’s ratio uncertainty for measuring the bowing parameter
of strained InGaN alloys with In content up to 0.2 can be estimated from (7.15) and (7.17)

as

—y? Ab (7.18)

[Avlzl : =0.01+0.02
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7.8.4. Discrepancy in published values of the bowing parameter

In most of published reports on determination of the bowing parameter in InGaN
authors measured In content by means of x-ray diffraction. The values of the Poisson’s
ratio used by various groups in their calculations are listed in Table 21. In several works,
InGaN layers were assumed relaxed which formally corresponds to v = 0 in equation
(7.15). As we mentioned before, neglecting the strain in epitaxial InGaN layers results in
systematic overestimation of In content and, consequently, low values of the bowing
parameter. Other authors have considered the strain effects in calculation of In
composition. However, they used different values of Poisson’s ratio, which results in

different values ofthe bowing parameter.

36 1 4 e 1
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3.4 Linear approximation - McCluskey ef al. and
: y Romano et al.
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Figure 7.13. Emission energy of InGaN layers versus In content. Experimentally
measured and “as is” published data are shown.

The comparison of our experimental data on PL energy dependence on the In content
with previously published data is presented in Figure 7.13. As one can see, there is large

discrepancy in measured dependencies. The bowing parameter varies from 1eV [28] to
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3.2 eV [27,30]. In Figure 7.14, the published data are recalculated with respect to the same
Poisson’s ratio v= 0.17 and the same GaN emission energy of 3.42 eV. In the above
calculation we have implicitly assumed that the InGaN layers are pseudomorphically
strained to GaN. As one can see, the recalculated points lie much closer to each other.
Consequently, the scattering in the values of the bowing parameter is reduced to
2.1-2.6 eV. This proves that the major reason of different values of the bowing parameter
is the Poisson’s ratio used for calculation of In content. It interesting to note, that all PL
measurements (except Nakamura [28]) typically give larger values of the bowing
parameter of 2.6-2.5 eV, while OT, OR and PDS techniques yield the bowing parameter of
2.1-2.2 eV. Additional changes in measured dependencies can be made after correction to

the same lattice parameters of GaN and InN.
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o - Nakamura
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Figure 7.14. Emission energy of InGaN layers versus In content. Published data
are recalculated with respect to the same Poisson’s ratio v=0.17.
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7.9. Summary
The RT emission energy dependence on the In content (c-lattice constant) of the
pseudomorphically strained InGaN layers grown on GaN is measured. It is shown that the
existing “scatter” in various published data on this dependence originates mostly from
strong uncertainty in Poisson’s ratio values used. After correction to the same Poisson’s
ratio value, all published data on the bowing parameter in strained InGaN layers yield
essentially the same results as compared to experimental uncertainty in emission energy

and lattice constant measurements.
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8. Series resistance and current distribution in GaN-

based LEDs and LDs

8.1. Introduction

In this chapter we address the problem of current spreading and estimate the series
resistance of III-nitride based LEDs and LDs. The most conventional substrate material for
the growth of IlI-nitrides is sapphire. However, sapphire substrates are insulating and mesa
structures with a lateral current injection geometry have to be used. The use of lateral
current injection, however, can lead to non-uniform current distribution. This leads to poor
uniformity of light emission and may deteriorate the ESD stability of the devices.

Another important parameter for the LEDs and LDs is the series resistance. First,
series resistance increases the forward voltage and reduces the efficiency due to Joule heat
generation. Second, the dissipated power raises the temperature of the active region,
reducing both the lifetime and the efficiency. The latter problem is even more important

for LDs, where high power dissipation can even destroy the device.

8.2. Components of the series resistance

Next, we analyse components of the series resistance in a p-side-up mesa LED
structure and structure parameter requirements. For the sake of simplicity we limit our
study to the one-dimensional problem, and analyse the structure with two n-type contacts
on both sides of a mesa (Figure 8.1) instead of a ring contact around the mesa. Some
components of the series resistance in our case are neglected as compared to other
components. We neglect the resistance of metal films, the resistance of isotype junctions,
and the resistance of thin layers in the active region. The only important components for us
are:

1. The contact resistance to the n-GaN layer.
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2. The spreading n-GaN resistance under n-contact.

3. The n-GaN layer resistance between mesa and the metal contact.
4. The spreading resistance of n-GaN layer under the mesa.

5. The transversal resistance of the p-GaN layer.

6. The contact resistance to the p-GaN layer.

Figure 8.1. Schematic of GaN/InGaN mesa structure with lateral current path

The total series resistance is a sum of the mentioned above components:
(819)

The LED structure can be divided into three parts: the region under the n-type
contact (denoted as region I in the figure); the region between the n-type contact and the
mesa (region II) and region under the mesa (region III)

The n-contact resistance and the spreading resistance under n-contact are accounted by the

formula3:

aSee Appendix 1. In case of 2-sided contact ;2 =\R
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” o™ (8.20)

C ot
™ )’
2w[l—exp(— P ) aD
pPct

where p'™ is the n-contact specific resistivity, p™ is the specific resistivity of the n-type

R1,2 =

layer [ is the width of the contact pad, wis the width of the mesa structure.

The resistance of the n-GaN between the mesa and the metal contact is given by:

1 p™.b (8.21)
Ry=— ,
2 wt,

where p™ is the specific resistivity of the n-GaN layer, ¢, is the thickness of the n-layer,

b is the distance between the mesa and the contact, w— the width of the mesa structure.
| B . .
The factor of 5 originates from the presence of two n-contacts in the symmetrical LED

structure.
The resistance of the p-contact (6), the transverse resistance of the p-layer (5) and the

spreading resistance of the n-layer under the mesa (4) are accounted by the formula:

\/ﬂ (0P +pP -t ) (8.22)
t ¢ P

n

0 ’
2wtanh P U
t, (PP +pPt,) 2

where p® is the specific resistivity of the p-type layer, p™ is the specific resistivity of

R4,5,6 =

the n-type layer, p{P is the specific resistivity of the p-contact ¢,is the p-type layer

thickness, ¢, is the p-type layer thickness, / and w are the dimensions of the mesa.

The total series resistance is given by:
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‘ \ (8.23)

(n) ()

n

total = 2 + f + )
w (n) n

P n P !

1—exp| — tanh L

Next, we wish to examine the problem quantitatively using real values. Typical dimensions

R

of the mesa structure are:
w=[=3-102cm, a=3-102cm, b=1-10"cm (8.24)
t,=3-10"%cm, ¢,=5-10"cm

The specific contact resistances for n- and p-GaN are:

™ =107Qem?, pt” =1072Qcm’ (8.25)

In case of Si-doped GaN with free electron concentration of 5x10'® cm™ and mobility of
100200 cm?V'ls! the specific resistivity is:

1
m_ 1
P enit

=~107Qcm (8.26)

For Mg-doped p-GaN the hole concentration is about 5x10'” cm™ and mobility is about
15 em®V'is™,
pP =1Qcm 8.27)
With above values the equation gives the total series resistance of an LED structure of
15 Q. This is close to the experimental value of ~10 Q.
To estimate the contribution of resistance components to the total series resistance
we varied the specific resistance of the contacts and layers from 10% to 100% of the values

mentioned above. The results are presented in Figure 8.2.
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Pc ,P ,PC.,P ,%
Figure 8.2. Influence of n-contact resistivity, n-layer resistivity, p-contact
resistivity and p-layer resistivity on the total series resistance of an LED
structure. Each parameter was varied from 10% to 100%, while other

parameters were fixed at 100% (pan)= 10" ftcm2, Pc” = 102ftem2 pm)= 102
£2cm , p(p)= 1 ftcm)

As one can see, the impact of series resistance of the p-layer is almost negligible,
while p-contact resistance has the strongest effect on the total series resistance. The series
resistance components can be ranged from most to least important in the following order:

1. p-contact resistance
2.n-layer lateral resistance
3.n-contact resistance
4. p-layer transverse resistance

It should be noted that, despite the resistivity of p-layer having a negligible effect on
the series resistance of the structure, the resistivity of p-layer has very strong effect on p-
contact resistivity. That is why efficient p-type doping is of crucial importance for reducing

the total series resistance of the structure.
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8.3. Current spreading
Next, we estimate the current spreading uniformity. In lateral geometry the finite

resistance of the n-type material causes the current to “crowd” near the edge of the n-

contact. Current crowding in lasers and LEDs has been addressed in several publications

[1,2, 3]
Applying our model (see Appendix 2) current distribution in the mesa structure is
given by:
() (8.28)
cosh
‘”'(PIP)-'_P{% Y s
ffx-v
Rpp + pwt ()
cosh
m {p” +piptp) 2
The current distribution in the active region is shown in Figure 8.3.
1.0
0.8
2
N
; .
€ t =3pm, t =0.5(im,
pP-1"cm, pdp=102Qcm2
0.2
0.0
-100 -50 0 50 100 150

-150
Distance, pm

Figure 8.3. Calculated current distribution across the active region.

The LED parameters used in the figure are as follows: thickness of the n-type and p-

tn- 3pm and fp=0.5pm, resistivity of the p-type layer

type layers layer are
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p {p = 10 cm; the specific p-type contact resistance p/p) = 10 2Qcm?2; the size of the mesa
is 300x300pm . In Figure 8.3 there are two curves, each representing the current
distribution for resistivity of n-type layer ofp # =10 2Qcm and p ) = 10 30cm. One
can see that in the case of low specific resistivity the current distribution is much more
uniform.

The uniformity of the current distribution may be described by the ratio of the

minimal current density to the maximal current density:

Aii  KG) 1 (8-29)
Amx Af) 14

cosh
in-(p¢) +Pipip) 2j

— e b r
1.0
p.p=l 0'2Qcm2
a=300pm
0.8
0.6
0.4
0.2

Pih« 0 /D

Figure 8.4. Calculated current uniformity as a function of the n-type sheet
resistivity.

Again, for a typical GaN-based LED resistivity ofthe p-type layer may be neglected.
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I, 1 (8.31)

Ima.x ) "
cosh| —'o—(sl a
pP 2

This equation implies that the uniformity of the current distribution can be improved

by increase of p-type contact resistance. On the other hand, high p-type contact resistance
is not desirable for the devices since it increases total series resistance and generates heat.
The only practical way to improve the uniformity of the current distribution is the
reduction of the n-type layer sheet resistivity.

Figure 8.4 shows the dependence of the current uniformity on the sheet resistivity of
the n-type layer. For the current uniformity of 90% the n-type layer sheet resistivity of
10 Q/ is required. With improvement of the p-type contact and large device sizes the

contact crowding becomes increasingly severe.

Sheet resistivity is given by p,, = _l—t , Where e is the elementary charge, u is the
eun

carrier mobility, » is the carrier concentration, ¢ is the thickness of the film. Thus, the
sheet resistivity of n-type layer can be decreased by:

1. Increase of carrier concentration

2. Increase of carrier mobility

3. Increase of n-type layer thickness

The highest concentration of free electrons in Si-doped GaN is on the order of

10 cm™. However, high concentration of Si deteriorates the crystalline quality of n-GaN
buffer and subsequent layers. Thus, in practical devices the free electron concentration is
limited by 5x10'® - 10" cm™. The mobility is also related to the carrier concentration. For
example, Gotz and co-workers [4] have found that the mobility of the carriers decreased

from 500 to 135 cm?V'!s"! when the concentration of free electrons was increased from
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5x1017cm'3 to 1.5x1019cm'3. Similar values are given by Gaskill et al. [5] who
summarized data on electron mobility and carrier concentration values for hexagonal GaN

grown by various techniques (see Figure 8.5).

1000

o0

n,cm3

Figure 8.5. A survey of 300 K GaN electron Hall mobility values as reported by
various authors (From [6])

Figure 8.6 shows the dependence of specific resistivity of n-type GaN on the carrier
concentration. One can see that for the concentration of free electrons of 1019cm<3 the

resistivity is greater than 5x1 O3 Qcm. Thus, to provide satisfactory current uniformity, the

thickness of'the n-type layer should be more than 5 pm.
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100

1020

n, cm'3

Figure 8.6. Specific resistivity of n-type GaN versus free electron concentration
(Recalculated from [6])

8.4. Summary
The impact of the specific resistivity of the n- and p-type layers and contacts on the
total device series resistance has been analysed. It has been demonstrated p-contact
resistance makes the major contribution to the to the total series resistance. The sheet
resistance of the n-type layer does not affect much the serial resistance, but is very
important for good current spreading. Even in case of high doping level (up to 1019cm®) a

thick (>5 pm) n-type layer is required to provide current uniformity of 90%.
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8.5. Appendix 1. Contact to conductive layer on insulating substrate

Consider a layer of a conductive material of thickness ¢ and specific resistivity p . A

metal stripe of width w and length / is placed on top of the conductive material (see
Figure 8.7). The metal forms ohmic contact to the conductive layer with contact specific

resistivity pc. The specific resistivity of the metal contact is much smaller than that of the

conductive layer and may be neglected. Also we assume that the layer of conductive

material is thin, i.e. its thickness is small compared to lateral dimensions ofthe contact.

/

Figure 8.7. Schematic of a metal contact to a conductive layer on insulating
substrate.

In this case current spreading can be accounted by the circuit model shown in Figure 8.8.

Figure 8.8. Equivalent circuit used for analysis.

