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Abstract

In this thesis, Optically Detected Magnetic Resonance (ODMR) technique, to
gether with Photoluminescence (PL) and Positron Annihilation Spectroscopy 
(PAS) methods, have been applied to the study of magnesium doped epitaxial gal
lium nitride layers. The origins of two defect related PL bands in Metal-Organic 
Vapor-Phase Epitaxy (MOVPE) grown specimens, namely the “red” band and 
the “green” band, have been extensively discussed. It is suggested that the red 
emission is due to recombination between electrons from both effective-mass and 
deeper donors with holes from deep acceptors and point to the deeper donors be
ing Vn — MgGa and the deep acceptors Vca (or related complexes). The ODMR 
spectra on the green spectral region are dominated by several broad anisotropic 
lines. The spectra are described by an exchange-coupled pair of S  = 1/2 centres, 
which is tentatively assigned to a shallow donor-Mg complex. Systematically 
studies of the evolvements of defect centres with increasing magnesium concen
tration and with thermal annealing enables a better understanding of the defect 
formations and compensation mechanism in the materials. To study the spin 
dynamics in the specimens, two simple rate equation models are employed. Both 
models are able to represent the experimental waveforms of the change of PL 
intensity with the microwave power switched on and off. Finally, the defects in
volved in the recombination processes in Molecular Beam Epitaxy (MBE) grown 
layers are also discussed and compared to those in MOVPE grown ones.
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Chapter 1

General properties o f GaN

1.1 Introduction

During the last 15 years the developments in the field of III-nitride semiconductors 
(GaN, AIN, InN and their ternary and quaternary alloys) have been spectacular. 
The main application of the material system is its contribution to ultra violet 
(UV) and blue light emitters as well as solid state lighting. At room temperature 
the band gap values are ~  0.64 to 0.67 eV for InN, 3.4 eV for GaN, and 6.2 eV for 
AIN. They form a complete series of alloys whose direct band gaps, in principle, 
can cover the whole visible region and extend to the ultraviolet range. Indium- 
based III-nitride single quantum well (SQW) and multiple quantum well (MQW) 
structures have been employed as active layers of high-brightness blue and green 
light-emitting diodes (LEDs) and laser diodes (LDs). More than 10,000 h of 
working life of blue/green lasers has been demonstrated [1]. AlGaN-based UV 
emitters have found applications in biotechnology, environmental and medical 
use as well as free-space communication. The material system has also applica
tions as short wavelength detectors and high-power/temperature radio frequency 
electronic devices. However, further improvements in device performance hinge 
on understanding and reduction of extended and point defects. To achieve this 
a wide range of experimental methods has been employed and among them, 
Photoluminescence (PL) and Optically Detected Magnetic Resonance (ODMR)
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are powerful methods to investigate point defect-related radiative recombination 
processes in semiconductors.

In this chapter we start with the description of crystal structure and electronic 
band structure of Ill-nitrides, which relates directly to ODMR studies of this ma
terial system. An accurate knowledge of the band structure of the semiconductor 
in question is crucial in determining its potential utility. It is the direct-band-gap 
nature and the size of the band gap that stimulated the great interest in this ma
terial system. In Sec. 1.4 two major growth methods, Metal-Organic Vapor-Phase 
Epitaxy (MOVPE) and Molecular Beam Epitaxy (MBE), are briefly discussed. 
The large lattice mismatch and the large difference in thermal expansion coeffi
cients between GaN films and substrate materials lead to great difficulty in the 
growth of high quality materials. The review of substrates is also presented in 
Sec. 1.4. The properties of semiconductors axe often controlled by defects and 
impurities. In this chapter the intrinsic defects in GaN and n-type and p-type 
doping are also reviewed.

1.2 Crystal structure

The Ill-nitrides can normally exist in Wurtzite (WZ) and Zincblende (ZB) crystal 
poly types, with the WZ phase being the stable and widely used form. Crystal- 
lographically, the WZ structure and the ZB structure are very closely related. 
For both structures, the bonding to the next neighbors is tetrahedral. The WZ 
structure has a hexagonal primitive cell and thus two lattice constants, a and c. 
It consists of two interpenetrating hexagonal close packed (hep) sublattices, one 
with group III atoms and the other with group V atoms, offset along the c axis 
by 5/8 of the cell height. Its space group is Cgv. The ZB structure, on the other 
hand, has a cubic primitive cell and a single lattice constant a. It can be viewed 
as two face-centred cubic (fee) structures, each with one type of atoms, displaced 
from each other by one-quarter of a body diagonal. The layer stacking in the 

direction in WZ structure is equivalent to that along the (111) direction 
in ZB structure. For WZ structure, the stacking sequence of the (0001) plane in

2
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Stacking order 

B

A

Figure 1.1: A stick and ball diagram of a hexagonal structure, 

the (0001) direction is:

...GaANAGaBNBGaANAGaBNBGaANAGaBNB (1.1)

whereas for the ZB lattice the stacking sequence of the (111) plane in the (111) 
direction is:

...GaANAGaBNBGacNcGaANAGaBNBGacNc. (1.2)

In this thesis all the GaN samples under study are of WZ symmetry. A stick and 
ball representation of a WZ structure is depicted in Fig. 1.1. Table 1.1 shows 
the calculated [2] and experimental [3] values of the lattice parameters for WZ 
GaN.
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Table 1.1: Lattice constants for GaN

Experimental values Calculated values
a 3.189 A 3.174 A
c 5.178 A 5.169 A

P<> -o

Figure 1.2: Structure and the first Brillouin zone of a Wurtzite crystal.

1.3 Electronic band structure

The main difference between the band structures of WZ and ZB crystals is the 
influence of the crystal field on the valence band. The crystal field splitting is 
present only in the WZ structure and transforms the semiconductor from ZB 
to WZ. In this sense, the WZ structure acts like a ”pre-strained” cubic crystal. 
With the presence of crystal field in the WZ structure, the effects of quantum 
well confinement and strain on the GaN valence band structure are much less 
dramatic than in, for example, GaAs.

The first Brillouin zone of a WZ crystal is displayed in Fig. 1.2. The conduction 
band wave functions are formed from the s orbital of Ga atoms combined with 
spin functions and transform the T point as the IV representation of the space 
group Cgv. The valence band states are constructed of combinations of p3-like
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Figure 1.3: (a) Effect of crystal field splitting and spin-orbit coupling on the valence band 
(near the T point) of WZ GaN [4]. At k =  0, the valence band is split by the combined action of 
crystal field and spin-orbit coupling into A(rg), B(r7) and C(rV) states, (b) Calculated values 
of the band energy levels [5] near the T point. AE^, AEg, AE^ are the binding energies of the 
A, B, C excitons, respectively.

(Px> Py7 Pz- like) orbitals on N atoms with spin functions. A schematic diagram 
of the valence band splitting is shown in Fig. 1.3a [4] and the calculated values 
of the band energy levels are shown in Fig. 1.3b [5]. Under the influence of the 
crystal field and spin-orbit interaction, the six-fold degenerate Ti5 level splits into 
r 9 (A), upper r 7 (B), and lower T7 (C) levels. The levels are named as HH (heavy 
hole), LH (light hole) and CH (crystal-held split hole), respectively. In Fig. 1.3a, 
from left to right, the crystal-field splitting is considered first. From right to 
left, the spin-orbit splitting is considered first. Regardless of which is considered 
first, the final result is the same in tha t there are three valence bands which are 
sufficiently close to one another so tha t the band mixing is non-negligible. Free 
excitons may involve a hole from each of the subbands and are conventionally 
called A-, B-, C-type holes or excitons.

The band structure diagram shown in Fig. 1.3b is obtained by the first princi-
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pie band structure calculations, using the Local Density Approximation (LDA) as 
implemented by the all-electron relativistic, Full-potential Linearized Augmented 
Plane Wave (FLAPW) method [5]. The FLAPW method is presently one of the 
most accurate electronic structure calculation schemes. The exchange-correlation 
(xc) functional can be treated using the LDA, which is the most simple approx
imation for the xc-energy functional, the crucial quantity of density functional 
theory. For given local density n(r), the LDA replaces the true xc-energy density 
at each point r in space by the xc-energy density of a homogeneous electron gas 
of the same (global) density n0 — n(r). The calculated conduction band and 
valence band structures near the T point are strongly non-parabolic (Fig. 1.3b), 
and therefore the effective mass approximation and the k p  approximation are 
usually inadequate.

1.4 Growth o f GaN

1.4.1 Substrate

Because of the low solubility of nitrogen in gallium and the high vapor pressure 
of nitrogen on GaN, bulk growth of GaN must resort to very high temperatures 
and pressures. GaN crystals are therefore normally grown epitaxially. Due to 
lacking a commercial lattice matched substrate, good GaN epilayers could not 
be obtained until the late 1980s. Sapphire is currently the most extensively used 
substrate. The lattice mismatch of GaN with sapphire is ~  13%. The technology 
of growth of the nitrides on sapphire is quite mature. Most commonly, GaN is 
grown on the (0001) plane (c plane). With the increasing interest in nonpolar III- 
nitrides heterostructures, more recently, growth of (1120) quantum wells (QWs) 
on r-plane sapphire substrates was attempted by MBE [6] as well as by MOVPE 
[7]. In these QWs the spontaneous and piezoelectric polarization is avoided and 
therefore the internal electrical field that spatially separates the electron and hole 
wave functions in conventionally grown QWs is absent, thus the internal quantum 
efficiency is increased. Due to the large mismatch in the lattice constants and 
coefficients of thermal expansion of GaN and sapphire, the quality of the film
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grown directly on sapphire is poor. Good quality films can be grown by first 
growing a low temperature buffer layer.

GaN growth onto a variety of other substrate materials has also been investi
gated by researchers. GaN has been grown on 6 H SiC, ZnO, MgAl20 4 , Si, etc. 
The properties of several substrate materials have been discussed in Refs. [8] 
and [9]. The lattice mismatches between GaN and SiC (3.5%), ZnO(1.9%) and 
MgAl20 4 (9 .5 %) are smaller than for growth onto sapphire. WZ GaN has also 
been successfully obtained on (111) Si. However, sapphire is generally still the 
preferred substrate because of its low cost, hexagonal symmetry, ease of handling 
and high stability at high temperature. All of the samples studied in this thesis 
were grown on sapphire.

To further improve film quality, homoepitaxial growth of GaN films has become 
increasingly popular. The approach consists of growing a thick (normally 300 - 
1000 /im) GaN layer to be separated from the original hetero-substrate and used 
as a free-standing substrate for subsequent growth of epilayers and quantum 
structures. The thick GaN layer is normally grown by Hydride Vapor-Phase 
Epitaxy (HVPE) since it provide a reasonably high growth-rate. The dislocation 
density and impurity concentrations in homoepitaxial films are normally much 
reduced compared to those in conventional heteroepitaxial layers.

1.4,2 M etal-Organic Vapor-Phase Epitaxy (M OVPE)

All the high performance nitride light emitters, which require high quality InGaN, 
have been produced by MOVPE. In MOVPE, trimethylgallium (TMGa) for Ga, 
trimethylaluminum (TMA1) for Al, and trimethylindium (TMIn) for In react 
with NH3 (for nitrogen) at a substrate which is heated to roughly 1000°C. Mg is 
widely used as a p-type dopant and Si as an n-type dopant. Biscyclopentadienyl 
(Cp2Mg) is use as a source of Mg and methyl silane (MeSiHa) as a source of Si. A 
two-flow method, introduced by Nakamura (Fig. 1.4) [10], improves significantly 
the quality of GaN epilayers. In this method, in addition to the main gas flow 
parallel to the substrate, another flow, designed as the ’’subflow” is used. The 
subflow transports a mixture of the inactive gases H2 and N2 perpendicular to
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Figure 1.4: Schematic two-flow MOVPE reactor for GaN growth [10].

the substrate. The subflow changes the direction of the main flow to bring the 
reactant gas in contact with the substrate. Without the subflow, a continuous 
film could not be obtained and only the growth of a few islands on the substrate 
was obtained [10].

1.4,3 M olecular Beam  Epitaxy (M BE)

MBE technique provides precise control over the growth parameters and powerful 
in-situ monitoring capabilities. This allows the preparation of many different 
structures that are otherwise not possible to attain.

Initially an MBE system is essentially a metal evaporator working in an ultrahigh 
vacuum (UHV) environment. Gas sources were utilized in some cases, which 
is termed Gas-source MBE (GSMBE). In nitride growth by MBE, the metal 
species axe provided by Ga, In and A1 metal sources and the dopant axe provided 
by pure Si for n-type and Mg for p-type. N is provided by N2, usually in a
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plasma environment to enhance the dissociation of the nitrogen molecules, or 
NH3. MBE growth has been reported by electron cyclotron resonance microwave- 
plasma-assisted MBE (ECR-MBE) [11] and radio frequency-plasma assisted MBE 
(RF-MBE).

MBE grown structures based on conventional compound semiconductors have 
been produced successfully for applications such as IR lasers for CD players, sur
face emitting vertical cavity lasers and high-performance pseudomorphic MOD- 
FETs. Nitride growth, however, requires much higher temperatures than those 
used in producing conventional group III-V semiconductors for which MBE sys
tems were initially designed. The materials grown on foreign substrates such as 
sapphire and SiC are normally associated with high dislocation densities, typically 
in the range of 5 x 109 - 5 x 10locm-2  [12]. As a result the room temperature 
electron mobility values (in the range of 100-300 cm2/Vs [12]) axe much lower 
than those of materials grown by MOVPE (normally in excess of 900 cm2/Vs 
[13]). The dislocation reduction, which is the key to achieving high mobility 
GaN, can be realized by using HVPE or MOVPE buffer layer. This approach 
has led to record or near record bulk (1150 cm2/Vs RT) [14] and 2DEG (53,550 
cm2/Vs 4.2K) [15] mobilities.

1.5 D efects and doping

1.5.1 Form ation o f native point defects in G aN

Native defects are point defects intrinsic to the semiconductor, such as vacancies 
(missing atoms), self-interstitials (additional atoms incorporated on sites other 
than substitutional sites), and antisites (in a compound semiconductor, a cation 
sitting on a nominal anion site, or vice versa). First-principles calculations for 
native point defects in GaN have been reported by several groups [17, 18, 19]. 
Formation energies for all of them in GaN, in all relevant charge states, are 
shown in Fig. 1.5. It shows that self-interstitial (Gaj and Nj) and antisite (GaN 
and Nca) defects are high-energy defects in GaN, and axe thus unlikely to occur

9
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F igu re 1.5: Formation energies as a function of Fermi level for native point defects in GaN. 
Ga-rich conditions are assumed. The zero of Fermi level corresponds to the top of the valence 
band. Only segments corresponding to the lowest-energy charge states are shown. The slope 
of these segments indicates the charge state. Kinks in the curves indicate transitions between 
different charge states [16].

in thermal equilibrium. Only vacancies have low enough energies to be present 
in significant concentrations. Nitrogen vacancies (V n ) behave as shallow donors 
in GaN, for almost 25 years, this has been thought to be the source of the n-type 
“autodoping” of GaN [20, 21]. However, based on first-principles calculations, 
their high formation energy under n-type conditions makes it very unlikely that 
Vn would form spontaneously during growth of not-intentionally doped GaN, 
and hence they cannot be responsible for n-type conductivity (see next section). 
The formation energy of Vn decreases with the Fermi level moving towards the 
valence band maximum and it has a low formation energy in p-type GaN, making 
them a likely compensating center in the case of acceptor doping. On the other 
hand, the gallium vacancy (VGa) is the lowest energy defect in n-type GaN, where 
it acts as a triple acceptor. This defect plays a role in donor compensation as well 
as in the frequently observed yellow luminescence. The electronic band structure

10



of Vca shows levels within about 1 eV of the valence-band maximum.

1.5.2 Donors in GaN

n-type doping of nitrides has never been a problem; in fact, as-grown material has 
often exhibited unintentional n-type conductivity. Silicon is the major dopant for 
n-type GaN since the electron concentration can be controllably changed from 
~  1 0 17 to 2 x 1 0 19 cm-3  by varying the flow rate of SiH4 in MOVPE growth [22]. 
A similar case is applicable to MBE as well. The activation energy of SiGa donor 
is 30 meV [23] and it behaves like a standard hydrogenic donor at high pressure. 
SiGa is an energetically very stable configuration; the nitrogen substitutional site 
and the interstitial configurations are energetically unfavorable [24]. Oxygen is 
present in high concentrations in undoped GaN and it is widely thought to be 
account for the n-type conductivity in unintentionally doped GaN. The activation 
energy of the oxygen donor is 33 meV [23]. With increasing concentration of O, 
the associated donor level moves closer to the conduction band, merging with 
it at no > 3 x 1018cm“3. Other dopants that have been investigated in order 
to achiev n-type conductivity include Se and Ge, both shallow donors. Free- 
electron concentrations in Se or Ge doped samples of up to 1 0 19cm~3 can easily 
be achieved.