Vertical resistors denote the contact resistivity and horizontal resistors denote the
specific resistivity of the layer. Applying Kirchhoffs current law to the ith node of the

circuit we can write an expression:

(832>

p- Ax (8.33)
W
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R =P (8:34)
w-Ax
= AV (8.35)
R b
t°w(Vi_Vi+l_Vi+l_Vi)_Vi'wa (836)
p\ Ax Ax P.
For Ax approaching zero, we can rewrite equation (8.36) in differential form:
2 8.37
dVgx)= 2 v (8.37)
dx t-p,
The boundary conditions are:
V)=V, V(e0)=0 (8.38)
The solution of the differential equation is:
(8.39)

c

V(ix)=V, exp(— P x]

The total current through the contact can be found from the integral:
! ! (8.40)
I= [Xrea=2" jexp(- / P x]dx
o P Pc o L-p,
And the spreading resistance can be calculated as
(8.41)
N
_Vo _ t

pe _
R )

In the limiting case of p = 0 the equation reduces to the definition of the contact resistivity:

R

> (8.42)

P.
limR = lim ! =L

p-0 p—0 wl
w(l - exp(— /ﬁ—lﬁ
Pl
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8.6. Appendix 2. Current spreading under mesa

Consider a p«-junction structure formed with n-type layer of thickness ¢ and
specific resistivity p {n), p-type layer of thickness #p and specific resistivity p (p). A mesa

structure with lateral sizes /xw is formed to expose n-type layer. A metal contact is

deposited over on top of the mesa.

-a/2 0 a2 "x

Figure 8.9. Schematic of a pn-junction on an insulating structure.

The metal forms ohmic contact to the p-type layer with contact specific resistivity

pc. The specific resistivity of the metal contact is small and may be neglected. Also we

assume that all layers are thin, i.e. its thickness is small compared to lateral dimensions of
the structure.

In this case current spreading can be accounted by the circuit model shown in Figure 8.10.

Figure 8.10. Equivalent circuit model used for analysis.
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For the sake of simplicity we assume that at working current the pn-junction is fully

opened and current is limited by series resistance of the structure. In this case the analysis

is similar to that used in Appendix 1.

I=(V-Vd)/R

Figure 8.11. Typical I-V curve for an LED. At working currents the curve may
be approximated by a straight line.

A linear approximation can be used for the vertical current:

(8.43)
R

where the resistance is the sum ofthe p-type contact resistance and the transversal

resistance of p-type layer:

J P)plr).t

w Ax  w-Ax
Again, the application of Kirchhoffs current law yields:

(8.45)
v/[x) = rj— #-

Boundary conditions are symmetric (n-contact on both sides of the mesa):

176

(8.44)



Chapter 8. Current spreading in LEDs

a a (8.46)
V(_E) =V, V(E) =V
The solution of the differential equation is:
p(")
COSh[\/t,, (P + p“”t,,)xJ
V()= -Vp) +Vp (8.47)
o a
cosh —
t, (PP +pPt,) 2
The resistance is calculated as:
(n)
P (o0 4 P
R=2"=C e : (8.48)
/f n :
¢ Y fraga ™ 2tanh{\/ A 1]
-112 t,-(p” +p'Pt,) 2
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9. Si-doped AlGaN/GaN Superlattice Structures

9.1. Introduction

As we discussed before, a low resistance n-type buffer layer is important for the
uniformity of current and EL distributions, as well as for ESD stability of LEDs and LDs.
However, the electron mobility in bulk GaN rapidly decreases with increase in the doping
level resulting in the saturation of the n-type GaN resistivity. Therefore, thick (=5 um) n-
GaN buffer layer is required to provide good current spreading. Doped AlGaN/GaN
superlattice structures offer an alternative to the use of bulk GaN layers as a current
spreading layer. Experimental data [1,2,3] and mobility calculations [4,5] show that the 2D
electron mobility in AIGaN/GaN heterostructures is much higher than that for bulk GaN
and AlGaN. Also, the mobility decreases little with doping, thus the lateral resistivity of
AlGaN/GaN structures is lower than that for bulk GaN. A higher value of the mobility in
the 2D gas is primarily related to the decrease of ionised impurity scattering caused by
separation from the ionised donors and by screening effects in a high-density 2DEG.
The built-in electric fields in play an important role in the formation of 2DEG in
AlGaN/GaN superlattices. We will start our study from the analysis of built-in polarization

fields in A1GaN/GaN heterostructures.

9.2. 2DEG and built-in polarization fields in AIGaN/GaN heterostructures
The wurtzite material system has a strain-independent (spontaneous) built-in electric
field [6]. In addition, because of large piezoelectric coefficients and lattice mismatch
between Ill-nitride materials, a strain induced (piezoelectric) field [7] is generated in
strained heterostructures. The two polarizations add algebraically to reinforce or partially
cancel one another. These effects largely influence the electrical properties of the

semiconductors such as the potential profile and the electron density.
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In the case of a freestanding slab of GaN the adsorption of ambient ions will create
surface charges which will entirely neutralize internal electric field. In case of AlGaN/GaN
heterostructures upper and lower surfaces have different polarization charges and surface
charges cannot entirely eliminate internal electric field [8] The difference of two charges at
lower and upper surfaces determines the induced electron density at the interface to satisfy
the condition of overall charge neutrality.

First, consider a thin AlGaN layer grown pseudomorphically on a thick strain-
relaxed GaN buffer (see Figure 9.1). The GaN buffer layer has only the spontaneous
polarization, which is directed in [0001 ] direction. The AlGaN has both spontaneous and
piezoelectric polarizations. The strain induced piezoelectric field in the AlGaN layer also
points in [0001 | direction.

AlGaN |P & P PZ tensile strain

/171771771y yyyyyyyyyyy////., 2DEG

GaN | p3>

Figure 9.1. Spontaneous and piezoelectric polarizations in pseudomorphic
GaN/AlGaN heterostructure with Ga-face polarity.

By convention the [0001] direction is given by a vector pointing from a Ga atom to a

nearest-neighbour N atom. In case MOCVD growth on c-sapphire GaN is Ga-faced and
[0001] corresponds to the growth direction. Thus, both piezoelectric and spontaneous
fields are directed towards the substrate.

Spontaneous polarizations for GaN and AIN are -0.029 Cm'2 and -0.081 Cm'"2 [9],
respectively. The spontaneous polarization of AlGaN can be described by a linear

approximation between the spontaneous polarizations of GaN and AIN:
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Py (x)=-0.029-0.052x ©.1)

Table 22. Spontaneous polarization, piezoelectric coefficients, elastic constants, lattice
parameters and dielectric constants for AIN and GaN.

AIN GaN
Spontaneous polarization P%* , [C/m?] -8.1x10% | -2.9x10?
Piezoelectric coefficients: [9]
ey, [C/m’] 1.46 0.73
e, [C/m?] -0.60 -0.49
e,s, [C/m?] -0.48 -0.3
Elastic constants: [10,11,12]
C,;, [GPa] 99 106
C,,,[GPa] 389 398
Lattice parameters: [9]
a, [Al 3.112 3.189
¢y 5[A] 4.982 5.185
Dielectric constants
£, 9.0 9.5
£ 10.7 10.4

The piezoelectric polarization can be calculated using the piezoelectric coefficients e,; and
e as
P =eyue, +ey (€, +€,) ©.2)
where ¢, is the strain along c-axis €, and €, are in-plane strain componenfs. The shear
strain is neglected. Assuming that the layer is under isotropic biaxial strain:
g, =(c—cy)/cy, £, =¢,=(a—-a,)/a, (9.3)

The relation between the tensile and lateral strain is given by:

s =Co, (9.4)
’ C33

Using equations (9.3) and (9.4), the amount of piezoelectric polarization along the ¢ axis

can be determined by:
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a—a C 9.5)
P.;;(ZEaN = 2_——0[331 — €33 '_]'3")
q, C

The lattice constant of relaxed AlGaN obeys the Vegard’s law:
a, =al®" - (1-x)+a{™ - x (9.6)
The a lattice constant of pseudomorphically grown AlGaN is equal to that of underlying

GaN buffer. Thus, the piezoelectric polarization is given by:

PPZ (x) _- 2 (a(()GaN) - a(gAlN) )x e.. —e C13 (9.7)
AlGaN af,G"N) (GaN) _ a(() AIN) )x 31 33 C33

—(ay

Using the following set of linear interpolations between physical properties of GaN and
AIN [13,14]:
Elastic constants:
Ci;(x) =99x +106(1 - x) , (GPa) 9.8)
C;;(x) =389x +398(1 — x), (GPa) (9.9)
Piezoelectric constants:
e;,(x) = —0.60x — 0.49(1 - x), (C/m?) (9.10)
e5;(x) =1.46x+0.73(1 - x), (C/m?) 9.11)

The amount of spontaneous, piezoelectric and total polarization is calculated using

equations ((9.1), (9.7), (9.8), (9.9), (9.10) and (9.11) (see Figure 9.2).
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Alloy composition x

Figure 9.2. Spontaneous, piezoelectric and total polarization of Al;Ga; ;N versus alloy
composition x.

Abrupt change of polarization at the AlGaN/GaN interface gives rise to the
formation of polarization charge. A positive sheet charge is formed at AlGaN/GaN
interface and a corresponding negative sheet charge is formed at the top of AlGaN layer.

The charge density is defined as:

o(P¥ + P™) = P(AIGaN) - P(GaN) = PY* (x) + P¥ (x) - P¥ (0) (9.12)
where P¥(x) and P™(x) are given by equations ((9.1) and (9.7) respectively. Figure 9.3
shows the calculated sheet charge o/e at the AlGaN/GaN interface versus alloy

composition.
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Figure 9.3. Calculated polarization induced sheet charge density at the interface of
AliGa;;N/GaN heterostructure versus alloy composition x.

Attracted ambient ions and/or charged surface states at the upper AlGaN and the
bottom GaN surfaces and give rise to the formation of surface charges + o, and +o0,,,
respectively. Since the polarization charges of AlGaN and GaN are different, consequently,

the surface charges are not equal. The induced charge electron density is o, — 0

s

, to

obtain overall charge neutrality. These electrons fill a triangular quantum well at the

AlGaN/GaN interface and form a two dimensional electron gas.
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Figure 9.4. a - schematic diagram of a GaN/AlGaN heterostructure; b - conduction

band diagram; c - diagram of charge distribution.
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Figure 9.5. Potential profiles and 2DEG distributions in A1GaN/GaN heterostructure
with differing Ns. Solid and dotted lines correspond to Ns=7x1012 and 6x1012 cm'2

respectively (after Maeda et al [15]).
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The induced electron density can be obtained by self-consistently solving the
Schrodinger’s and Poisson’s equations. First, the electrical fields in the structure are
calculated from the known polarization charges. Then, requiring that voltage difference
across the structure vanishes, the surface charge density is deducted. The voltage
difference will include the depth of the quantum well, which, in turn, will depend on
induced electron density.

Maeda et al [15] have calculated potential profile and 2DEG distribution in the
similar structure by self-consistently solving the Schrodinger’s and Poisson’s equations.
The results are shown in Figure 9.5. Their modelling suggests that the space charge at
AlGaN/GaN interface is confined within 3050 A from the interface.

The electron density at the interface can be as high as 10" cm? and mobilities up to
2000 cm?/Vs have been reported [13]. The lowest sheet resistivity of the single channel is
about 300-600 /0. However, this value is too high for the use as a current spreading
layer. The simplest way to reduce the sheet resistivity is to use a multiple channel

structure, i.e. a superlattice.

9.3. N-type AlGaN/GaN superlattice structures

The analysis of the 2DEG formation in the AIGaN/GaN superlattice structure is very
similar to the one discussed above. Again, the polarization field creates a periodic saw-
tooth variation in the band diagram as shown in Figure 9.6. A two-dimensional electron
gas (2DEG) with the sheet electron density on the order of 10" cm? is formed in the
triangular quantum well at the GaN/AlGaN interface. However, the boundary conditions
are slightly different. The exact conduction band profile and charge distribution can be
found only by solving Schrodinger’s and Poisson’s equations numerically using a
computer. Here we present a quite crude electrostatical model that describes the effect of

spontaneous and piezoelectric polarization on 2DEG formation. The latter approach lacks
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the precision, but gives more insight into the physics of the process. For the sake of
simplicity the following assumptions are made:

5. The AlGaN/GaN superlattice structure has infinite number of periods.

6. AlGaN layers are uniformly n-type doped and are entirely depleted of electrons.

7. GaN layers are undoped and free of electrons.

8. All electrons are contained in the 2DEG at the interface.

9. The 2DEG it is treated as a sheet charge of zero width

10. GaN layers are relaxed and AlGaN layers are pseudomorphically strained.

Upon the condition of infinite number of periods, natural boundary conditions would
be a requirement of periodicity for the electric field and the zero voltage difference across
one period of the superlattice. Assumptions 6 and 7 are valid for highly doped structures,
when background electron concentration may be neglected. Assumptions 8 and 9 are
justifiable for relatively thick GaN layers. Assumption 10 is applicable if AlIGaN layers are

thinner than GaN layers and Al composition is not too high.

AE
2DEG
AlGaN GaN AlGaN GaN AlGaN GaN
Tw tes-a
~ob % w | 2

Figure 9.6. Schematic conduction band dependence through an AlGaN/GaN
superlattice. The magnitude of sheet charges is depicted by a.

Beginning from the left, we denote the electric field immediately at the GaN/AlGaN

interface, AlGaN/GaN interface and GaN as Ebl, EH and irrespectively. The electric
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field in the barrier changes linear function of x due to space charge of the ionised donors.