1.5.3 A cceptors in G aN

There has been much effort aimed at doping GaN and its ternaries p-type by 
introducing group-II and group-IV elements. However, Mg is the only dopant 
that enables one to obtain reproducible p-type conductivity. Many other potential 
dopants, including Li, Na, K, Be, Zn, Ca, Cd, and C, have also been incorporated 
into GaN (a recent review of dopant related luminescence, see Ref. [25]). Some 
dopants have been observed to compensate electrons in GaN effectively, leading to 
highly resistive material. Although Mg is a shallow acceptor with an ionization 
energy of ~  200 meV [26, 27], the early attempts with Mg doping were not 
successful, mainly for three reasons: (i) Hydrogen which is always present in
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MOVPE and HVPE growth forms an electrically inactive complex with Mg; 
(ii) heavily doped GaN is notorious for self-compensation; (iii) the large lattice 
mismatch and the large difference in thermal expansion coefficients between GaN 
films and the sapphire substrate also contributes to the difficulty of obtaining 
high quality and p-type GaN films. Through several decades’ effort, the surface 
morphology was markedly improved, firstly by introducing an AIN buffer layer 
initially deposited on the sapphire substrate [28, 29]. Amano et al [30, 31] then 
discovered that p-type GaN film can be obtained by growing Mg-doped GaN 
films with AIN buffer layer and performing low-energy electron-beam irradiation 
(LEEBI) treatment after growth . By using a GaN buffer layer instead of an 
AIN buffer layer, Nakamura et al [32, 33] further improved the crystal quality. 
The same authors also discovered that N2-ambient or vacuum-ambient thermal 
annealing at temperatures above 700° C is effective in obtaining low-resistivity 
p-type GaN films identical to those produced by the LEEBI treatment [34]. It 
was confirmed later that p-type GaN is produced principally through thermal 
annealing, and that LEEBI creates similar conditions as thermal annealing due 
to electron beam heating [35, 36], The discovery of the effect of annealing for the 
activation of Mg acceptors contributes substantially to the commercialization of 
this material system for applications such as blue and green LEDs. In GaN : Mg 
grown by MOVPE, the concentration of free holes at room temperature reaches 
its maximum value at about 1 0 18cm-3, and it decreases with further increase of 
Mg concentration [37] due to the self-compensation mechanism.
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Chapter 2

The O D M R  technique

2.1 Introduction

Optically Detected Magnetic Resonance (ODMR) is a well-established technique 
to investigate recombination processes in semiconductors [38, 39, 40, 41]. The 
technique is essentially a combination of Photoluminescence (PL) and Electron 
Spin Resonance (ESR) methods. It provides the high sensitivity of PL and the 
high resolution of ESR. Unlike ESR, which probes the ground state of the system, 
ODMR provides a way to obtain information from the excited states of defects 
and impurities in semiconductors. The earliest studies of ODMR in solids were 
carried out by Geschwind et al. (1959) in the 2E state of Cr3+ ions in ruby.

The ODMR method has already been applied to studies of GaN. The PL spectra 
of GaN and its alloys are always dominated by broad overlapping bands so that 
it can be difficult to assign a particular luminescence band to particular optical 
centres. ODMR provide information on the excited state of defects through 
obtaining the values and angular dependencies of the Zeeman splitting (g tensor). 
The spin Hamiltonian parameters of the defect can be decided and the symmetry 
of the defect can be revealed. It relates detailed microscopic structures of centres 
to their particular luminescence spectra. In some cases the hyperfine interaction 
can be resolved, which arises from the interaction of the electron-spin magnetic

13



dipole with nuclear-spin magnetic dipoles in its vicinity. Thus we can establish 
whether the defect is on the Ga, N, or interstitial site. It has proved to be a 
technique employed to discriminate precisely centres involved in recombination 
processes. For recent reviews of ODMR in wide band gap materials, see Refs. [41] 
and [42].

2.2 Introduction to ODM R

2.2.1 M agnetic resonance

If we assume that atoms (or ions) with an angular momentum have a magnetic 
moment, given by Eq. 2.1:

M =  C2-1)

where n is the magnetic dipole moment, L the angular momentum, and 7  the 
magnetogyric ratio, which is of order (e/mc) for electrons, the torque (G) on the 
moment subject to an external magnetic field (B) is

G = / i x B .  (2.2)

The equation of motion is therefore

(2.3)

The magnetic dipole fi then processes uniformly about the field with angular 
velocity u>l = —7 B. The precession produces an oscillatory magnetic moment 
normal to the external magnetic field B. It can interact with another oscillatory

da _
* = w x B -
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magnetic field Bicoscjt provided by the microwave radiation and the field is nor
mal to B. When the microwave frequency lj is equal to the natural precession 
frequency ljl, the interaction has a marked effect, that it changes the energy of 
the dipole, which is E = —fi • B, by an amount of hw. This effect is known as 
“magnetic resonance”.

2.2.2 General principles o f ODM R

The general principles of ODMR can be understood by reference to Fig. 2.1. 
In quantum mechanics, electrons (or holes) have discretely quantized angular 
momentum known as spin. Spin is intrinsic property of electrons and for a free 
electron, the spin is 1/2 (in units of K). The ODMR technique is based on 
spin selection rules existing in electron-hole recombination processes. The spin 
selection rules govern transitions between electron energy levels, in that allowed 
transitions must involve the promotion of electrons without a change in their 
spin, i.e., A S  = 0 . In an external magnetic field B the energy level degeneracy 
of different electronic spin states is lifted. The spin-dependence of recombination 
process may cause recombination to occur faster from some spin levels than from 
others. As a result, there are always differences between the populations of 
various spin levels of excited states.

The intensity or polarization of the accompanying photoluminescence is depen
dent on the population distributions among the spin states, and can be changed 
with the effect of microwave resonance. Microwave resonance occurs when the 
microwave quantum energy hv matches the separation of different spin levels. 
It induces carrier transitions between the levels. For a single free electron, the 
resonance between the adjacent spin-up (Ms =  1/ 2 ) and spin-down (Ms = -1 / 2 ) 
levels can be expressed as

A U = hi/ = ^e/igB (2.4)

where AU  is the energy difference between adjacent spin states, ge is the Zeeman 
splitting constant for the free electron, gs  is the Bohr magneton, and B desig-
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Figure 2.1: Schematic diagram to illustrate the principles of ODMR experiments. The re
combination probability of the radiative decay transitions shown by solid line is assumed to be 
much bigger than that shown by the dashed line.

nates the external magnetic field that satisfies the resonance condition. When 
magnetic resonance occurs between two spin levels, the tendency is always to 
equalize the populations of them. It follows that magnetic resonance transitions 
affect the emission, which can be detected optically. The changes in PL are 
monitored as the magnetic field is swept and constitute the ODMR spectrum. 
In most cases, increases in the intensity of the PL (PL-enhancing) are obtained 
and positive ODMR signals are observed. However, the behaviour can be more 
complicated, with magnetic resonance causing the transfer of carriers into a pro
cess in competition with the PL that is monitored. It then causes decreases in 
the emission intensity and therefore, negative (PL-quenching) signals can also be 
observed. Even more complicated, in the presence of the background signals, the 
resonance ODMR signal may appear as either a positive or negative signal, merely 
as a consequence of the relative magnitude of the rate constants involved in the 
problem [43]. The modulation of the PL under magnetic resonance conditions is 
in the range of 0 .1  — 0 .0 1 %.
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2.2.3 The ^-factor

2.2.3.1 Effective ^-factor

The Zeeman splitting constant for the free electron

ge = 2.002319304386(20) (2.5)

is one of the most accurately known of the physical constants. When put in an 
atom, the electrons (or holes) can no longer be considered free. They are in a 
magnetic field produced by the orbital motion. This local field interact with spins 
and the total Hamiltonian of the electrons is modified. This effect is called spin- 
orbit coupling, which gives the deviation of the g-values for a particular centre 
from the free electron <7-value. In an ODMR measurement, the spin species are 
in an effective magnetic field expressed as

Be// = B + B/oco/ (2.6)

where B is the magnetic field applied externally to the sample and B/oco* is the 
local magnetic field which can be induced by the orbital motion or magnetic 
nuclei. In principle the field B in Eq. 2.4 should be replaced by Be//; in usual 
practice it is more convenient to retain the external magnetic field B and replace 
ge by the effective g-factor. Thus we can write Eq. 4.5 as

Be// =  (g/9e) B (2.7)

and Eq. 2.4 becomes

A U =  hi/ =  gfiB& (2.8)
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In this way the local magnetic field is taken into account by the effective ̂ -factor.

The ^-factor was first introduced by A. Lande in 1921, who showed that when 
both orbital and spin momentum are present, the value of g depends on the 
nature of the coupling between them. The value of g is given by the formula:

3 S (S  +  1) — L(L +  1 )
9 J  -  2 + ----- 27(7Ti)------’ (2'9)

where J , S, and L are quantum numbers representing respectively the total 
angular momentum, the electron spin and orbital momentum. For a free electron 
whose orbital momentum L — 0, the pure spin ^-factor is then very close to 2.

Theoretically the conduction band ^-factor can be estimated by the k*p per
turbation theory. The method requires only a small number of experimentally 
determined band gap values and optical matrix elements and therefore is partic
ularly useful for interpreting optical spectra. Similar to calculation of effective 
mass, the following three-band approximation of the effective ^-factor is obtained 
[44]:

where Eq is the band gap energy, Ao is the spin-orbit splitting and Ep is the 
momentum matrix element.

Usually in semiconductors donors show ^-values smaller than free electrons, and 
acceptors have a positive g shift. However, there are exceptions to this simple 
rule [45]. Like effective mass, the effective ^-factor provides information about 
the conduction or valence band structure and is sensitive to applied perturbations 
like strain, quantum confinement or electric fields.
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2.2.3.2 g anisotropy

The simplest resonance expression A 17 =  hv — g//sB (Eq. 2.8) with a numerical 
value of g is applicable only to an isotropic system, such as a cubic crystal in 
which there is octahedral symmetry about any normal lattice site. With different 
orientations of the external magnetic field B, the effective magnetic field Be/ /  
may have different effects on the spins. Therefore the line positions of the ODMR 
spectra may change with the crystal orientation relative to the magnetic field B. 
In this case the effective ̂ -factor should be expressed as a tensor. A truly isotropic 
system is one for which

9x =  9y = 9z (2-11)

where X, Y and Z axe the principal axes of the paramagnetic species. For an 
unpaired electron at such a site, the spin Hamiltonian has the forni

B  — 9 9 b{BxSx  +  BySy  +  BzSz)  (2.12)

The lattice structure of GaN is known as Wurtzite and defects in GaN may be 
of tetragonal symmetry. For such a system, the ^-factor is given by the positive 
square root of

g2 =  g \  sin20 +  gjjcos2# (2.13)

where

9± =  9x = 9y 9z -  #11 (2*14)

and 0 is the angle between B and the symmetry axis of the defect. The spin 
Hamiltonian is

B  — i*B[g±(BxSx +  By S y ) +  g\\BzSz] (2.15)
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For systems with rhombic or lower symmetry, where the X and the Y axes are 
no longer equivalent, the spin Hamiltonian is the following,

B  — Â ( g x B x S x  +  gyBySy  + gzBzSz)  (2.16)

and the effective value of g for an arbitrary orientation is then given by

g2 =  g \  cos20Bx +  gyCos20BY + gzcos20BZ (2.17)

where Ob x , @b y  and $b z  are, respectively, the angles between the field B and the 
X, Y, and Z axes.

Since the lattice structure of the material studied is normally known, the orien
tation dependence of ODMR spectra can help to locate the position of particular 
defects in the lattice.

2.2.4 Donor-acceptor recombination

Donor Acceptor Pair (DAP) transitions appear when electrons on the neutral 
donor sites recombine with holes on the neutral acceptor sites. The DAP transi
tion energy is given by

(2.18)

where Ed and Ea are the donor and acceptor binding energies and the last term 
is the Coulomb interaction contribution resulting from the interaction of ionized 
donors and acceptors in the initial state.

The ODMR technique is widely applied to investigate donor-acceptor recombi
nation processes in semiconductors because of the long lifetime of the processes

e2
E (r )  - E g -  (E a  + E d ) +
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(e.g., the yellow luminescence band of undoped GaN has a lifetime distribution 
extending to the millisecond range; the effect of recombination lifetime on ODMR 
sensitivity will be discussed in Sec. 2.3). Both electrons from donors and holes 
from acceptors have effective spins of 1/2 before recombination. Under an exter
nal magnetic field, the energy level degeneracy of different spin states of both the 
donors and the acceptors is lifted. Electrons and holes may prefer energetically 
to occupy different spin states. As a result the recombination probability of them 
will be small. Under magnetic resonance conditions, either the electron spin or 
the hole spin is flipped. The recombination probability can be therefore increased 
dramatically and PL enhancing signals can be detected.

If the concentration of neutral donors and acceptors is sufficiently low (which is 
normally true in the case of GaN), the relative probability of recombination with 
a centre other than the nearest one is vanishingly small. Under this circumstance 
it is appropriate to describe energy levels of the excited states in terms of donor- 
acceptor pairs [46]. Two kinds of cases can be encountered: (a) the exchange 
interactions of the donors and acceptors are weak and four energy levels are 
formed by combining the spin states of two centres; (b) the two particles are 
coupled by a strong exchange interaction and can be described by a triplet state 
and a singlet. When a donor and an acceptor are well separated (i.e. the exchange 
interaction between them is weak), four spin levels are formed (Fig. 2.2), which
can be written as | +  +), | -|— ), | ----f-) and | -----). The symbols present
the spin components of the donor and the acceptor and the signs represent the 
spin magnetic quantum numbers + 1 /2  etc. for the acceptor and donor spins 
respectively. The spectrum is analysed in terms of the general spin Hamiltonian:

H  = (gufl>BBiSli +  g2i^B^iS2i  +  AiS\i  • s y  (2.19)
i —x, y, z

The first and second terms are the electronic Zeeman interactions of the donor 
and acceptor spins, respectively. The third term represents the coupling between 
the two spins, where A is the interaction tensor and is small in this case.

In the cases that the exchange interaction between the two particles are strong, 
the four levels mentioned above split into a singlet and a triplet (Fig. 2.3). The
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F igu re 2.2: Energy levels of a donor-acceptor pair with vanishingly small exchange interaction. 
Magnetic field is applied along the symmetry axis. The microwave transitions (small arrows) 
cause increases in emission intensity at the magnetic field value B i and B 2 .

triplet state itself is characterized by an effective spin of 1 and the spin Hamilto
nian becomes

H  =  gxnBBxSx+gynBBySy+gzliBBzSz+D{S2z~ S (S+ l)\+ E (S l+ S l)(2 .20 )

where

9 = ~ ( 9 d -\-9a ) (2 .2 1 )

and g, gp, g& are the pair g-value, donor g-value and acceptor g-value, respec
tively. D is the axial term and describes the magnitude of the zero-field splitting 
(Fig. 2.3). The last term is necessary if a further reduction in Symmetry from 
axial to rhombic is observed.
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Figure 2.3: Energy levels for a system, which has triplet and singlet excited states, the triplet 
being the lower. Magnetic field is applied along the symmetry axis. The microwave transitions 
(small arrows) cause increases in emission intensity at the magnetic field value Bi and B2 .

2.3 Experim ental arrangement

Fig. 2.4 shows the schematic apparatus for our ODMR system. The system 
uses a split-coil superconducting magnet. The maximum field is 3 Tesla. The 
most outstanding feature of a superconducting magnet is its ability to support a 
very high current density with a vanishingly small resistance. This characteristic 
permits magnets to be constructed that generate intense magnetic fields with 
little or no electrical power input. This feature also permits steep magnetic field 
gradients to be generated at intense field and high stability of the field that is 
superior to the use of ferromagnetic materials.

The detection of ODMR signals requires a system including three necessary chan
nels: a microwave radiation channel and channels for optical excitation and de
tection. The microwave source, which is a multiple transistor oscillator, emits 
monochromatic radiation. Our present microwave systems in Bath operate at
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Figure 2.4: Schematic apparatus for ODMR.

14, 34 and 100 GHz with powers of ~  50, ~  60 and ~  35 mW (but without a 
resonant cavity for the case of 100 GHz), respectively. The incident microwaves 
are amplified and chopped at frequencies in the range 200 Hz to 10 kHz by a 
switch. The microwaves are guided into resonators (in the absence of a sam
ple, Q 3000), which axe of rectangular T E on  form to maximise the microwave 
magnetic field Bi at the position of the sample. An automatic-frequency-control 
(AFC) system is used to stabilize the microwave frequency, since the energy den
sity in the resonator is very sensitive to the microwave frequency. The resonator 
has appropriate optical access and could be rotated about an axis perpendicu
lar to the magnetic field. The sample is contained in the microwave cavity and 
in direct contact with superfluid helium at the nominal temperature of 1.8 K to 
achieve as large a population difference as possible between the Zeeman levels. In 
ODMR measurements, the system operates at a fixed microwave frequency and 
scans the ODMR spectrum by a linear variation of the static magnetic field. It is 
very difficult to achieve high sensitivity if the microwave frequency is varied. The 
difficulty arises largely from the fixed-frequency characteristics of the resonant
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cavity.

The major requirement of a source for the optical excitation of ODMR exper
iments is that it should be stable. Lasers are usually employed for excitation 
since they are reasonably stable and since they provide high power densities at 
the sample. In our ODMR system, semiconductor samples axe excited with the 
multi-line UV output of an argon-ion laser (363.8 and 351.1 nm) or from a He-Cd 
laser (325 nm). Typical excitation powers are in the region of 10 mW. The entire 
sample surface (of area about 10 mm2) is illuminated with a typical illumination 
intensity of 0.2 Wcm-2. Light emission from the sample is focused onto a detector 
by two focusing lenses. Combinations of high- and low-pass interference filters 
are placed between the lenses and spectral regions of the emission which are of 
interests are selected. A photomultiplier tube with a S20  response is used for 
detection in the UV and visible spectral regions and for better sensitivities in the 
red and near infrared regions, a Si avalanche photodiode (APD) is used. In some 
cases a monochromator may be used instead of the filters and the ODMR spec
tral dependence under a resonance condition can be examined. The signals from 
the detector are processed by a phase sensitive detector (PSD) in coherence with 
the chopping of microwaves. The signals from the PSD then correspond to the 
change in the intensity of the emission with and without microwave excitation.

There are several experimental parameters that affect the sensitivity of the ex
periment. The most important parameter is the lifetime of the optical excited 
state (tr). It is essential to maintain a sufficient population at the excited state 
of interest. Generally if t r ^  lfis the steady state population achieved by optical 
excitation may be too little for the necessary sensitivity to be achieved [41]. The 
lifetime of excitons, as an example, is normally too short to allow for ODMR 
experiments with standard ODMR set-up. Therefore the technique is not suit
able for the studies of near-bandgap luminescence of the free or bound excitons. 
On the other hand, Spin-lattice relaxation tends to re-establish thermal equilib
rium, with which the lowest-lying level has the greatest population as a result 
of the Boltzmann distribution. The population of the two-spin states might be 
changed so that ODMR signals can be affected. To prevent this it is advanta
geous if the spin-lattice relaxation time is long compared to the recombination 
time. This is the reason that usually an ODMR measurement is carried out at
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helium temperature, with samples directly contacting with liquid helium.