Since the well is free of electrons and ionised donors, the electric field is constant. If ¢, is
the electric permittivity of the AlGaN barrier, and &, is the electric permittivity of the

GaN well, the electric fields are given by:

&E,=¢,E, +o,-0, (9.13)
&E, =€,E, +eN,b (9.14)
e E,=¢E,+0,-0,—0, (9.15)

From equations (9.13), (9.14), (9.15) immediately follows that

o, =eN,b (9.16)
The triangular quantum well is formed only if E, >0, also requiring E,, <0 and

using equations (9.15) we obtain that the 2DEG charge density should not exceed the

polarization charge density.

(9.17)

The latter statement is a direct consequence of the assumptions made and is valid
only to some degree. For example 2DEG is formed in lattice matched cubic III-V
semiconductors without piezoelectric charge. Nevertheless, it is a good approximation
because the 2DEG charge density in III-nitrides is at least one order of magnitude larger
than that in conventional cubic III-V semiconductors.

The system of equations (9.13), (9.14), (9.15) is not sufficient to find the unique

solution for E,, E,, and E, . The additional equation is found from the requirement of

zero voltage change across one period of the superlattice. The voltage change across the

barrier is obtained by integrating the Poisson’s equation:

eN b (9.18)

Vi, =Vy—E,b-
b2 =Vp — Ly 2,

The voltage change across the well is
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V,=Ew 9.19)

w w

where w is the width of GaN layer.

The voltage difference is zero, V, =V,,, or

eN b (9.20)

E w=-E, b-
w b1 2£b

Using equations (9.13), (9.14), (9.15) and (9.20), and noting that o, -0, is the
polarization charge o(x) from equation (9.12), we obtain £,

_b20(x)-eN,b 9.21)
2 we,+be,

E

w

If the 2DEG charge is approaching the maximal value of o, = eN,b = o(x) the equation

(9.21) simplifies to

o(x) (9.22)

Assuming that the electrons occupy the lowest subband of the quantum well, the Fermi
level position is given by

2 9.23
E,=Eo+—7:§,—n ©-23)

s

Where E, is the ground energy level in the triangular quantum well

E, = ;
2m 8

The Fermi level should not exceed the band offset between GaN and AlGaN,

otherwise the 2DEG is not contained in the quantum well and electrons overflow to the
barrier. The band offset between AlyGa;xN and GaN is
AE, = 0.7(E (X)-E, (0)) (9.25)

Where the band gap of AlGaN is measured to be
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£x)= o B(\-x)b+(1- x)E @(9-26)
=x-6A4AeV-x(\-x)\.0eV +(l-x)- 34eV
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Figure 9.7. Minimal Al composition versus barrier thickness. The well is 100 A thick.
Using equations (9.22), (9.23), (9.24), (9.25), (9.26) we calculate the minimal Al

concentration in the barrier to satisfy the condition Ef < AEc. The results are presented in
Figure 9.7 and Figure 9.8. For Al concentrations above the curve the condition™ <AEs

satisfied and 2DEG is established. For Al concentrations below the curve (hatched area)
the triangular quantum well is not deep enough to contain all the carriers. Some electrons
overflow to the barrier. Thus, for Al concentrations below the minimal value, we should
expect lower mobility.

It should be mentioned that the calculations above should be treated only as
qualitative prediction of a trend. The exact solution is more complicated because the

potential well is of finite depth and is not triangular.
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Next, we estimate the specific resistivity of n-type SL structures. The specific

resistivity is given by

0.30
0.25
2DEG in triangular quantum well

x 0.20
2
l, 0.15
® 0.10
< poor confinemen

0.05

0.00

60 80 100 120 140 160 180 200 220 240
Well thickness, A

Figure 9.8. Minimal Al composition versus well thickness. The barrier thickness is
50 A.

1 T (9.27)
june  pnshe

Where Tis the period of the superlattice, p is the electron mobility, nshis the sheet
electron concentration and e is the elementary charge. Using realistic values 7 = 100A ,
Jju=500 cm2Vs, nsh=10Bcm-2 we obtain the specific resistivity p =1.25x1 030cm .

For comparison, the specific resistivity of bulk GaN with carrier concentration of 1019cm’3
and mobility of 100 cm2Vs is only 6.25x10°30cm.

On one hand, the specific resistivity is proportional to the period of the superlattice, thus
shorter period should result in lower value of specific resistivity. On the other hand, carrier

confinement is less efficient in short period superlattice structures resulting in lower
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mobility values. Consequently, there must be an optimum value of the superlattice period
that gives the minimal value of specific resistivity.
To summarise, we can write down some guidelines for the growth of low resistivity
superlattice structures:
1.The maximum doping level is given by equation (9.17), higher doping will not
increase the 2DEG concentration.
2.The minimum Al composition is given by equations (9.22), (9.23), (9.24), (9.25),
(9.26), for lower Al composition the band offset is too small to provide good carrier
confinement.
3.The well to barrier ratio is chosen from equation (9.22), (9.23), (9.24), (9.25), (9.26).
Structures with narrow barriers and wide wells have better carrier confinement.
4.The optimum period of the superlattice is a compromise between the condition of
carrier confinement (equations (9.22-9.26)), and the condition of low specific
resistivity (equation (9.27)).
5.The interfaces should be as smooth as possible to provide high mobility.
6.Relaxation of AlGaN layers should be avoided. First, for relaxed layers the
piezoelectric field and, consequently, the 2DEG density is smaller. Second,
relaxation generates high density of misfit dislocations at the interfaces, which

affect the electron mobility.

9.4. Experiment
The AlGaN/GaN superlattice structures were grown by low pressure MOCVD on
sapphire substrates. First, a ~1 pm GaN buffer layer was deposited following the standard
procedure. Then, an AlGaN/GaN SL was grown on the top of the GaN buffer. TMGa,
TMALI and NHj; were used as sources of III and V element groups, SiH4 was used as a

dopant and hydrogen was used as a carrier gas. The flows of TMGa, TMAI, NH; and SiHy4
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were 13.3 umol/min, 0.93 —10.4 pmol/min, 53 mmol/min and 2.6 — 26 nmol/min for,
respectively. The periodicity of the SL structure was varied from 80 A to 280 A, the
number of AlGaN/GaN pairs was 30 to 70 and the total thickness of the SL was about
0.5 pm.
Three different types of SLs were grown:

A. Continuously doped SL without interruption of the growth at the interfaces.

B. Modulation doped SL without interruption of the growth at the interfaces.

C. Modulation doped SL with interruption of the growth at the interfaces.

modulation doping continuous doping

-§ ---f_ -

H
H

SiH,

TMALI NH,

TMGa

time

Figure 9.9. Gas flow diagram for the structure without growth interruption. (1)
AlGaN barrier, (3) GaN well, (2) undoped spacer (for modulation doping only)

In the case of modulation doping, only the central part of the barrier was doped, the
well and thin (5-10 A) AlGaN spacers were grown without intentional doping to reduce
scattering on ionised impurities. The gas flow diagram for modulation doping with growth

interruption is shown in Figure 9.10.
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SiH,

TMAl  NH,

TMGa
I

time

Figure 9.10. Gas flow diagram for the structure with modulation doping and growth
interruption. (1) — AlGaN:Si barrier, (2) — AlGaN undoped spacer, (3) — growth
interruption, (4) — undoped GaN well.

After the growth the structures were characterised by means of x-ray diffraction and
Hall effect measurements. The Al composition in the barrier, well and the barrier widths
were extracted from x-ray rocking curves using RADS Mercury dynamic simulation
software. Hall measurements were conducted at room temperature using Van der Pauw

method. Indium dots were used as contacts. The results are presented in Table 23.
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Table 23. Parameters of n-type SL samples.

e XRD Hall
© . £.S
Sample g '§ <§! GaN, AlGaN, Period, Al, A, P.

é £ 1 A A A % cm’f'/Vs cm?2 L2cm
377 70 5 55 25 80 13 167 1.3x103 2.4x10-3
378 70 4 53 25 78 13 224 3.6x1012 6.1x10~3
382 60 5 52 38 90 13 358 5.3x102  3.0x10°3
384 40 10 52 44 96 13 303 9.5x102 2.2x103
401 60 10 52 43 95 15 399 8.0x10R2 2.2x103
402 40 10 56 45 101 17 43] 9.0x1012 1.6x103
403 30 10 97 45 142 17 485 .OxIOB 1.7x103
404 30 10 93 45 138 20 531 1.2x103  1.4x10'3
405 30 10 91 46 137 24 693 9.3x102 1.4x10'3
406 30 10 98 12 110 100 820 6.6x1012 1.2x10'3
407 30 26.5 91 48 139 20 367 1.8x1013  1.3x10'3
430 30 10 146 43 189 17 564 9.3x102 2.4x103
432 30 10 240 40 280 17 576 8.3x102 3.6x103
460 30 10 100 47 147 22 702 9.3x102 1.4x103
461 30 2.67 100 44 144 23 755 1.6x1012 7.7x10'3
462 30 10 100 42 142 30 798 9.7x102 1.2x103

Sample 377 was continuously doped and has electron mobility of 167cm2Vs.
Relatively small value of mobility can be explained by increased scattering of electrons on
ionised donors. This is supported by the following observations. First, when the doping
level was decreased only by -20% (sample 378) the mobility increased to 224cm2Vs.
Second, the modulation doped SL (sample 382) has higher mobility than that for the
continuously doped SL (sample 378), though the carrier concentration in the modulation
doped sample is higher than that for the continuously doped sample. In the case of
modulation doping the electron scattering is reduced due to spatial separation of the
carriers and ionised donors, thus the mobility is higher.

Another interesting observation is that the mobility is increasing with an increase of
the Al composition in the barrier (see Figure 9.11). This is explained by better confinement

ofthe electrons in the triangular potential well for higher Al composition in the barrier. For
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low Al composition the potential well at the interface is not deep enough to contain all the
electrons. Some of them overflow to the barrier and undergo scattering on ionized donors.
At certain Al composition the band offset between GaN and AlGaN is large enough to
prevent carrier overflow to the barrier and mobility saturates. The critical Al composition

calculated from equations (9.22), (9.23), (9.24), (9.25), (9.26) for 45 A/100 A AlGaN/GaN

superlattice is 15%.

1000
900
800
700
600
500
400

wn 2

g 300
200
100

0 10 20 30 40 50 60 70 8 90 100
Al composition, at %
Figure 9.11. Mobility versus Al composition in the barrier.

The growth of AlGaN/GaN superlattice structures with high Al content is
complicated from the technical point of view. The quality of the interfaces worsen with
increase of Al composition, and this in turn can also affect the mobility. For example, the
change of Al composition from 30% (sample 462) to 100% (sample 406) increased the
mobility only by -3%.

As one can see in Figure 9.12, the mobility is also increasing with increase of the
well width. The dependence is almost linear in the range 50- 150 A, but for wider wells

the mobility saturates at ~570cm2Vs. Such behaviour is in good agreement with
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theoretical predictions (see Figure 9.8). Using equations (9.22)...(9.26) it is possible to
calculate that for the 45 A thick Alo.17Gao.s3sN barrier the condition of carrier confinement
is satisfied for wells wider than 90 A. For wells narrower than that some electrons
overflow to the barrier reducing the mobility. Once the well is wide enough to provide
sufficient confinement, all electrons are contained in the 2DEG and the mobility saturates

at a maximum value.

700

600 - Barrier: ~45A, 17% Al

500
400
£ 300
S 200
100

0 50 100 150 200 250

Well width, A
Figure 9.12. Mobility versus well width. Barrier is ~45 A thick and contains ~17% Al.
The measured sheet charge density is in the range 1.6x1012z -2x1013 cm'2.
Experimental values are presented in Figure 9.13. The 2DEG charge must be smaller than
the polarization charge <J(x) (see equation 9.17), otherwise the whole assumption of the
triangular well formation is not valid. Thus for the points above the curve <r(jc) the 2DEG

is not formed and the electrons behave like normal 3D carriers with low mobility.
In the case of low Al composition (<15%) the band offset is not sufficient to provide

good carrier confinement. Too high Al concentration (>50%) is not practical from the
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growth point of view. In the latter case the lattice mismatch is too large and the formation
of cracks and misfit dislocations is highly possible. To summarise, high mobility is

expected for the points below the curve (i) and with Al composition from 15% to 50%

(white area in the plot)

p< 500 cm/Vs
6.0x10" 500 < /L< 700 cm2Vs
p> 700 cm/Vs

O

2DEG is destroyed
4.0x10"

problems with growth

2 greos=e il

high mobility
0.0
0.0

Poor confinement Alloy composition x

Figure 9.13. Experimental data on sheet carrier concentration versus Al composition.
The curve cr(x) denotes the piezoelectric charge density. High mobility is expected

for the points below the curve <7(x) and with Al composition in the range 15% -
50%.

Figure 9.14 illustrates the mobility dependence on the difference between

experimentally measured sheet carrier concentration and the maximal allowed 2DEG
concentration given by polarization charge density G{x)/e.
The dependence has a marked threshold behaviour. The mobility is high

whennsh-a (x)/e is negative and all the carriers are contained in the 2DEG at the
interface. The mobility decreases rapidly when nsh- cr(x)/e is approaching zero. For

positive nsh- cr(x)/e values the mobility is low because the 2DEG is not formed.
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Figure 9.14. Electron mobility versus excess carrier concentration nsh- cr(x)/e

9.5. Summary

In this chapter we have presented theoretical and experimental studies on n-type
doped AlGaN/GaN superlattice structures. The effect o)f Al concentration, Si doping,
well/barrier width on electron mobility and specific resistivity has been studied. The
experimental results are in good agreement with theoreticall predictions.

High sheet charge density of 10Bcm'2 and increase cof the electron mobility up to
820 cm2Vs due to formation of 2DEG have been observed. Low specific resistivity of
1.2x10'3 Qcm has been achieved.