2.4 Background signals in ODM R

In many ODMR studies, the magnetic resonance signals are superimposed on 
non-resonant background signals. The origin of the background signal is a com
ponent of PL modulated by the chopped microwaves at any magnetic field B 
even without the spin resonance condition being met. The background signal 
shows normally only a weak dependence on external magnetic field. They are 
usually assigned to the absorption of microwave power in the sample via a cy
clotron resonance, leading to a heating of the electronic system; the effects of 
heating can be complicated since a raised temperature will generally reduce the 
PL quantum efficiency but may also shift the carrier population balance in favour 
of the radiative recombination channel that is being monitored. The absorption 
of the microwaves power can also give rise to impact ionisation of centres [47, 48], 
including those monitored via the PL, so that an ODMR background signal can 
result from this non-thermal mechanism. The presence of background signals 
can have a profound effect on the magnitudes and signs of the ODMR signals 
themselves [43].
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Chapter 3

Origin o f red lum inescence in M g 
doped G aN

3.1 Introduction

The p-type doping of GaN with Mg has achieved substantial progress. Room 
temperature free hole concentrations of the order 1 0 18 cm- 3  have been realized, 
which is sufficient for many applications. However, a self-compensation mecha
nism, in which deep defects are formed to compensate the doping effects, begins 
to appear even at low doping concentrations and further improvement of carrier 
concentrations is restricted, which constitutes an impediment for progress in de
vice applications. Deep defects also play a key role in the performance limits and 
aging effects of devices. The red (1.8 eV) luminescence band is often observed 
in Mg-doped GaN and is suggested to be related to deep defects on the basis 
of photoluminescence and magnetic resonance studies [49, 50, 51, 52]. It has 
been proposed that vacancy-dopant complexes are involved, with Vn — MgGa 35 

a deep donoF and Vca related complexes as deep acceptors [49, 50]. This sug
gestion is mainly based on previous experiences of II - VI (rather than III - 
V) compounds and direct experimental confirmation is therefore needed. The 
Vn — MgGa defect, formed by self-compensation, has also been suggested to be 
the deep donor involved in the 2.8 eV band in Mg-doped GaN [53, 54]. The
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proposed donor-like behavior of this defect is, however, in contradiction to the 
fact that it can be observed by positron annihilation spectroscopy (PAS) [55], 
since in PAS only neutral and negatively charged defects can be detected. Fur
thermore, theoretical calculations based on self-consistent local-density-function 
theory are consistent with the PAS results in that a neutral charge state of the 
defect is energetically favored [56]. The neutral state of the defect is formed 
presumably by associating two electrons with the nitrogen vacancy and therefore 
should be acceptor-like. The apparent discrepancy of the charge states of the 
Vn — MgGa center can be reconciled by introducing the model that, under most 
conditions, the defect will exist in the neutral “ground” state (which is the case 
when PAS experiments are performed) while, under laser excitation, it is trans
ferred to a singly charged excited state which can participate in optical processes 
as a donor. To test this proposal and give further experimental substantiation 
of the origins of the red emission, PAS, together with photoluminescence (PL) 
and optically-detected magnetic resonance (ODMR) experiments have been per
formed to investigate one undoped and several Mg-doped GaN epitaxial layers 
with different Mg concentrations before and after thermal activation.

3.2 Experim ental Details

The GaN samples were grown on c-plane sapphire substrates in a Thomas-Swan 
close-coupled showerhead reactor operating at low pressure. The typical V/III 
ratio is ~  2000 and the growth rate is ~  2.3 fimh-1. The Mg-doped layers were 
of thickness 1.5 /im and were grown at a temperature of 1047° C directly onto a 
thin nucleation layer of GaN grown at 525° C. The Mg precursor flow rates were 
75, 100, 200 and 300 seem (samples #626, #625, #624 and #623 respectively) 
producing a range of Mg concentrations; these were not determined directly but 
are expected to increase monotonically with the precursor flow rate. All the as- 
grown samples are highly resistive. Annealing was carried out in a horizontal 
tube furnace at 850°C for 20 minutes. The O2 concentration in N2 was 0.5%. 
Afterwards all the samples exhibited p-type conductivity. A nominally undoped 
highly resistive sample (#621) grown under the same conditions, was also studied 
for comparison.
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The low temperature PL spectra were obtained at 10.5 K with 325-nm He-Cd 
laser excitation and conventional single-grating spectrometer. The PL intensity 
were monitored with an S20 response photomultiplier (in the UV and visible) or 
a Si avalanche photodiode (in the red and near infrared). All the spectra are 
uncorrected for the system response. The ODMR measurements were carried 
out with microwave frequencies in the 14 GHz bands. Optical excitation of the 
ODMR was provided by a multi-line UV argon ion laser (dominant lines at 351.1 
and 363.8 nm). The microwave excitation was chopped at low frequencies (typi
cally ~600 Hz). The description of the ODMR systems can be found in Chapter 
2 .

PAS with a slow positron beam is an effective tool for the investigation of open 
volume defects such as neutral or negatively charged vacancies in semiconductors. 
When positrons annihilate electrons in semiconductors, the resulting gamma ray 
spectrum is Doppler broadened (since the electrons have a range of momenta). 
If the positrons become trapped in vacancy-type defects, the energy spectrum of 
the gamma rays becomes narrowed. The narrowing is characterized by a quantity 
5, defined as the ratio of the central area of the energy spectrum to the total area 
under the spectrum. The value of 5  is characteristic of the material under study, 
but is higher when vacancies are present [57]. Measurements of S  can thus be used 
to monitor vacancy concentrations. In the present work, single-detector Doppler- 
broadening PAS was performed using a magnetic transport positron beam system 
[58]. GaN samples were studied by positrons implanted into the samples at 
energies in the range 0 .1-30  keV, corresponding to mean depths up to 1.5 fim.

3.3 Experim ental results and discussion

3.3.1 PL

Typical PL spectra of the samples under study are shown in Fig. 3.1. From 
the undoped sample several excitonic luminescence features were observed 
with the dominant peak at 3.483 eV (Fig. 3.1(d)). There are two additional
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broad bands, known in the literature as the “blue” band and the “yellow” 
band which have been observed in undoped or Si doped samples, peaking at 
approximately 3.0 eV and 2.25 eV, respectively. The blue band is attributed 
to donor-acceptor recombination emission (59] and several studies suggest that 
Ga vacancy (VGa)-related complexes play a role [60, 61, 62]. The yellow band 
is very often present in undoped GaN and its origin has been under intensive 
debate. It is now widely accepted that Voa or related complexes contribute to 
the yellow luminescence as deep acceptors [18, 63, 64]. The existence of the blue 
and yellow bands therefore verifies the presence of Vca in the undoped sample.

For the Mg-doped samples, we observed (Figs. 3.1(a) and (b)) a broad band with 
estimated zero phonon (ZP) energy at around 3.3 eV (clearest in our spectra for 
the as-grown samples #625 and #626). This has been attributed to the recom
bination of electrons from shallow donors with holes from neutral Mg acceptors 
[49, 6 6 , 53, 67]. It has been suggested that the shallow donors are residual donors 
such as SiGa [68], On [69] or Vn — H complex [53]. The explanation in terms 
of Vn — H complex is favored in this work since the 3.3 eV band disappears af
ter annealing, indicating that the centres dissociate with thermal activation in 
a hydrogen-free atmosphere. There is a second broad band peaked at 2.8 eV, 
which is referred to often as the “blue band” in Mg-doped samples and has been 
observed previously to dominate the spectra of the samples having the highest 
Mg content [49, 54], This observation is confirmed for the present series of sam
ples. This 2.8 eV band has been the subject of considerable discussion and is 
generally believed to be due to recombination involving deeper donors and Mg 
acceptors [49, 53, 67, 70, 71, 72]. The band becomes dominant after annealing 
(Fig. 3.1(b)). In addition to the 3.3 eV and 2.8 eV bands, the as-grown sam
ples exhibit a broad red luminescence band peaked at ~  1.8 eV. The red PL 
band, which is strongest in the lightly doped material, becomes weaker as the 
Mg concentration is increased and vanishes after annealing.
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Figure 3.1: (a) and (b) PL spectra at 10.5K from the GaN : Mg samples grown with different 
Mg precursor flow rates increasing from #626 to #623. In (b) the effects of annealing on the 
PL in the blue/violet region are shown (spectra after annealing are shown by the thick lines). 
Panels (c) and (d) show the PL from an undoped as-grown specimen (#621). The sharp peak 
at 1.79 eV is the well known 2 E(E)-4 A2  (or Ri) line (see for example Ref. [65]) of Cr3+ in AI2 O3  

emitted from a sapphire substrate. The structure in the wide PL bands is due to interference 
effects.
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3.3.2 O D M R  spectra