The most important result of the present study is that Ill-nitride superlattice
structures have unique physical properties due to the presence of built-in electric fields.
Traditional approaches valid for conventional III-V semicconductors are not applicable to
[I-nitrides. For example, the optimum well width for AllGaN/GaN superlattices is 100-

150 A, which is much larger than that in AIGaN/GaN superlattices. Also, we should
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emphasise the fact, that in case of IlI-nitride superlattices the maximal doping level is
limited by the polarisation charge density. Doping higher than that destroys the 2DEG and
reduces the mobility. Consequently, for overdoped samples the specific resistivity is
higher.
Now it is worth to summarise the current results and to discuss the directions for
further improvement of AIGaN/GaN superlattices.
e Barriers and wells should be about 40-50 A and 100-150 A, respectively.
e Higher Al concentration gives better results, but the growth of AlGaN with high Al
content is complicated from the technical point of view.
e The doping level should be close, but not exceeding the limit imposed by
polarisation charge.
Future work should be concentrated on the optimisation of the growth

conditions,material quality, structure parameters and interface roughness.
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10. Mg doped AlGaN/GaN superlattice structures

10.1. Introduction

Recently, it has been theoretically [1,2] and experimentally [3,4,5] demonstrated that
doped superlattice structures increase the free hole concentration as compared to
homogeneous p-type GaN and AlGaN. The modulation of the chemical composition leads
to a variation of the valence band energy and reduction of the acceptor activation energy.
Also, a strain-induced piezoelectric field may be produced. It has been reported [5] that the
piezoelectric field can greatly reduce the activation energy of Mg-acceptors.

P-type AlGaN/GaN SLs have been successfully used in light emitting diodes [6] and
laser diodes [7,8]. Experimental results indicate superior properties of devices with SLs as
compared to devices with homogeneous p-type GaN or AlGaN layers. The use of p-type
SLs results in lower operating voltage and higher efficiency of LEDs. A major
breakthrough in Ill-nitride laser diodes has been done using p-type SLs instead of bulk

AlGaN cladding layers.

10.2. Review of published results
Goepfert et al. [6,9] reported on uniformly Mg-doped AlGaN/GaN. superlattices
consisting of 20 periods of equally thick AlyGa;.N barriers (100 A) and GaN wells (100
A). The AlGaN and GaN layers were uniformly doped with Mg at a level of

NMgzIO19 cm”. The Al mole fraction was x=0.10 and x=0.20. At room temperature, the

carrier concentration of the doped SL structures were 2x10'® cm™ and 4x10'® cm™ for an
Al mole fraction x=0.10 and x=0.20, respectively. The mobility for both samples was
about 1 cm?/Vs. The acceptor activation energy was extracted from temperature-dependent
Hall effect measurements. The activation energy was 200 meV for bulk p-type GaN,
70 meV for SLs with x=0.10 and 58 meV for SLs with x=0.20.
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Shew et al [10] reported on p-type SL consisted of a 160 A thick Alg;5GaggsN
barrier and 80 A thick GaN in one period. The room temperature free hole concentration
was 3x10'® cm™ and Hall mobility 5 cm?/Vs.

Kumakura et al [4] studied the dependence of sheet hole concentration per period of
the SLs versus period thickness. The thickness of Alj15GaggsN barrier to GaN well was
fixed at two. The doping level Ny was almost constant at 2x10" cm™ for each sample.
The sheet hole concentration initially increased as the SL period thickness increased up to
360 A (240 A/120 A) and reached 8x10'2 cm™. This sheet concentration corresponds to the
hole concentration of 3x10'® cm?. For the period thickness longer than 360 A it was
almost constant or even decreased. The sheet hole concentration increased as the Al mole
fraction increased up to 0.15 and then saturates for x ranging between 0.15 and 0.30

Polyakov et al [11] presented the results of electrical and optical measurements on p-
type SLs grown by MBE technique. The SL structures consisted of 20 periods of
AlGaN/GaN. The thickness of the Aly25Gag7sN barriers and GaN wells was close to
100 A. The Mg doping in the barriers was some 10'° cm?. The wells were not intentionally
doped; however some Mg doping of these regions may be present due to memory effect of
the system. The SL structures were grown on the top of GaN buffer or AlGaN buffer with
Al mole fraction close to that in the barriers (x=0.25). The SL grown on the GaN buffer
layer had bulk hole concentration of 8x10'” cm™ and Hall mobility of 31.3 em%Vs. The
hole concentration of the SL grown on the AlGaN buffer was 7.8x10'” cm™, however the
mobility was only 2.2 cm?/Vs. For comparison, the carrier concentration and the mobility
in bulk p-type GaN films grown under similar conditions were 2x10'” cm™ and 6 cm*/Vs,

respectively.
Saxler et al [12] reported on short period AlGaN/GaN SL doped with Mg. The

thickness of AlGaN barriers and GaN wells was varied from 8 A to 23 A and from 8 A to
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39 A, respectively. The Al composition was 30% and 45%. In such type short period SL
structures the wave functions can propagate through thin barriers leading to the formation
of minibands. The activation energy of Mg acceptors was calculated from temperature-
dependent Hall effect and resistivity measurements. The smallest activation energy of
116 meV was measured for the sample with the widest well (39 A) and the thinnest barrier
(8 A). The SL with 8 A well and 17 A barrier had the largest activation energy of
268 meV.

Kozodoy et al [5] studied the dependence of the hole concentration on the SL period
and the effect of modulation doping at alternate interfaces. The SL structures of the first
type were grown by MOCVD and consisted of Alyp2Gag gN barriers and GaN wells of equal
thickness L. The Mg doping was applied uniformly through the SL. The SL dimension L
was varied from 20 A to 140 A. The hole concentration initially increased with increasing
L and saturated (or perhaps even decreased) for L longer than 80 A. The mobility
exhibited a weak dependence on L and was about 10 cm?/Vs. The SL structures of the
second type were grown by MBE and consisted of 80 A thick Alg12GaogsN barriers and
80 A thick GaN wells. The Mg doping was applied through only half of the structure,
either region A or region B (see Figure 10.1). The sample doped only in region A exhibited
a higher hole concentration of 1.9x10'® cm™ and a higher mobility of 19 cm*/Vs. For the
sample doped in region B the hole concentration was only 6.8x10'7 cm™ and the mobility
5.6 cm?/Vs. This observation is the direct evidence of the critical role of polarization fields

in the SL band structure.
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AlGaN AlGaN

Figure 10.1. Calculated valence-band diagram for the Mg-doped Alo.2Gao.sN/GaN
superlattice with spontaneous and piezoelectric polarization fields taken into
account. The thickness of each layer is 80 A, The dashed line indicates the Fermi
energy, and the circles represent the energy of the Mg acceptor solid when
ionised. Regions A and B defining each interface are indicated. The sapphire
substrate is on the left and the free surface of the film is on the right. (From [5])

10.3. Experiment

P-type SL structures were grown on c-face sapphire substrates by low pressure
MOCVD. First, we grew a ~1 pm-thick GaN layer at 1160°C on a low-temperature GaN
nucleation layer. Then, we grew a ~l pm-thick GaN:Zn insulating layer. Then a thin
(500 A) p-type GaN cladding layer was deposited to stabilise the growth conditions. After
that we grew AlGaN/GaN SL structures with various well and barrier thicknesses. The
molar flows TMGa, TMAI, NHs; and Cp:Mg during superlattice growth were
17.7 pmol/min, 2.7 pmol/min, 22 mmol/min and 251.5 nmol/min, respectively. Hydrogen
was used as a carrier gas. The growth temperature was 1070°C. A thin (500 A) p-GaN
layer was grown above the SL to prevent oxidation of AlIGaN layers, followed by the
deposition of 100-200 A p+ contact layer (see Figure 10.2).

The SLs were modulation doped by Mg by switching Cp2Mg flow on and off during
the growth. The SL structures were grown continuously, i.e. without growth interruptions

204



Chapter 10. Mg doped AIGaN/GaN superlattice structures

at interfaces. For that reason one may expect smearing of the doping profile due to memory
effects in the reactor. Most of the samples were modulation doped only in AlGaN barriers
and no intentional doping was used in GaN wells. For samples 479 and 480 the profiles of
Mg and Al were shifted by half of the period with respect to each other, so that half of the
barrier and half of the well were doped. The sample 479 was doped only at GaN/AlGaN
interfaces (counting from the substrate) and AlGaN/GaN interfaces were undoped. On the
contrary, the sample 480 was doped at AlGaN/GaN interfaces and GaN/AlGaN interfaces
were undoped. The detailed outline of the structure is presented in Table 24.

Table 24. Typical conditions used for AIGaN/GaN SL growth

TMGa flow 17.7 umol/min

TMAL flow 2.7 pmol/min

NH; flow 500 sccm

CpMg flow 251.5 nmol/min
Temperature 1070°C

Pressure 100 mbar

Carrier gas H,, total flow 5000 sscm

The Al mole fraction, well and barrier thickness were extracted from x-ray
diffraction measurements using RADS Mercury simulation software. The van der Pauw-
Hall effect measurements using In contacts were carried out to find out the hole
concentration, the resistivity and the Hall mobility of SL structures at room temperature.
Room temperature PL was measured using a Renishaw micro Raman system equipped
with 244 nm frequency doubled Ar laser.

The samples were annealed under nitrogen to activate Mg dopant. The optimum
annealing temperature was determined empirically. Wafer 474SL-p was cut into pieces
which were annealed for 15 minutes at various temperatures in the range from 580°C to
890°C in an open-flow furnace in nitrogen ambient. Then the Hall effect measurements
were performed. The dependence of the hole concentration, the Hall mobility and the
resistivity on annealing temperature is presented in Figure 10.3. The hole concentration
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continuously increases with increasing temperature, and the Hall mobility approaches a
maximal value for samples annealed at 740°C. The resistivity has a minimum at 750-
800°C. Basing on these observations, we have chosen the optimum annealing temperature
to be around 800°C. The rest of p-type SL samples were annealed for 15 min at 800°C.

GaN:Mg p+ contact layer 100A
GaN:Mg upper cladding 500A
AlGaN/GaN SL 0.4-0.6pm
GaN:Mg lower cladding 500A
GaNiZn insulating layer ljim

GaN buffer ljam

nucleation layer

Sapphire

Figure 10.2. Layout of a typical p-type SL structure

Table 25. Sample data including superlattice layer thicknesses, composition of AlGaN
layer, doped region and electrical properties.

Sample GaN, AlGaN, Al% #of Doping P
A A pairs ch”®  cm /Vs fem
474 112 115 12 30 AlGaN 8.3x1017 10 0.77
475 213 109 12 20 AlGaN 8.4x1017 1 0.67
476 206 52 12 20 AlGaN 8.8x1017 13 0.55
All 110 110 13 30 AlGaN 8.1x1017 7 1.00
478 221 217 12 20 AlGaN 7.3x1017 10 0.87
479 100 115 12 30 GaN/AlGaN 5.3x1017 9 1.2
480 100 100 12 30  AlGaN/GaN 6.9x1017 8 1.1
481 119 59 12 25 AlGaN 6.5x1017 12 0.81

The lowest resistivity of 0.55 Qcm has been measured for 20-period AlGaN/GaN SL
with 206 A thick wells and 52 A thick Alo.12Gao.ssN barriers. The hole concentration for
this sample was 8.8x10 cm', with mobility of 13 cm /Vs. Both the Hall mobility and the

hole concentration increase with decreasing width of AlGaN barrier (see Figure 10.4).
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One should note that the Cp,Mg flow was kept constant, thus Mg concentration per

unit volume in SLs with thinner AlGaN barriers is lower. Larger carrier concentration in

the thin-barrier structures can be explained by higher strain in AlGaN barriers.

3

Hole concentration, cm

Figure 10.3. Hall mobility, hole concentration and resistivity of Mg-doped
AlGaN/GaN superlattice (sample 474) versus annealing temperature.
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Higher mobility can be explained by better crystalline quality of the thin AlGaN
barriers and better confinement of the two-dimensional hole gas (2DHG) at the interface
for thin barriers (see chapter 9).

On the contrary, the resistivity of the samples is decreasing with increasing well
width (see Figure 10.5). This phenomenon is also in good agreement with the piezoelectric
field model: thicker layers yield larger potential changes from the polarization fields, and

therefore higher hole concentrations.
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Figure 10.4. Room temperature Hall
Alp12GaggsN/GaN superlattices. The thickness of AlGaN barrier is varied. The
thickness of GaN well is about 210 A.
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Figure 10.5. Resistivity of AlIGaN/GaN SL structures versus GaN well width. The
thickness of AIGaN barrier is ~110 A and ~55 A.

Figure 10.6 shows room temperature PL spectra for Mg-doped SL structures. The PL
spectra are very similar to PL spectra for Mg-doped GaN. In addition to GaN edge
emission peak ;t ~ 361 nm there is a broad Mg-related emission at 380 — 450 nm. As it has
been reported by many authors [13] the blue emission at 380 nm (3.2 eV) is related to
transitions involving shallow acceptor, while broad blue band around 440 nm is so-called
2.8 eV line, which is related to the transitions involving some deep defect state, either deep
acceptor or deep donor. It is interesting to note, that the intensity of these lines strongly
correlates with the Hall mobility. For SL structures having low mobility the 2.8 eV line
dominates. The intensity of the edge-peak and 3.2 eV increases with increasing mobility.
This observation is in line with suggested model of blue emission band. The formation of
the deep states gives rise to 2.8 €V line, the increased scattering on the same centres leads

to decrease of the Hall mobility.
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Figure 10.6. Room temperature PL spectra of Mg-doped superlattice structures.
The shape and position of PL peaks exhibit strong correlation with the Hall
mobility.

10.4. Summary

We have successfully grown modulation Mg-doped AlGaN/GaN superlattice
structures. These structures reveal superior electrical properties in terms of lower specific
resistivity and higher net hole concentration compared to that of p-type GaN. The highest
hole concentration of 8.8x10'7 cm™ has been demonstrated. The strong dependence of
electrical properties on thicknesses of AlGaN and GaN laYers indicates that piezoelectric
field greatly influences the band structure in AlGaN/GaN superlattices. Therefore, for
obtaining a high hole concentration it is necessary to balance well and barrier thicknesses,

periodicity of the superlattice and Al mole fraction.
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1. InGaN/GaN MQW structures

11.1. Introduction.

InGaN quantum wells (QW5s) are the key element of LED active region. Despite the
remarkable progress in device development, the growth of high quality InGaN/GaN QWs
is still very challenging and many fundamentally important issues remain to be addressed.
A clear understanding of the quality of InGaN QWs is necessary for the improvement of
the properties of these structures. In this chapter, we report on the growth of MQW
structures by MOCVD and describe the results of the analysis of these structures by
photoluminescence (PL) and x-ray diffraction (XRD).

The primary challenge facing the grower in InGaN/GaN system is that the growth
conditions for InGaN and GaN are very different. For example, high quality GaN is grown
at high temperature (about 1100°C) using hydrogen as a carrier gas. On the contrary,
InGaN growth requires much lower temperature (usually below 850°C) and nitrogen
ambient.

The growth at low temperatures results in highly defective GaN films. GaN epilayers
grown under nitrogen have rough morphology. At higher growth temperature the
incorporation of indium is reduced a lot. Moreover, InGaN is not stable at temperatures
above 1000°C and can decompose into indium, gallium and nitrogen. The presence of
hydrogen also reduces the indium incorporation and facilitates decomposition of InGaN
presumably due to formation of volatile In,Hy, compounds. Therefore, the optimum growth
conditions for InGaN/GaN MQW structures require the technique to compromise between

good crystalline quality and good In incorporation.
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11.2. Experiment
Multiple quantum well structures composed of five periods of InGaN/GaN were
grown by the low pressure MOCVD on (0001) sapphire substrates. The growth sequence
included the deposition of a low-temperature nucleation layer, the deposition of a 1-2 pm
GaN buffer layer, the growth of MQW region, and the growth of a capping layer. A

schematic diagram ofthe MQW structure is presented in Figure 11.1.

/G aN or AlGaN capping layer
InGaN MQW 5 pairs

Undoped GaN buffer
1.5-2pm

Sapphire

Figure 11.1. Layout of MQW structure.

The nucleation layer and buffer layer were grown using hydrogen carrier gas and
TMGa and NH3 precursors. The deposition temperature for the low-temperature GaN
nucleation layer was about 540°C. The GaN buffer layer was grown at 1140-1160°C.
During the MQW growth the carrier gas was changed to N2 and the growth temperature
was reduced to 700-850°C to increase the indium incorporation in InGaN layers. The
details of the growth conditions of the MQW region are summarised in Table 26.

After the growth the structures were characterised by means of room temperature
photoluminescence and x-ray diffraction. The photoluminescence signal was excited by
325 nm line of He-Cd laser (continuous wave, average power of 30mW) or 337 nm line of
N2 (pulse duration of 300 ps, average power of 0.5mW). In the case of the He-Cd laser the
excitation power density was in the range 1-5000 W/cm?2, depending on the laser spot size.

With the nitrogen laser we were able to achieve the power density up to 10 MW/cm .
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Table 26. Growth conditions for MQW region.

Ga precursor used TMGa or TEGa
In precursor used TMIn
TMGa/TEGa flow 5-20 umol/min
TMIn flow 3-40 pmol/min
In/(In+Ga) ratio 0.3-0.8
NH; flow 6 slm
Temperature 670-850°C
Pressure 100-200mbar
Carrier gas Nitrogen
Growth rate 2.5-12 A/min

11.3. Different growth regimes for MQW structures

Several approaches for the growth of MQW InGaN/GaN structures are possible. In
the first approach, the barriers and wells are grown at the same temperature and In
composition in the solid is varied by changing In/(In+Ga) ratio in the gas phase. In the
second approach the In/(In+Ga) ratio is constant for wells and barriers and In composition
is controlled by changing growth temperature. The third approach is the combination of the
first two when both In/(In+Ga) input ratio and temperature are varied.

We have experimentally studied the different growth regimes of MQW structures. In
the case of sample 391MQW, both In input concentration and growth temperature were
different for wells and barriers. For sample 421MQW wells and barriers were grown at the
same temperature and In content was varied by modulation of the TMIn flow. The growth

conditions are listed in the Table 27.
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Table 27 Comparison of the growth conditions and PL properties of samples
391MQW and 421MQW.

Parameter 391IMQW 421MQW

X barriers 850°C 850°C
Growth temperature wells T00°C 850°C
TMIn/(TMIn+TMGa) barriers 0.137 0
input ratio wells 0.3 0.8
Growth rate of InGaN -2.5-3 A/min -5-7 A/min
PL peak position, centre 442 nm 436 nm
PL intensity, centre L.l au. 59au

The quality of MQW  structures was assessed by room temperature
photoluminescence. As one can see from Table 27, the samples have close emission

wavelength, however the PL intensity ofthe sample 421 MQW is 5-6 times stronger.

391IMQW 421MQW
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Figure 11.2. Distribution of emission wavelength and PL intensity along the radius of
the wafer. Distance is measured from the centre ofthe wafer to the edge.

Figure 11.8 shows the dependence of the PL properties on the position along the
radius of the wafer. As one can see, sample 391 MQW has much better uniformity of PL

peak position and PL intensity. However, sample 421 MQW has more intense PL signal.
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Such type of behaviour is understandable. As we discussed in Chapter 7, indium
incorporation at high temperatures is very non-linear. Small fluctuations of the gas
composition and substrate temperature may lead to significant change of In composition in
the solid. Thus it is more difficult to control InGaN composition under high-temperature
growth conditions. On the other hand, high-temperature growth results in less defect

material and more efficient radiative recombination.

11.4. Decomposition of InGaN.

Low thermal stability of InGaN makes the growth of InGaN epilayers quite
challenging. At high temperature InGaN can decompose either into phases with different
In content, or, in most severe cases, into indium, gallium and nitrogen. The decomposition
of InGaN reveals itself in grey-brown colouring of the wafer, red shift of emission

wavelength and reduced efficiency of photoluminescence.

385M QW 388SM QW

Figure 11.3. Photographs of two MQW structures with capping layer grown at
1070°C (385MQW, left) and 950°C (388MQW, right).

The decomposition process is governed by a number of factors, among them the

most important are the temperature, the strain, the gas ambient and the material of the
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capping layer. In practical LED and LD device structures InGaN MQW is sandwiched
between GaN layers. Though the growth temperature of MQW can be reduced to increase
In incorporation and prevent decomposition of InGaN, but afterwards it has to be increased
again for the growth of subsequent GaN or AlGaN layers. Therefore, the problem of
InGaN decomposition has to be treated more skilfully, bearing in mind not only the growth
conditions of the InGaN quantum well, but also the growth of subsequent layers above the
quantum well.

The following example illustrates the influence of the growth conditions of
subsequent layers on the decomposition of the MQW. Samples 385MQW and 388MQW
have identical structure with the exception of growth temperature of the capping layer. The
temperature was 950°C for the sample 380MQW and 1070°C for the sample 388MQW. As
one can see in Figure 11.3 the sample with GaN capping layer grown at 950 is transparent,
while the sample with the capping layer grown at 1070°C displays evident signs of
decomposition. The x-ray diffraction curves from the two samples are presented in Figure
11.4. The sample with low temperature capping layer exhibits sharper satellite peaks,
which indicates superior quality of the interfaces.

Figure 11.5 presents the room temperature PL spectra from samples 385SMQW and
388MQW. Both samples give comparable PL signal in terms of peak width and intensity;
however, sample 388MQW exhibits stronger defect related yellow luminescence, which
originates from the low temperature cap layer.

To conclude, a low temperature capping layer prevents decomposition of InGaN in

MQW, but at the cost of increased defect density in the capping layer.
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385MQW, cap layer at 1070C
388MQW, cap layer at 950C

GaN (002)

P )

15.0 15.5 16.0 16.5 17.0 17.5 18.0 18.5
0-20, deg

Figure 11.4. X-ray diffraction curves from two MQW structures with capping layer
grown at 1070°C (385MQW) and at 950°C (388MQW). Structure with low
temperature capping layer exhibits sharper satellite peaks, which indicates superior

quality of interfaces.
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388MQW, 950C 385MQW, 1070C

Yellow line

350 400 450 500 550 600 650

Wavelength, nm

Figure 11.5 PL spectra from two MQW structures with capping layer grown at
1070°C (385MQW) and at 950°C (388MQW). Structure with low temperature
capping layer exhibits increased yellow luminescence.

Obviously, a high defect density is not desirable in device applications; therefore, it
is difficult to implement this low temperature approach for the growth of real device
structures. An additional potential problem arises from the difficulties to grow p-type GaN
at reduced temperature.

Another interesting observation is that thicker wells are more easily decomposed.
Samples 380MQW and 383MQW have the same nominal In composition in the QWs and
in both cases the GaN capping layer growth at 1070°C. The only difference between two
samples is the thickness of QWs, which is 15 A for sample 380MQW and 27 A for sample
383MQW. As one can see in Figure 11.6 the sample with thicker wells is much darker than

the sample with narrow wells, indicating decreased thermal stability for wider wells.

220



Chapter 11. InGaN/GaN M QW structures

380MQW 383MQW

Figure 11.6. Photographs of two MQW structures with capping layer grown at
1070°C. Sample 380MQW has thinner QWs (~15A) than sample 383MQW (27A).

A thin AlGaN capping layer above the MQW region is known to prevent
decomposition of InGaN [1]. We studied the influence of -200A thick AlGaN on stability
of MQW experimentally. Samples 418MQW and 420MQW have similar structure, with
the exception of the capping layer above MQW. In the case of sample 418MQW, a GaN
capping grown at 950°C; sample 420MQW has AlxGai.xXN capping layer (x~0.10-0.15)
grown at 950°C. Both samples were transparent and do not show any visual signs of
InGaN decompositions. Nevertheless, the luminescence properties of the two samples are
very different. Figure 11.7 presents PL spectra from two MQW samples measured under
the same conditions. The sample with GaN capping layer exhibits luminescence peak from
InGaN/GaN MQW at 454 nm and a broad defect-related yellow luminescence at 500-
600 nm. For the sample with AlGaN capping layer the MQW-related PL peak is -2 times
higher and the intensity of yellow emission is significantly reduced. It is interesting to note
that despite identical InGaN composition and well widths, the position of MQW-related

peak in the sample with AlGaN capping layer is shifted to 470 nm. We explain the longer
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wavelength of light emission from the sample with AlGaN capping layer by the reduced

decomposition of InGaN.
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Figure 11.7. PL spectra from two MQW structures with GaN capping layer grown at
950°C (418MQW) and AlGaN capping layer grown at 950°C (420MQW). Structure
with AlGaN capping layer exhibits brighter PL from MQW and weaker yellow
luminescence.

11.5. Built-in electric fields in InGaN/GaN MQW structures

Many of the unusual optical properties of Ill-nitride based heterostructures can be
consistently explained by considering effects of built-in electric fields. These fields modify
the band structure and reduce the effective band gap. Consequently, this red shifts the
emission wavelength (quantum confined Stark effect) and the absorption edge (Franz-
Keldish effect). Because electron and hole wavefunctions are spatially separated in the
electric field, the optical transition probability is reduced and carrier lifetime is increased.

III-nitrides of wurtzite structure have intrinsic spontaneous polarisation, and in
addition to that, any strain in the (0001) plane results in piezoelectric polarisation. III-

nitrides exhibit unusual properties in respect of polarisation fields. The spontaneous
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polarisation (polarisation at zero strain) is very large in III-nitrides. The piezoelectric
constants are up to ten times larger in Ill-nitrides, compared to conventional III-V
semiconductors. For these reasons built-in electric fields have a much larger influence on
optical properties of [II-nitride heterostructures than in other III-V compounds.

In the following we will derive an analytical expression for the electric field in
InGaN/GaN quantum well structure. We consider polarizations along the (0001) axis,
because this is the direction along which standard epitaxial films and heterostructures are
grown. The polarisation field has two components: a strain-independent (spontaneous)
built-in polarisation field [2] and a strain induced (piezoelectric) field [3]. They add
algebraically and the total polarisation field in the InGaN QW with In content x is given by
equation (11.1).