The ODMR signals detected in the 1.77 - 1.91 eV spectral region of the four 
as-grown Mg-doped samples are shown in Fig. 3.2. Both PL-enhancing and 
PL-quenching signals axe observed. The sharp enhancing signal in the middle 
of the spectra is isotropic with g\\,g± =  2.003 ±  0.003 and FWHM =  5 mT. 
The g-value and width correspond closely to those of the so-called MMl cen
ter [51, 52]: it is PL-enhancing only when detecting via the red band and has 
been attributed[51, 52] to deep defects with an energy level in the lower midgap 
region. At the high field side of the sharp signal the other two overlapping 
luminescence-enhancing resonances are observed, which are better resolved in 
measurements performed at 34 GHz (reported in Chapter 5). From comparison 
with previous magnetic resonance work [51, 67, 73, 74], the narrower resonance, 
with <7|| =  1.952 ±  0.003 and FWHM =  8-10 mT, is attributed to effective-mass 
(EM) donors. The g-value of the broader signal (g\\ =  1.967 ±  0.005) is very 
close to that of a deeper donor signal detected on the 2.75 - 3.1 eV spectral 
region of both the as-grown and annealed samples that we have studied (signal 
(vi) in Chapter 5), suggesting that the same deeper donor is probably associ
ated with both the 2.8 eV “blue” band and the 1.8 eV “red” band. In addition 
to the luminescence-enhancing lines an asymmetric quenching signal with a g- 
value about 2.105 is detected, and is attributed to shallow Mg acceptors [67]. 
The luminescence-quenching character indicates that it is a center involved in 
a recombination process competing with the red emission. The ODMR results 
presented above suggest that donor (EM and/or deeper)-to-deep-acceptor recom
bination is responsible for the red emission. As in the PL spectra, the ODMR 
signals in the red become weaker as the Mg concentration is increased. The sig
nals do not exist in undoped samples and, in doped samples, are suppressed after 
annealing.

According to theoretical studies the deep compensating defects in GaN axe 
dopant-vacancy associates [17, 18]. In p-type GaN the N vacancy (V n ) has the 
lowest formation energy while in n-type the Ga vacancy (VGa) dominates. Pre
vious studies suggest that Vca is a deep acceptor and leads to an energy level in 
the lower part of the band gap, about 1.0 eV above the valence band [75, 76]. 
On the other hand Vn — Mgca is predicted to be a donor with an energy level
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at 280 meV below the conduction band [54]. The energy levels of Vca and 
Vn — MgGa make them appropriate candidates for the defect centers involved in 
the 1.8 eV red emission. Furthermore, Vn — Mgca is suggested to be the donor 
involved in the 2.8 eV band in Mg-doped GaN [53, 54], which has a very similar 
g-value to that of the deeper donor in the red band in the present work.

3.3.3 PAS

In GaN, both Y q& [63] and Vn — Mgca [55] have been observed in previous PAS 
studies. The results of the present slow positron measurements are presented in 
Fig. 3.3(a). The S  parameters of the four Mg-doped as-grown samples, along 
with those of the lightly Mg-doped annealed sample and of the undoped ref
erence sample, are shown as a function of positron implantation energy. The 
corresponding mean depths probed axe also shown. For the undoped and the an
nealed samples, as the positron implantation energy increased, the S parameters 
firstly decrease from the surface specific value (i.e., at low energy) and become 
approximately constant at around 0.420 above 2.5 keV. This indicates that at 
this energy most positrons are annihilated in the GaN film. The S  parameters 
rise slightly as the positron energy increases from 2.5 keV to 18 keV, suggesting 
that the vacancy concentration increases as the depth is increased from about 
~  30 nm to ~  700 nm. The observation here agrees with a previous report 
[77] suggesting that vacancies prefer to reside alongside dislocations, since dis
location densities increase towards the interface of the film and the nucleation 
layer. Beyond 18 keV measurable annihilation starts to take place in the sapphire 
substrate and S  parameters fall towards the value characteristic of the sapphire 
substrate (measured separately to be 0.392). Fig. 3.3(b) shows 5^ as a function of 
Mg concentration, where S^ is taken as the average of the S  parameter measured 
in the energy range from 12 keV to 18 keV and represents the bulk film value. 
The 5^ value of the undoped sample is slightly bigger than that of the annealed 
one. For the lightly Mg-doped as-grown samples #626 and #625 the highest Sfo 
values are observed. With the increase of Mg concentration S^ decreases and the 
shape of the S  curves approaches those of the undoped and the annealed ones. 
The trends of S^ with doping and annealing (increasing with light Mg-doping, 
decreasing when Mg concentration is further increased and becoming suppressed
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after annealing) are very similar to the trends in the strength of the red lumines
cence (shown also in Fig.( 3.3(b)) and of the ODMR signals detected in the red 
spectral region. The first observation of this strong correlation between the PAS 
and the PL/ODMR data thus provides strong support to the red emission being 
associated with vacancy-type defects.

As noted in section III.A, the low-temperature PL results suggest the existence 
of Vca in undoped samples. It has previously been proposed that Mg doping 
reduces the concentration of Vca in GaN [77, 78, 79] and in Mg-doped samples 
is normally lower than in undoped ones. However, in our case the values of S^ 
for all the Mg-doped as-grown samples are higher than for the undoped sample. 
This suggests that a second type of vacancy-related defect must be present. Room 
temperature Hall-effect measurements for the four annealed samples show that 
they axe all of p-type conductivity. The resistivity rises progressively as the 
Mg concentration Nj^ is increased, indicating that the degree of compensation 
in the samples is increased. It is suggested that self-compensation limits the 
hole conductivity in MOVPE GaN : Mg layers and results in a decrease of the 
hole density after reaching a maximum value pmax «  6 x 1017cm- 3  at ~  
2 x 1019cm-3  [80]. Although was not measured directly in our samples, it is 
estimated to be of the order of 102Ocm-3  for the heavily doped sample (#623). 
Hence, self-compensating donors probably exist in reasonable amounts in our 
samples.

Several studies have suggested that Vn — Mgca complexes contribute to the elec
trical compensation of Mg [49, 53, 55, 80], The defects exist in a neutral charge 
state under most conditions and the concentration is predicted to be independent 
of the Fermi level [56]. For the as-grown Mg-doped samples, although Hall-effect 
measurements are not possible due to the high resistivity of the samples, the 
dominant PL bands switch from 3.3 eV to 2.8 eV as the Mg concentration is in
creased, also indicating the increase of compensating donors. We then conclude 
that Vn — Mgca centers exist in both as-grown and annealed Mg-doped samples 
and their concentration increases with Nj^.

If Vn — MgGa were the only vacancy-related defect detectable by PAS measure
ments in the as-grown samples S^ should have increased rather than decreased
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at larger Mg concentration. Therefore, Vca and/or related complexes must also 
be present in rc-type GaN since in such specimens decreases with increasing 
Mg-doping [81]. Theoretical calculations have shown that the formation energy 
of VGa is increased as the Fermi level moves further away from the conduction 
band towards the valence band [18, 17]. If both Vn — Mgca and Vca are the 
defect centers associated with the red luminescence the experimental results can 
be interpreted as follows. In the undoped sample the Fermi level is between the 
EM and the deeper donor levels. Both Voa and Vn can be present in reasonable 
amounts while the Vn centers escape detection by positrons because of their posi
tive charge states. In the lightly doped samples #  626 and #  625 the dopants are 
either passivated by H atoms [75, 82, 83] or form Vn — MgQa centers. Hence the 
Fermi level is hardly affected and the concentration of Vca remains high. The 
neutral (V n  — Mgca) and negative charged (Vca) vacancies detected by PAS 
measurements reach a maximum. The red luminescence channel is switched on, 
with recombination involving the deeper donors ( V n — Mgca) and deep acceptors 
(VGa). With further increase of Mg dopant the concentration of Vn — Mgca con
tinues to increase. The complex is neutral and does not contribute to the carrier 
concentration itself. The Fermi level moves towards the valence band as a result 
of the increased contribution of the MgQa centers. The formation energy of Vg& 
is increased and its concentration decreases, leading to the decrease of the inten
sity of the red luminescence. The change of S^ is dominated by that of the Vca 
concentration. The overall behaviour is such as to cause the S^ parameter and 
the intensities of the red PL and the associated ODMR spectrum to pass through 
the observed maxima. After thermal annealing the samples turn to p-type. The 
formation energy of Vca is above 5 eV in p-type GaN under nitrogen-rich condi
tions [17] and hence they cannot occur in appreciable concentrations. Therefore 
the red luminescence is suppressed and S^ decreases further. Studies show that 
Vn — MgGa. complexes still exist after thermal annealing [53, 80] and they are 
probably associated with the 2.8 eV luminescence band from the annealed sam
ples.
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3.4 Discussion

The findings of our experiments can be summarized as follows: (i) the ODMR 
data from the red emission point to a recombination process involving electrons 
from both EM and deeper donors with holes from deep acceptors; (ii) the PAS ex
periments, together with those of previous studies, show that there are two types 
of vacancy-related centers in GaN : Mg and that these are likely to be gallium va
cancies (VGa) (or complexes involving gallium vacancies) and complexes formed 
from nitrogen vacancies associated with substitutional magnesium (V n  — MgGa), 

the charge states being either negative or neutral; (iii) that the concentrations 
of these defects are correlated with the strengths of the red emission and the 
associated ODMR signals.