P(x) =P (x)+ P (x) (11.1)
The spontaneous polarisation of InGaN can be described by a linear approxirﬂation
between spontaneous polarisations of GaN and InN.
P v (x)=-0.032x—0.029(1- x) (11.2)
The piezoelectric component of polarisation is calculated from strain using the

piezoelectric coefficients e,; and e,; as
PP = e3E, +e5,(€, +£y) (11.3)
where ¢, is the strain along c-axis &, and &, are in-plane strain components. Usually

InGaN/GaN MQW structures are grown on thick GaN buffer. In this case we can assume
that the GaN barriers are unstrained and InGaN wells are pseudomorphically biaxially

strained to the GaN barriers.
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Table 28. Spontaneous polarization, piezoelectric coefficients, elastic constants, lattice

parameters and dielectric constants for InN and GaN

InN GaN
Spontaneous polarization P, [C/m?] [4] -3.2x1072 -2.9x1072
Piezoelectric coefficients [5,]:
ey, [C/m?] 0.97 0.73
ey, [C/m?] -0.57 -0.49
€is> [C/mz] -0.3
Elastic constants [6]:
C,;, [GPa] 121 106
C,;,[GPa] 182 398
Lattice parameters: [7,8]
a,,[A] 3.54 3.189
cy5[A] 5.705 5.185
Dielectric constants [9,10]
£, 13.1 9.5
£ 14.4 10.4

In the case of isotropic biaxial stress the following relation between the tensile and lateral

strain holds:

Where C; and C,, are the elastic constants of InGaN.

The strain components are given by:

g, =(c—c¢cy)/ ¢y, g, =¢,=(a—a,)/a,

x

Using equations (11.3), (11.4) and (11.5) the amount of piezoelectric polarization in the

direction of the c-axis can be determined by

q

a—da
Pz _ )
Prcan =2 (331 —€3 —C_

The a, lattice constant of relaxed InGaN follows the Vegard’s law (linear approximation

between InN and GaN)

a, =al® .(1-x)+al™ .x
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Assuming that the quantum well is pseudomorphically strained to GaN barriers, the
a lattice constant of strained InGaN is equal to that of unstrained GaN. Combining

everything together we obtain the following expression for the piezoelectric polarisation in

the InGaN quantum well.
(GaN) _ 4 UnN)y . (11.8)
Plf:(Z}aN (x) = 2 (Ga]S)aO (Ga:)o 3],,1\7) 31 e33 _91_3_
ay " —(ay " —ag )% Cy

Due to a lack of experimental data on piezoelectric elastic properties of InGaN, we adopt
the following set of liner approximations between InN and GaN [4]:
Elastic constants:

Ci5(x)=121x+106(1 — x) , (GPa) (11.9)
Cy3(x) =182x+398(1-x), (GPa) (11.10)
Piezoelectric constants:
e, (x) =-0.57x-0.49(1-x) , (C/m?) (11.11)
e,,(x)=0.97x+0.73(1~x),, (C/m?) (11.12)
The total polarisation is found as a sum of the spontaneous and piezoelectric components
Pocan (¥) =P (%) + P (x) (11.13)
The electric field in the InGaN quantum well is given by

ElnGaN(x)=_ PInGaN(x) (11'14)
Epgan (X)E

The dependence of electric field in InGaN/GaN QW structure on indium composition

of the well is presented in Figure 11.8. Because strain-independent and strain-induced

components of the field have opposite signs, the electric field InyGa;.«N is positive® for

* By “positive” we mean pointed along [0001] direction. In MOCVD grown structures it is direction from the

substrate to the surface.
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x<0.17 and negative for x>0.17. For In composition x=0.17 the two components of the

electric field cancel each other.

4x10° — ' ' ' v
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In composition x

Figure 11.8. Calculated dependence of the built-in electric field in InGaN/GaN QW on
indium composition.

11.6. Quantum confined Stark effect and blue shift of PL emission
Among the most significant effects of the piezoelectric field is the alteration of
quantum well transition energy due to band bending in the presence of such a strong field.
The most striking manifestation band bending in InGaN MQW structures is the quantum
confined Stark effect. In the presence of electric field the conduction and valence bands are
tilted as shown in Figure 11.9. This, in turn, reduces the effective bandgap of InGaN

resulting in redshift of photoluminescence out of InGaN quantum wells.
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GaN InGaN GaN
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Figure 11.9 Conduction and valence band edges of InGaN/GaN quantum well
structure. At low excitation (top) the radiative recombination of an electron and a
hole is red-shifted in comparison to the bandgap energy due to the Stark. At high
excitation (bottom) the build in electric field is screened by photo generated carriers
and the PL peak exhibits a blue shift towards the bandgap energy.

The redshift depends on the width of the QW and the intensity of the electric field.
At high excitation densities, the non-equilibrium carriers can reduce the polarization-
induced electric fields due to screening effect. Thus, the density of photo-exited or injected
electron-hole pairs has to be considered in a detailed analysis of polarization-related

effects. In the first order approximation, the screening of the electric field can be expressed

by
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E(n)on_n?:ci (11.15)

0

Where nis the free carrier density, E, is the maximum field strength given by equation

(11.14), € is the dielectric constant and d is the width of the quantum well.

Now we analyse the influence of non-equilibrium carriers on the energy of optical
transitions in InGaN QW using a triangular well model. For an idealised case, neglecting
thermal distribution in the bands, the emitted quantum energy Av for band-to-band
recombination in a quantum well in the presence of non-equilibrium electron—hole pair
density »n can be expressed as [11]

hv=E (n)—edE(n)+E, (n)+E,(n) (11.16)

Here, E,(n) is the carrier-density-dependent forbidden gap, which can be expressed as

E,()=E,(0)-pn’ (11.17
)

With f=2x10%eV/cm. E, and E, are positiohs of the lowest-energy levels in the

triangular quantum well for electrons and holes, respectively, and can be calculated from

2 ) H
., <n>=(2:1 J (2]

€,

(11.18)

Assuming the square-law recombination, the density of photo-excited carrier can be

described as a function of the pumping density

Pa (11.19)

n=_|—

hvy

where P is the excitation power density, Av is the energy of the excitation light, & is the

absorption coefficient for the excitation wavelength and has been taken as 1.5x10° cm™,

and 7 is the square-law recombination coefficient and has been taken as 4.8x10™"! cm’s™.
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Now, using equations (11.15), (11.16), (11.17), (11.18), (11.19) we can calculate the
dependence of the PL line position on the excitation density (see Figure 11.10). For these
calculations we assume Ino.1Gao.9N/GaN QW structure with unstrained barriers and QW
pseudomorphically strained to GaN. In this case the built-in electric field in the QW is

given by equation (11.14) (see Figure 11.10)

3.2
31
3.0

29

AV

2.7

s

2.6
2.5

2.4
1 10 100 1000 10000

Excitation density, W/cm?2

Figure 11.10 Calculated PL energy shift for Ino.1Gao.9N/GaN in the quantum wells of
different widths.

The most interesting observation here is that the shift the PL peak positions strongly
depends on the width ofthe quantum well. For narrow wells (below 25 A) the Stark shift is
negligible, whilst for wider wells (50 A and 70 A) the Stark shift is quite large.

This phenomenon can be used for the express control of the quantum well thickness.
Measuring two PL spectra at low and high excitation densities and comparing the positions

of PL peaks one can immediately draw qualitative conclusions on quantum well thickness.
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According to empirical observations, the wavelength shift smaller than 10 nm implies
quantum well thickness less than 25 A. If the position of the PL peak shifts considerably
with increasing excitation power density, the quantum well must be thick (>50 A).

For example, we compare PL spectra from two MQW samples measured at low
(unfocused He-Cd laser) and high (focused He-Cd laser) excitation densities. The
excitation power density was <10W/cm?® and >1kW/cm?, respectively. Both samples have
the same nominal indium composition; however PL emission from the sample 433MQW
has longer wavelength than that of the sample 425MQW. The dependence of PL on
excitations density for two samples is also quite different. Sample 425MQW exhibits
significant shift (~18nm) of the PL peak position, suggesting wide quantum well. On the
contrary, the shift for sample 433MQW is much smaller (~5 nm), indicating reasonably
narrow quantum well. These results are in good agreement with the quantum well width
measured by XRD and estimated from the growth rate, which give well thickness of 25 A
for sample 433MQW and 50 A for sample 425MQW.

More accurate analysis of the dependence of the PL peak position on excitation
power density allows us to get more quantitative information on quantum well thickness,
composition and the strength of internal electric field. Figure 11.12 depicts PL spectra
from InGaN/GaN quantum well measured at excitation density varying from 3 W/cm? to
3.3MW/cm’. The PL emission exhibits a very strong blue shift with increasing excitation

power density.
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425MQW
well=50A, barrier=70A
low excitation
high excitation
d
d
380 400 420 440 460 480 500
X nm
433MQW
well=25A, barrier=70A '
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high excitation
380 400 420 440 460 480 500
X nm

Figure 11.11. PL spectra at low (<10W/cm2) and high (>1kW/cm?2) excitation densities.
The PL emission for the sample with wider quantum wells is red-shifted due to
quantum confined Stark effect. Also, the sample with wider quantum wells exhibit
larger shift of the PL peak position with increasing excitation density.
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Figure 11.12. PL spectra from InGaN/GaN MQW at different excitation densities.

The positions of the PL peak versus excitation power density are presented in Figure
11.13. The continuous line represents the best fit of the Eq (11.16) to the experimental
data. The fitting parameters were the well width d , the strength of the built-in electric field

EO0, and the bandgap energy of InGaN Eg(0). The following combination of the

parameters gives the best conformity between experimental points and theoretical model:
d=50 A

£0=1.5x108V/m
£g(0)=2.8eV

These values are in good agreement with results ofthe x-ray diffraction analysis.
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Figure 11.13 Photoluminescence peak position dependences on excitation power
density in InGaN/GaN MQW. Open circles correspond to He-Cd laser excitation,
and the filled ones correspond to N2 laser pulsed excitation. The continuous line
demonstrates the theoretical dependence of the emission on excitation power density.

11.7. Summary

In summary, we have successfully grown InGaN/GaN MQW structures. Different
growth regimes were compared. According to our experimental results, high-temperature
growth results in superior quality of MQW structures. However, the high-temperature
growth regime is more difficult to control, which leads to larger variation of PL emission
wavelength and PL intensity. The influence of growth conditions and various capping
layers on the stability of the MQW structures has been studied. The best results were
achieved when using a thin AlGaN capping layer on top of MQW structure. Also we
analysed the effect of built-in electric fields on the PL properties of the MQW structures.

Experimental results are in good agreement with the theoretical model. In addition we have
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demonstrated that the dependence of PL peak position on excitation power density can be

used for express characterisation of MQW structures.
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12. InGaN light emitting diodes

12.1. Introduction

Blue and green GaN light emitting devices (LED) have been commercially available
now for some years. GaN-based pn homojunction LEDs have been demonstrated by many
authors [1,2,3]. The emitting wavelength of pn-structures having GaN as the active region
as determined by doping and ranged from 369 to 460 nm. The emission spectra is rather
broad (FWHM=70 nm).

In double heterostructure light emitting diodes (DHLEDs), the active region is made
of material with narrower band gap than that of the cladding layers. The two major benefits
of heterostructure LEDs are the increased minority carrier injection efficiency and the
ability to use wide-gap material for cladding layers. The wide-bandgap layers are
transparent to the emitted light and, therefore, do not contribute to the photon re-
absorption. The energy gap differences also minimise the effect of the doping level on the
injection efficiency, which dominated the homojunction LED efficiency. The emission
wavelength can be easily tuned by changing the bandgap of the active region.

First InGaN/GaN DH LEDs have been fabricated by Nakamura [4]. The peak
wavelength was 420 nm and the FWHM of the peak emission was 25 nm. The output
power of DH LEDs was 90 uW at 20 mA. In order to improve the output power and
quantum efficiency, Zn- and Si-co-doping of the active region has been employed [5].
High brightness blue InGaN/AlGaN LEDs with output power of 3 mW at 20 mA have
been produced. The peak wavelength and the FWHM of the EL of blue LEDs were 450 nm
and 70 nm, respectively. The first candela-class blue LEDs were fabricated by Mukai [6]
using a double-heterostructure structure with Zn-doped InGaN active layer. Because a

higher In content in the InGaN layer causes a decrease of the luminescence intensity,
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InGaN with a relatively low In content was used. To obtain blue emission, Zn doped
InGaN layers were used as the active layer.

The longest peak wavelength of the electrolunﬁnescence of DHLEDs achieved is 500
nm. The crystal quality of the InGaN active layer of DHLEDs becomes poor with further
increase of the indium mole fraction. When the InGaN active layer becomes thin, the
elastic strain is not relieved by the formation of misfit dislocations and the crystal quality
of the InGaN active layer improves. Although, double-heterostructure LEDs produce a
high-power light output in the blue and blue-green regions, they have a broad emission
spectrum. This broad spectrum, which results from the intentional introduction of the
impurity levels into the active region of the device to produce a deep-level emission,
makes the output appear whitish-blue. More narrow emission is desired for applications
such as full-colour LED displays

The quantum well (QW) LED is a special class of heterojunction LED in which the
thickness of the active region is less than the deBroglie wavelength and discrete energy
levels for holes and electrons arise due to the wave-particle nature of the electron and hole.
High power InGaN single QW LEDs have been fabricated by Nakamura [7,8]. The output
power was 3 mW for green (520 nm) LEDs and 5.6 mW for blue (450 nm) LEDs. The
number of QWs in the active region can be increased to 3-10 to improve the quantum
efficiency. Nowadays, high brightness MQW LEDs with light output exceeding 15 mW

are available commercially.

12.2. Growth procedure
LED structures were grown by low-pressure MOCVD on sapphire substrates.
Typical LED structure comprises the following layers: low-temperature nucleation layer,
undoped GaN buffer (2-4 um), n-type Si-doped GaN layer (1.5-2 pm), InGaN/GaN MQW

active region (25 A/100 A, 1-5 pairs), optional AlIGaN:Mg capping layer (~200 A), p-type
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Mg-doped GaN (0.1-0.5 pm). The electron and hole concentration in the GaN:Si and
GaN:Mg layers were about 3x10° cm” and 4x10° cm”, respectively. The structure layout

is presented in Figure 12.1

GaN:Mg

~AlGaN capping layer
—InGaN/GaN MQW

'NjaNiSi
—Undoped GaN buffer

ASapphire

Figure 12.1. Layout of a typical LED structure

540
520
500
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;¢ 460
S 440
£ 420
400
380
360
740 760 780 800 820 840 860

Temperature, C

Figure 12.2. Electroluminescence emission wavelength versus growth
temperature.
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The active region was grown under nitrogen using high input concentration of TMIn
(In/(In+Ga)=0.68) The emission wavelength was adjusted from 390nm to 500nm by

variation of the growth temperature (see Figure 12.2).

12.3.  Decomposition of the active region

As we have mentioned earlier, InGaN layers can spontaneously decompose during
the growth of subsequent layers at high temperature. Therefore it is not surprising that the
emission wavelength of LED structures depends not only on the growth conditions of the
MQW region, but also on the growth conditions of the layers above quantum well.
Structures 154ELT and I55ELT were grown under the same conditions with only
difference in the growth temperature of the p-type barrier. In 155ELT it was reduced from
1070°C to 1000°C. The emission wavelengths of the two structures are 470 nm and
530 nm, respectively. We explain this effect by InGaN decomposition during the growth of

the p-type layer.

Figure 123. TEM  micrograph of SQW LED structure (left);
Microcathodoluminescence image of the active region (right)

The TEM measurements of SQW LED structures (Figure 12.3, left) revealed that the
interfaces of the QW were different. The n-type interface was abrupt, while p-type

interface was smeared. Microcathodoluminescence of the SQW structure is presented in
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Figure 12.3, right. About 50% of the QW is dark, this indicates high level of defects
causing non-radiative recombination and, possibly, partial decomposition of the InGaN

layer.

484ELT 487ELT

Figure 12.4 Photograph of two LED structures grown with (487ELT, right) and
without (484ELT, left) AlGaN protective layer.

As we already discussed in Chapter 11, thin AlGaN capping layer above MQW
region prevents decomposition of InGaN. We have used the same approach for LED
structures. Some of the LED structures were grown with a thin (30-300 A) AlGaN layer
above the active region. The layer was doped with Mg and the hole density estimated from
the calibration runs was in the beginning of 1017cm'3 range. The Al composition in the
AlGaN capping layer was varied from 0 to 35%. Figure 12.4 present the photograph of two
LED wafers grown with and without AlGaN capping layer. Structure without AlGaN layer
has dark colour, indicating partial decomposition of InGaN. In contrast, structure with
AlGaN layer is transparent and exhibits brighter electroluminescence.

It should be mentioned, that in LED structures AlGaN layer also plays another
important role. It acts as a blocking layer preventing electron overflow to the p-contact.

Therefore, the efficiency of electron injection into quantum wells is improved.
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We have studied the influence of composition and thickness of AlGaN capping layer

on the efficiency of electroluminescence.

Intensity, a.u.

1 2 3 4 5
TMAI flow, pmol/min

Figure 12.5. Intensity of electroluminescence versus TMAI flow during growth of
AlGaN capping layer

Figure 12.5 presents the dependence of the EL intensity on the flow of TMAI during
the growth of AlGaN capping layer with the TMGa flow being kept constant. The
thickness of AlGaN layer was about 200 A. As one can see, the EL intensity is increasing
up to TMAIl flow of 4 pmol/min and after that decays dramatically. Optimum
concentration of Al measured by high resolution x-ray diffraction is about 20-25%.

Figure 12.6 shows the dependence of EL intensity on thickness of AlGaN capping
layer. Again, brightness is increasing up to optimum thickness of 160 A and decays rapidly

with further increase of AlGaN thickness.
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Figure 12.6. Intensity of electroluminescence versus thickness of AlGaN capping
layer. Aluminium composition for all samples is about 25%.

Such behaviour can be explained by the relaxation of AIGaN with thickness or

composition exceeding a certain critical value.

0300 pm 0500 pm 01000 pm

Figure 12.7 Blue light emission from circular mesa structures formed on LED
wafer by plasma etching

Figure 12.8 Blue light emission from LED chip at driving currents of 1 mA (left),
5 mA (middle) and 20 mA (right). Chip dimensions are 300x300 pm.
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Figure 12.7 shows test LED structures fabricated for the LED wafer grown in our
laboratory. Circular mesas of different diameter were formed by the Reactive Ion Etching,
after that p- and n-contacts were deposited by e-beam sputtering. The diameters of the
mesas were varied from 30 |im to 3000 pm. This allows electrical characterisation of LEDs
over a wide range of current densities.

Figure 12.8 show an industrial type of LED chip. The dimensions of the chip are
330x330 pm2. The output optical power measured by Si photodetector was in excess of
5 mW at driving current if 20 mA (see Figure 12.9). The saturation ofthe optical power at

high driving currents is likely to be caused by inefficient heat dissipation and overheating

ofthe device.

0 5 10 15 20 25
Current (mA)

Figure 12.9 Output optical power ofthe InGaN LED versus driving current

Current-voltage characteristics of fabricated InGaN LEDs are shown in Figure 12.10
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Figure 12.10 Forward current voltage characteristics of the LED chip.

12.4. Big chip8

[II-nitride based light emitting diodes have wide applications in solid-state lighting
technology. The idea is to replace conventional incandescent or fluorescent lamps by more
reliable and compact semiconductor light sources - LED lamps.

The main problem of conventional LED-lamp problem is the very low light power of
a single LED (about 10 mW of output light) as compared to fluorescent lamps (about 10 W
of output light) at comparable efficiencies (about 10%). Therefore, there is 1000 times
difference in the output light from these sources.

Maximal current through single LED is limited by quantum efficiency which is
decreasing at high current densities (see Figure 12.11). Ideally, the optimum current
density should be increased to about 100 A/cm2. However this is a long term task, which
requires a major breakthrough in the growth technology. Therefore, we propose to increase
light output using a larger area chip design.

In the case of big chips with § =0.1 cm2, it is difficult to provide satisfactory current
spreading by fabricating device with monolithically deposited p-contact and n-contact

fabricated laterally of the light-emitting area. Therefore, we used a so-called interdigitated

aPostgrowth operations performed at the loffe Institute, St.Petersburg, Russia
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contact pattern consisting of a number of connected stripes (fingers). The layout of the

contact net is presented in Figure 12.12 (left) and Figure 12.13.

Desired curve

Shift

Experimental curve

2 o oy N0 e

J Nowadays Desired
optimum optimum
0.1 1 10 2 100 1000

Current density (A/cm)
Figure 12.11. LED quantum efficiency versus current density8
Several big chips were fabricated on two LED wafers with MQW active region. The
wafers light-emission wavelength was about 410 nm (violet light). A mesa structure was
defined by reactive ion etching. The p-type contact was formed by deposition of
semitransparent Ni/Au (30 nm/30 nm) film on the top of the mesa. Afterwards the p-type
contact was strengthened by deposition of Ni (0.1 pm). The n-type contact was formed by
deposition of Al (0.1 pm) and strengthened by deposition of Cr (0.1 pm). The sidewalls of

the mesa were passivated by SiC".

aMeasured at the Ioffe Institute, St.Petersburg, Russia by Dr V.Bougrov
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Figure 12.12. Drawing (left) and photograph (right) ofa big chip.

Sidm

Figure 12.13 Interdigitated contact pattern.

Figure 12.14 demonstrates successful operation of a big chip at current of 2 A. The

IV curve for a big chip is presented in Figure 12.15.
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»

Figure 12.14. Operation ofthe big chips at current of2 A

As one can see, the differential resistance of measured at the linear part of the IV curve is

about 1.5 O.
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Figure 12.15.1-V characteristic of a big chip
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12.5. Summary
We demonstrated successful growth of IlI-nitride based LED structures emitting in
the range 390-500nm. The problem of thermal decomposition of InGaN in the active
region has been studied. It was shown, that thin AlGaN capping layer above active region
effectively prevents decomposition of the MQWs and improves efficiency of the devices.
According to our experiments the optimum thickness of AlGaN layer is about 150-200 A
and Al content is about 20-25%. Finally, we have fabricated large area light emitting

diodes with operational current of 2 A.
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13. Laser structures for optical pumping

13.1. Introduction
During last decade, the main focus of III-V nitride research was the realization of a
reliable and cheap LD, which would be the shortest-wavelength semiconductor laser ever
demonstrated [1]. Optically pumped IIT-nitride laser structures have been demonstrated by
Schmidt et al [2]
In this chapter, we report on successful optical pumping of MQW

InGaN/GaN/AlGaN laser structures.

13.2. Experiment
Laser wafers were grown by the low-pressure MOCVD on sapphire substrates. The
growth sequence included the deposition of GaN buffer layer, AlGaN cladding layer, GaN
bottom waveguide layer, MQW region, AlGaN capping clayer and GaN top waveguide
layer (see Figure 13.1). The structure parameters of the samples under study are presented

in Table 29.

GaN waveguide
1/*AlGaN capping layer
—InGaN/GaN MQW

PGaN waveguide
r*AlGaN cladding

—Undoped GaN buffer

ASapphire

Figure 13.1 InGaN/GaN MQW laser structure
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Table 29. Structural parameters of the samples 532, 533, 534.

Layer # | Layer Material |  Layer Thickness, nm

Sample 532

1 GaN: undoped 110

2 Alg24Gag 76N 18

3 Ing,04Gag 96N / GaN MQW 2/ 12 (5 pairs)

4 GaN: undoped 140

5 Alg19Gag 1N 425

6 GaN: undoped 2000-2500

_ Sample 533

1 GaN: undoped 115

2 Alg21Gag 70N 27

3 Ing 06Gag9aN / GaN MQW 2.1/23 (5 pairs)

4 GaN: undoped 120

5 Alg.16Gag 8aN 600

6 GaN: undoped 2000-2500
Sample 534

1 GaN: undoped 146

2 Alp23Gag 77N 22

3 Ing 09Gap ;N / GaN MQW 3.5/11.6 (5 pairs)

4 GaN: undoped 130

5 Alg.157Gag 843N 580

6 GaN: undoped 2000-2500

Differently shaped (stripes, discs, triangles etc) and sized mesas were etched using

plasmochemical ICP etching (see Table 29). The cavities of the same shape and

dimensions were arranged in 1000 x 1000 pm? arrays. The idea was to average over a large
2 y

number of the same shaped and sized mesas by exciting the whole array simultaneously.
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Table 1. Shape and size of cavities employed in optical pumping experiments.

Cavity Cavity Type Size Spacing
Field #
1 Circles 5 pm 10 um
2 Circles @10 pm 20 pm
3 Circles 20 um 40 um
4 Circles @50 um 100 pm
5 Circles @100 um 200 um
6 Stripes 20 umx1000 pm 20 pm
20 pmx500 pm 20 um
20 umx300 pm 20 pm
7 Stripes 20 pmx150 pm 20 um
20 pmx100 pm 20 pm
20 umx60 um 20 um
8 Rings 40 pm inner diameter 100 pm
5 um width
9 Triangles 5 um side 10 um
10 Triangles 10 wm side 20 pm
11 Triangles 20 um side 40 pm
12 Triangles 50 um side 100 um
13 Triangles 100 um side 200 um
14 Stripes 5 umx1000 pm 10 pm
S pmx500 pm 10 uym
S umx300 um 10 um
15 Stripes 5 pmx150 pm 10 pm
S pmx100 um 10 um
5 umx60 um 10 um
16 Rings 10 pm inner diameter 40 pm
5 um width

1 9 1 9 1 9

2 10 2 10 2 10

3 11 3 11 3 11

4 12 4 12 4 12

5 13 5 13 5 13

6 14 6 14 6 14

7 15 7 15 7 15

8 16 8 16 8 16

Figure 13.2. Location of cavity fields denoted as 1, 2, 3...16 on sample face. Each
cavity field has dimension of 1000x1000 pm®
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13.3.  Optical pumping experiments3

The photo pumping was performed at room temperature using a nitrogen gas pulsed
laser with a peak wavelength of 337.1 nm and having a peak power of -lkW . The pulse
duration was about 10 ns and a repetition rate was 100 Hz. The laser beam was focused on
the sample surface fixed at a XY-stage by a quartz lens yielding an excitation power
density estimated up to -15 MW/cm2 The excitation power density was reduced and
adjusted by a number of UV filters. The angle of excitation on the sample face was -60
deg. Emission spectra from the sample were analysed with a monochromator (Ocean
Optics PC2000 with a CCD-detector) in direction perpendicular to the exciting beam (so
called, edge emission mode) and corrected for instrumental response.

Monochromator

Optical fiber

Sample on

XY-st
slage Microscope

Figure 133 A scheme of optical pumping experiments.

13.4. Results and discussion
At low power densities, below the stimulated emission threshold, spectra of a

relatively wide spontaneous photoluminescence (PL) band (with peak wavelength o f-4 12-

aExperiments performed at Ioffe Institute, St.Petersburg, Russia by Dr A. Zubrilov
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417 nm (sample #532, #533), -430-435 nm (sample #534), and FWHM of 20-30 nm)

dominated by electron-hole recombination in the InGaN MQW active layer were observed.

Bt'

Figure 13.4. Micro-photo of a set of 20pm x 500pm stripe cavities under optical
pumping above threshold.