The implication of these results is that both the deeper donor and the deep 
acceptor signals are vacancy related. In the case of the deep acceptor, the evidence 
points to it being formed by the gallium vacancy, which would be expected to be 
negatively charged and thus to act as a positron trap. In the optically-excited 
magnetic state observed in the ODMR spectrum, the vacancy would be expected 
to contain an odd number of holes and thus to be VQa or (in the Sonder- 
Sibley [84] notation, we write these as [3h+]ca and [1i+]q~ respectively). Following 
recombination, it would become Vqs or Vq~ ([2h+]Qa and [ ]q” respectively). It 
is also possible that the deep acceptor is formed from an association between a 
gallium vacancy and an oxygen ion [72].

The identification of the deeper donor state is more problematic. The suggestion 
that it is a nitrogen vacancy - magnesium associate was discussed in Ref. [49] 
and evidence for the existence of such a center was provided by more recent 
positron studies [55]. The ODMR signals are described by a spin of 1/2, and the 
^-values are consistent with electrons which are in donor-like orbits. The ODMR 
thus leads to a model in which the electron responsible for the ODMR signals is 
trapped in a donor-like orbit by a defect that should have a net positive charge.

In contrast, in order to trap the positrons, the complex needs to be in the neutral 
(or the unlikely negative) state. The neutral state, in the Sonder-Sibley notation, 
can be written
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([[ } 3n+  + [Mg2+]5J2+ +  2e-)°,

in which the two electrons are presumed to be in donor-like orbits. Since these 
electrons are spin-paired, the neutral deeper donor state (which we write as DD°) 
will be non-magnetic and will not lead to ODMR signals. To reconcile these 
results requires the involvement of a third center. The ODMR spectra show that 
the usual EM  donors are also present and we assume that in their neutral state 
(which we denote by D°) they contain only one electron (and therefore in this 
state are magnetic). We can now envisage the following sequence of events. The 
starting point is:

(i) D+ + DD°(U)e +  A".

Here we assume that the Fermi level lies between the EM and the deeper donor 
levels; this would be consistent with the high resistivity of the (as-grown) spec
imens. The symbol A represents the deep acceptor that is involved in the red 
emission, assumed to be ionized. The arrows indicate the spin states of relevant 
electrons. Photo-excitation results in transfer of an electron from the acceptor 
state to the EM donor. If thermalization occurs, this results in neutral EM donors 
and neutral acceptors in the following spin states :

(ii) D°(J.)e +D D °(t|)e +  A°(t)».

If the red emission is due to recombination between electrons from EM or deeper 
donors with holes from deep acceptors there are now two possibilities. First, 
the electrons from a EM  donor could recombine with the hole. If we assume a 
selection rule in which recombination only between electrons and holes of the 
same spin direction leads to strong emission, then recombination between the 
thermalized electrons from the EM donor and the thermalized holes from the 
deep acceptors is restricted. However, if either spin were to be flipped, the PL 
would be enhanced (thus leading to the EM donor and deep acceptor ODMR 
signals). Following this recombination process, the system returns to stage (i).

The second possibility, involving recombination between electrons from the deeper 
donor and holes from the deep acceptor, is not restricted by the spin selection
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rules and would lead to

(iii) D°(4-)e “I- DD+(4')e A ,

It is the next stage that is sensitive to magnetic resonance of the deeper donor: 
it involves a transfer of an electron from the EM to the deeper donor (a process 
sometimes referred to as “feeding”). Since in stage (iii) the spins of both donors 
are parallel, the feeding is inhibited. However, magnetic resonance, which flips 
the spin, would result in either

(iv.a) D °(|)e +DD+(t)e + A" or

(iv.b) D°(t)e +D D +(|)e + A-.

In either case, the feeding process from D° to DD+ can now occur, leading back 
to the starting state (i) and thus speeding up the cycle, enhancing the PL inten
sity. It is also apparent that magnetic resonance in the neutral acceptor state 
could enhance recombination involving the EM donor at stage (ii). Since the red 
PL consists of a very broad band, it is not possible to distinguish between the 
recombination processes involving the EM and the deeper donors.

The sequence would lead to the following characteristics. In the ODMR spectra 
obtained by monitoring the red emision there would appear PL-enhancing signals 
from both the EM and the deeper donors; in particular, it would provide a mecha
nism by which the deeper donor could be detected by ODMR despite the fact that 
its (two-electron) neutral state is non-magnetic. It would explain the simultane
ous appearance in the ODMR spectrum of the enhancing signal due to the deep 
acceptor. Further, since the red recombination process is in competition with the 
violet and blue PL processes (which involve shallow magnesium-related accep
tors), the appearance of the shallow acceptor signals as luminescence-quenching 
features is also accounted for.

A one-electron energy level diagram which summarizes the conclusions is shown 
in Fig. 3.4. The diagram is similar to those in Refs. [49] and [51] , except that 
the difference in the energies of the EM and deeper donor states in our case needs
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F igu re 3.4: Schematic diagram for the recombination process giving rise to the red, blue and 
violet bands of GaN.

to be much smaller than the 250 meV proposed in the former reference (this is 
since, in our case, the emission involving both EM and the deeper donors leads to 
red emission). We note also that we take the MM1 center to be a deep acceptor, 
in agreement with the scheme shown in Fig. 5 of Ref. [51] (but in contrast to 
the assignment in Ref. [50]). The diagram is almost certainly oversimplified and 
should be viewed with caution, since donor and acceptor levels other than those 
shown are likely to be present. Further, there is strong evidence that the depth of 
the “shallow” acceptors (presumed to be formed by substitutional magnesium at 
gallium sites) is affected by Jahn-Teller effects and by the influence of strain and 
other nearby defects [85], so that it is represented in the diagram by a range of 
energy levels. As noted above, our results point to an electron “feeding” process 
from the EM to the deeper donors and it is interesting to note that such a process 
has previously been invoked to account for the temperature dependence of the 
red emission [50]. The dynamical behavior of this system of competing processes 
when magnetic resonance is stimulated in one of the levels is very complicated 
and requires a rate equation analysis which will be present in Chapter 6 .
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Attempts have also been made to explain the PAS and PL/ODMR data by a 
single type of vacancy related defects, i.e., either Vca related or Vn — Mgca- If 
VGa related centres are indeed the defects observed in the positron studies, to 
account for an increase in the number of Vca related centres at low levels of Mg 
doping, one would expect that the Fermi level moves towards conduction band at 
low Mg precursor flow rate. In other words, light Mg doping should increase n- 
type conductivity. This trend, however, was neither directly observed in our Hall 
measurements (sample #621 and #626 are both highly resistive in our measure
ments), nor reported by other workers. Furthermore, in our PAS measurements, 
the S  parameter of the annealed sample #626A is just slightly smaller than that 
of the undoped sample #621. This minor decrease in S parameter is, however, 
not in scale with the difference of Fermi level positions between the two samples, 
since sample # 6 26A shows clear p-type conductivity. Theoretical calculation 
suggests that the formation energy of Vca increases nearly linearly with Fermi 
level moving further towards valence band. We would therefore expect a much 
more dramatic drop of S  parameter for #626A.

Another Vca related defect under consideration is a centre that Vca is associated 
with H in the undoped sample (and thus positrons cannot detect the complex). 
At low Mg precursor flow rate, as the induced Mg acceptor is more ready to asso
ciate with H, H is dissociated from Vg& and the vacancy can then be detected by 
PAS. As the Mg flow rate is increased, the Mg ions will tend to occupy Ga sites 
and a reduction in vacancy concentration is expected, as observed. The main 
problem with this model is that, since H is the main contaminant in MOVPE 
grown samples, the amount of H ions should be enough for them to be associ
ated with both Vca and Mg acceptors. Furthermore, in n-type GaN, Vca and 
associated complexes have been observed and studied extensively by PAS [63]. 
Therefore the Vca-H centre is unlikely to exist in the undoped sample. Addition
ally, there is very strong evidence from previous positron studies that V n  — Mgca 
is indeed formed in Mg-doped GaN. We therefore eliminate the possibility of the 
VGa centres as the only type of vacancy related defects.

The supposition that the positron data can be accounted for by Vn — MgGa 
alone is also problematic. Since the deep donor involved in the red band exists 
before and after annealing (reported in Chapter 5), the vanishing of the red PL
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has to be associated with the elimination of the deep acceptor. The recombi
nation process involving Vn — MgGa as an acceptor-like defect can be envisaged 
as D° + [V^+ — MgQa +  e“]+ — > D+ +  [V^+ — Mg^a + 2e"]°. Here the complex 
can be regarded as a very deep double donor, which when it is in its singly 
ionised state contains one unpaired electron which leads to the ODMR signal 
with g = 2.003. The ODMR signal with g =  1.962 is associated with an uniden
tified relatively shallow donor. However, under most circumstances, except when 
the Fermi level is very close to the valence band, Vn will be in the 1-f- state, 
and Vn — MgGa will be neutral. The transition level between 3+ and 1+-charge 
states of Vn occurs at 0.59 eV above the VBM [16] (0.16 eV [24] and 0.39 eV 
[8 6 ] in earlier calculations) and therefore, it is unlikely that the 3 + state of Vn 
exists in our as-grown samples. The formation energy of the Vn — MgGa centre 
is thus independent of the Fermi level and the increase in the concentration of 
the centre with Mg doping is expected. It is contrary to the gradual fall of the S 
parameter with Mg doping. We are thus forced to rule out a model in which all 
the data are accounted for by the presence of Vn — MgGa complexes.