Hh
415.9 nm
PL, 300K 298 eV
N2 Laser 1kW
#532, Strips
InGaN
20pm x1(>)k00pm PL, 300K 413 nm
12<kW/cm N2 Laser 1kW 300 ev
0 #534, Strips
; %pm X 60pm
. kKW/ym2
© 3 200
» 1 om 100
5
GaN
320 360 400 440 480 320 360 400 440 480
Wavelength (nm) Wavelength (nm)

Figure 13.5 Spontaneous and stimulated emission spectra of laser structures. Left: sample
#532, stripe cavity of 20 pmxlOOO pm; right: sample #534, stripe cavity of 5 pmx60 pm.

Also, the known exciton-related (or, at higher pumping, electron-hole plasma related)
peak from GaN undoped layers was seen in the spectra at -365-375 nm wavelength
(Figure 13.5). Below, we will discuss luminescence features of the InGaN MQW active

layer (no stimulated emission from GaN layers was detected).
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At high power densities (Figure 13.4), when the power density was above the
threshold, the PL output peak rose nonlinearly with increasing laser excitation density.
Also, a narrowing of the peak was observed. The minimum of the full width at half
maximum (FWHM) of the peak at room temperature was only ~1 nm® for longest stripe
cavities as seen in Figure 13.5 (area #6, #14). That type of PL dependence on excitation
power density proves the realization of stimulated emission at room temperature.

Photo pumping experiments were performed at different areas of the samples. For
cavities longer than 100 pum the threshold pump power was rather low for all studied
samples and estimated to be at a level of 0.05 to 0.4 MW/cm? depending on the type of
cavity as seen in Figure 13.6. For short cavities (L<500 pum ), threshold is decreasing with

increasing L following 1/L law. For cavities above 500 im, some saturation of threshold

was observed. Within experimental error, no considerable dependence of the threshold on
the cavity shape (stripes, discs, triangles) was observed. Three studied samples exhibited
almost the same minimum threshold of 0.05 MW/cm? for the longest stripe cavities. These
facts were attributed to the very good quality of InGaN MQW’s and well optical
confinement in the active layer as well as low reflectivity of the cavity facets. As aresult, a

one-pass mode emission was realized in the cavities.

* We could not observe separate cavity Fabry-Perot resonances by our spectrometer, because for such long
cavities the mode spacing A is only about a half of angstrom (in accordance with equation: AA=A*/[2L(n-
Adn/dA)]) that is much lower than the spectrometer resolution.

253



Chapter 13. Laser structures for optical pumping

100 : v v v v l L] v L] v v L v v l
NE 10" |-
2 s
= [ O stripe width 20pm
E [ A stripe width Sum
743 -2 -
$ 10 3
= s
B~ X
104 2 2 2 P | ' Y 8 2 I a . PR |
100 1000
Stripe length, pm

Figure 13.6. Threshold of stimulated emission versus cavity stripe length.

Saturation effects seen in Figure 13.6 and Figure 13.7 were attributed to strong effect

of internal optical loss (¢,) inside the stripe cavities including scattering of light by

dislocations in the longest stripes (Z>500 um). The peak wavelength of stimulated
emission and its FWHM as a function of the length of the stripe cavities are shown for
sample #532 in Figure 13.8. A similar effect was found in sample #534 with higher InN
composition in the active layer (a shift of stimulated emission peak wavelength from 427
nm to 413 nm for the stripe cavity length reduced from 1000 to 60 pm). The redshift of the
emission wavelength with increasing stripe length can be explained by larger influence of

loses due to GaN absorption tails in long cavities.
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Figure 13.7. Integral intensity of stimulated emission versus the length of the stripe
cavities at the pumping power density of ~1000 kW/cm?

13.4.1. Variable excitation length measurements

We used the Variable Excitation Length (VEL) method to measure the gain in our
stripe cavities. In this method, laser light is focused through a lens on a stripe with the
constant excitation width. The excitation length / is varied from zero to the stripe length by
a screen. The laser beam is focused on a constant area, so that optical pumping power
density is kept constant for different excitation lengths. If the pumping power density is
high enough, spontaneous emission is amplified as it passes through the excited volume to
the stripe edge resulting in stimulated emission. A short excitation length yields only weak

spontaneous emission.
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Figure 13.8. Wavelength of stimulated emission versus the length of the stripe cavities
at the pumping power density of ~600 kW/cm?. Spontaneous emission is centered at
~412 nm

With increasing excitation length, emission increases, and stimulated emission
appears. An aperture is used to ensure that none of the light, which has passed out of the
excited volume before reaching the edge of the crystal, is detected. A straightforward
calculation shows that the detected emission intensity / is expressed as

I =L§[exp<g’l)—1] (131

where I, the spontaneous emission rate per unit length, which is proportional to pumping
power density; ‘g’ is the net optical modal gain, which is the difference between modal

gain and internal loss; / is the excitation length. The formula works well up to the
excitation length where the saturation effect is observed. The measured emission intensity
is plotted as a function of the excitation length (see Figure 13.9), and the net gain is found

from the fitting the data by equation (13.1). The measured gain depends on the pumping
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intensity. Following the procedure above, we have obtained the net gain of ~40 cm'lat 65

kW/cm?2 for a 1000-mm length stripe (sample #532).

screen

1000um

0 100 200 300 400 500 600 700 800 900 1000 1100

Excitation length, pm

Figure 13.9. The use of Variable Excitation Length method to measure the gain in
stripe cavity

To estimate mirror loss in our samples the following experiment was performed. The
threshold pumping level for a 5x 150 pm stripe was found to be 120 kW/cm2. VEL
measurements performed on a 5 x 300 pm stripes at the same pumping level give net gain
g’ * 200 cm'l. We have assumed that the internal losses are the same for the 150 and 300
pm stripes. Thus, the threshold value of the net gain for the 5x150 pm stripe is

gth=200 cm’L From the threshold condition for lasing

=(£,*>-(«,)-a-n«, =«,,=jinj (132)
one can obtain that the net threshold gain must be equal to the mirror loss for this stripe
length. Here ( ) denotes averaging over mode profile, F is the optical confinement factor,

and dm is the mirror loss.
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Thus, the mirror reflectivity is

_ 1’ _ }1 —0.049 (13.3)
exp(g,L) exp(200cm™ -0.015¢cm)

This value is low for a good laser cavity, so special care should be taken to improve the
quality of the mirrors.
13.4.2. Differential Quantum Efficiency Measurement

In the case of optical pumping the differential quantum efficiency is given by the

out

ratio between input P" and output P*“ power 77, = —. To determine differential

Pin _ Rh
quantum efficiency 7, which, one should calibrate arbitrary units of the spectrometer
signal to be able to measure output power of the lasing.

Below threshold rate equation for the carrier density N created by the optical

pumping with power P™ has the form

dN _ P'n, N (13.4)
d Vi, T

where V, is the active region volume, hw, =3.68 eV is the excitation energy, 7, is the

pumping efficiency equal to the part of the light, which is not reflected by the sample-air
interface, absorbed in the structure and contributes to the carrier density in the active
region, 7 is the carrier lifetime. We have assumed here, that all the carriers generated by
the absorbed light are captured to the active region and decay radiatively. Quasi-steady

state near threshold carrier density can be obtained from the equation (13.4)

pr (13.5)
N,=—"2—nz
"=V ha,, "
Above threshold rate equation is
dN (P"-P"p, (13.6)
= ( th 77: — gthvg Nph
dt Vi,
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where N, is the photon density in the cavity, g, is the threshold material gain, v, is the

light group velocity in the material. Here we have used the fact that the above-threshold
carrier density and gain clamp at their threshold values. In quasi-steady state one can

obtain the above-threshold photon density

P —pr . (13.7)

ph =
gthng/zzha)exc

Output power is expressed via the photon density as
P =N haw o,V (13.8)

where V is the optical cavity volume and %@ is the energy of the emission quantum.

Substituting (13.7) into (13.8) and using the threshold condition (13.2) for the g,, we

obtain P

hw a (13.9)

u >( P )=n,(P" - PF)

Paut — ﬂ‘-
hao,, o, + (a,.

Here the definition of the optical confinement factor I' =¥, /I’ has been used.

Thus, experimental determination of the differential efficiency gives possibility to

calculate internal loss, provided that the mirror loss and pumping efficiency 7, are known.

13.10
>=(i ho _1)% ( )

(@
nd h a)zxc

4

Then the threshold material gain can be calculated using equation (13.2)

(a)+a, (13.11)

8n = T

The pumping efficiency can be roughly estimated as

7, = (1= R,)(1— exp(=d 3, &p, ) (13.12)

- (Poay — 1)2
oy +17

i
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where R, is the reflection coefficient at the sample-air interface, d,,, is the thickness of the
structure layers which absorb the excitation light and supply carriers in the active region,
a,,, is the absorption coefficient at the excitation wavelength. The refractive index of GaN

is equal to ng,, =2.7 giving reflection coefficient R, =0.2. The absorbing length of the

structure is about 0.3 um. It includes the 0.2 um width of the GaN/InGaN optical guiding

layers and 0.1 um width of the cap GaN layer. The absorption coefficient «,, is about
10° cm™. Then, the pumping efficiency 7, = 0.68 was obtained from the equation (13.12).

The differential quantum efficiency for the 20 x 300 um stripe (sample #532) was found to

be 77, =0.3. The energy of the emission quantum is #@ = 2.98 eV, and the mirror loss for
the stripe is a,, =200 cm’. It gives for the modal internal loss (see equation (13.10))
(a)=(1-Ta, =206 cm™ (13.13)

The optical confinement factor for this structure was calculated as I" = 0.04. In result, we

obtain the following internal loss for the structures in the sample #532 @, =215 em™.

Then, the threshold material gain for this type of structures can be calculated from equation

(13.11) as g, = 10000 cm™. These parameters are similar to those reported for the

InGaN/GaN laser structures where lasing under pulsed electrical pumping was observed.
We should mention here, that we have obtained an overestimated value of the
internal loss. The first reason is that we have used the expression for the sample-air
reflection coefficient, which assumes normal incidence of light at the sample, whereas the
incidence angle was about 60 degrees. The second reason is that not all the carriers created
in the cap GaN layer can reach the active region and contribute to the gain. Thus, the
pumping efficiency should be less than the obtained one resulting in smaller value of the

internal loss.
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13.5. Summary
To summarise we can make the following conclusions

1. Stimulated emission from stripes has been reached at thresholds as low as ~50 kW/cm>
and for stripe length up to 1000 um indicating very good quality of the samples
material and good optical confinement. This value roughly corresponds to 13 kA/cm?
threshold current for electrical pumping. The best world results are 2-4 kA/cm®.Thus,
quality of the structures is enough to realise electrically pumped GaN/InGaN MQW
laser.

2. Successful optical pumping of very long stripe cavities (up to 1000 pm length) at low
thresholds indicates to very good quality of InGaN MQWs as well as good optical
confinement inside the stripes. No considerable difference in threshold characteristics
has been observed for the laser structures with different cavity shapes indicating poor
optical reflectivity of cavity facets, which is confirmed by our measurements. Thus,
mirror quality should be significantly improved to realise continuous-wave (CW)
electrically pumped GaN/InGaN MQW laser.

3. The following typical structure parameters were obtained:

a) Mirror reflection coefficient R =5-7%

b) Optical confinement factor 7= 0.04

¢) Differential quantum efficiency 7;= 0.3 for stripe length L =300 um

d) Internal loss o =215 cm™

e) Material threshold gain gn= 10000 cm’!

These values correspond to the level of currently reported parameters for InGaN/GaN

laser structures, where lasing under pulsed electrical pumping was observed.
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Conclusions

We have studied the MOCVD growth of IlI-nitride epitaxial layers and device
structures. A number of important issues have been discussed, including the
nucleation of GaN on sapphire substrates, the doping process, the growth of AlGaN
and InGaN alloys. Heterostructures such as AlGaN/GaN superlattices, InGaN/GaN
multiple quantum wells, were successfully fabricated. We have studied the influence
of built-in piezoelectric fields on the mobility and density of the carriers in p- and n-
type doped AlGaN/GaN superlattices. The operation of a Ill-nitride based light
emitting diode has been demonstrated. The output power was in excess of 5 mW at
driving current of 20 mA. Room temperature lasing under optical pumping of separate
confinement InGaN/GaN/AlGaN heterostructures has been attained. The pumping
power threshold for stimulated emission was found to be about 50 kW/cm>.

The properties of III-Nitride epilayers and structures were attained using various
characterisation methods including photoluminescence, electroluminescence, Hall -
effect measurements, high-resolution x-ray diffraction, current-voltage measurements
and other techniques. A new method for extracting structural parameters of the
epilayers from x-ray scans has been developed.

Although the present work emphasises an empirical approach, the due attention
is paid to underlying physical mechanisms. In most cases, we attempted to develop a
first-principle theoretical model, explaining the experimental observations.

As it was proved by the optical pumping experiments, the quality of the device
structures is sufficient for realisation of IlI-nitride lasers operating in the pulsed mode.
Therefore, our immediate plans include a demonstration electrically driven III-nitride

laser.
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Another problem to be solved is the low internal quantum efficiency of III-
nitride optoelectronic devices. The highest internal quantum efficiency is about 30%,
while typical values are about 10-15%. The internal quantum efficiency drops
dramatically with increasing current density. Nowadays, the optimal current density
corresponding to the highest efficiency is about 10 A/cm® However, for high-
brightness LEDs the current density should be increased at least by one order of
magnitude.

Still a lot has to be done in the growth technology of III-Nitrides. Although
significant progress has been made over the last few years, IlI-nitride technology still
does not have a level of matureness that we see in conventional semiconductor
materials. Many fundamental problems remain to be solved in the areas of defect

density reduction, efficient p-type doping, growth of AlGalnN quaternary alloys etc.
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