3.5 Conclusions

Epitaxial GaN layers have been studied using PL, PAS and ODMR for the first 
time. We find that the change of the low momentum S  parameter with Mg con
centration and annealing is correlated with the behavior of the PL and ODMR 
signals in the red region, indicating that the red luminescence is vacancy-related. 
The experiments lead to the conclusion that the red emission is due to recombi
nation between electrons from both EM and deeper donors with holes from deep 
acceptors and point to the deeper donors being Vn — MgGa and the deep accep
tors VGa (or related complexes). To account for the role of the deeper donors 
(which in their neutral state are non-magnetic) in the ODMR process, a feeding 
process involving transfer of electrons from EM donors is found to be necessary, 
the ODMR signals from the Vn — MgGa being due to an ionized state in which 
an unpaired electron is present.
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Chapter 4

O D M R  of M g-doped GaN in the  
green spectral region

4.1 Introduction

In this chapter we report the observation of an extraordinarily strong ODMR 
signal in unannealed GaN : Mg detected in the green region of the spectrum.

4.2 Experim ental D etails

The MOVPE grown Mg doped sample with the lowest Mg concentration (#626) 
is investigated. The sample is unannealed. The growth conditions and details of 
the sample can be found in Chapter 3. The ODMR measurements were carried 
out in 14 and 34 GHz systems which have been described in Chapter 2 . Optical 
excitation of the ODMR was provided by a multi-line UV argon ion laser (dom
inant lines at 351.1 and 363.8 nm). The microwave excitation was chopped at 
low frequencies (typically ~600 Hz). For experiments with 100 GHz microwave 
excitation, a non-resonant cavity was used and the maximum power generated 
by the microwave source was ~  35 mW. In order to record the wavelength de-
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an as-grown GaN : Mg sample grown by MOVPE with a Mg precursor flow rate of 75 seem 
(sample temperature 1.9 K; UV argon ion laser excitation).

pendence of the PL (in which case the UV excitation laser beam was chopped 
mechanically) or the ODMR signals, a single-grating spectrometer of 0.5 m focal 
length was used instead of the edge filters.

4.3 Experimental results

For the ODMR experiments, the PL was monitored in the wavelength range 500 
to 550 nm (2.25 to 2.48 eV); the spectrum of the PL emission including the 
wavelength region relevant to ODMR is shown in Fig. 4.1(b). In Fig-. 4.1(a),
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we show the magnitude of the new ODMR signal as a function of wavelength 
(detected as the magnetic field set at the one of the ODMR signal positions with 
microwave excitation), indicating that it arises principally from a spectral region 
where the PL is relatively weak. However, it is shown in Fig. 4.1(a) that the 
same ODMR signal can also be detected within the wavelength range of the well- 
known donor-acceptor pair emission (400 to 450 nm) where the ODMR signal 
represents, however, a much smaller fractional modulation of the PL.

In Fig. 4.2 we show the 13.75 GHz ODMR spectra of the sample over a wide 
magnetic field range, from zero to 1 Tesla, as a function of the angle between 
the sample c-axis and the direction of magnetic field. The spectra are shifted 
vertically for clarity and the signals in each case are close to zero at the right 
hand side of the figure; for these spectra, the background signal detected away 
from microwave resonance conditions was relatively very small. A pronounced 
anisotropy of the signals was observed. Several extremely broad and intense 
bands are seen, at magnetic fields of 0.15, 0.46 and 0.86 Tesla at B\\c. Although 
quite clear shifts in position are observed, the width of the signals means that it 
is difficult unambiguously to extract details of the spin Hamiltonian from these 
measurements. We therefore recorded spectra with microwave excitation at 34 
GHz and results are presented in Figs. 4.3 and 4.4; we shall also show that the data 
obtained with microwave excitation at 100 GHz provide additional confirmation 
of our model later.

The spectra are normalized to similar peak heights in order to emphasize their
shifts in magnetic field, but we note that the strength of the signals increases
dramatically as the sample is rotated with respect to the magnetic field. These
bands are particularly strong for the sample with the lowest Mg concentration,
but we do not observe such signals in samples grown in the same MOVPE system
but without Mg doping. GaN : Mg samples supplied by other groups and grown

%
either by MBE or MOVPE have also been investigated and axe often found to 
show similar signals as well; the reasons for the dependence in strength of the 
signals on sample properties will be considered later in this chapter (4.6).

As can be seen in Fig. 4.3, the higher microwave frequency shows all the features 
already seen but allows a significantly better resolution. In particular, the peak
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Figure 4.2: Angle-dependence of the ODMR spectra in the green spectral region of an as- 
grown GaN : Mg sample (Mg precursor flow rate 75 seem). The microwave frequency was 13.75 
GHz and the sample temperature was 1.9 K; the angles between the magnetic field and the 
normal to the sample are indicated on the figure. The spectra have been normalized to similar 
peak heights.
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observed in the uppermost trace of Fig. 4.2 at about 0.15 Tesla is now clearly 
resolved into two components (at about 0.6 and 0.8 Tesla for the corresponding 
top trace of Fig. 4.3). A sharp signal is also observed at, for instance, 30° and 
40° as a negative-going feature at 1.2 Tesla that coincides approximately with 
a dip between two broader, converging signals. It corresponds to a ^-factor of 
1.96±0.001 and is assigned to the well-known shallow donor often observed in 
GaN : Mg [67]. The spectra are again normalized in order to display the variation 
of position with angle, but the improving signal-to-noise ratio from 0° to 90° 
indicates the rapid increase in intensity with angle.

4.4 Spin Hamiltonian model

The principal new features of the ODMR spectra presented above are four bands 
in the Faraday geometry, converging to three in the Voigt geometry (for example, 
the top and bottom traces of Figs. 4.2 and 4.3 respectively). Since the experimen
tal conditions (detection wavelength range, Mg doping level and annealing state) 
under which these signals are observed are correlated, they arise from the same 
defect centre. The observation of four microwave-induced transitions between 
spin states requires at least four distinct spin states to be involved (though more 
states may in principle be involved if the selection rules for microwave absorption 
or any population effects prevent some transitions from being observed).

The simplest possibilities to be considered are therefore either a centre having J  = 
3/2 or an exchange-coupled pair of S  =  1/2 centres J  =  S'® 5  =  1/ 2 0 1 / 2  =  0,1, 
with the requirement that the exchange coupling is close enough in magnitude to 
the microwave quantum energy that both J  =  0 and J  — 1 levels can contribute 
to the observed signals. We can rule out the former possibility, J  — 3/2, because 
of the observation of the half-held line at around 0.58 Tesla in Fig. 4.4, which 
can only be associated with an overall integral spin.
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The general spin Hamiltonian appropriate to the second case is as follows [87],

H  =  ^ 2  (dUVBBiCFii +  g2iVBBi(T2i 4  Ai<ru ■ 02i)> (4.1)
i= x ,y , z

where <j\  ̂ are the S — 1 /2  spinors, the first two terms represent the Zeeman 
terms for the two 5 = 1 / 2  centres with anisotropic gyromagnetic ratios and 
a magnetic field B and, in the third term, A  is the strength of the exchange 
interaction, allowed here to be anisotropic. Using this Hamiltonian, we are able 
to obtain a good description of the angle-dependence of the ODMR transitions, 
as shown by the solid lines in Fig. 4.4. However, there is some ambiguity in the 
determination of the parameters gi^i and and, in particular, in their relative 
signs. In order to understand this, it is useful to consider the solutions to the 
Hamiltonian of Equation 4.1. We define the angle 0 to be the angle between the
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magnetic field and the crystallographic c axis. The energy levels in the Faraday 
geometry (0 = 0) are then given by Equation 4.2. In the Voigt geometry (6 = 7r/ 2  

and B defined to be along the x direction), a similar expression for the energy 
levels holds, with 2 and x interchanged (equation 4.3):

E{0 = 0) = <
' -1 /4  A ,  ±  1 /4 y /(A ,  +  A y f  +  4f B(glz -  

+1/4 A, ±  1/4y/(Ax -  Ayf  +  +  g2z)2B \
(4.2)

E(0 = n/2) = -
' -1 /4  Ax ±  l /4 y /(A ,  + Ayf  +  4» l (glx -

+1/4 Ax ±  1/4v/(A, -  Ay)2 +  4» l(g lx +  f e )2B2.
(4.3)

We consider first the Faraday geometry. Equation 4.2 shows that, if g\z cz g2z 
and Ax ~  Ay, two of the four levels are dominated by the exchange effects and 
are only weakly dependent on field, whereas the other two levels will depend 
strongly on field, tending to energies of ±l/2nB\giz +  g2z\B at large fields. It 
will be seen in the following that the above conditions do indeed hold. The 
energy level structure of the exchange-coupled centre in the Faraday geometry 
is shown in Fig. 4.5. The ODMR transitions at microwave frequency v =33.57 
GHz are expected to occur at fields B given approximately by hv — 2gzfj,BB, 
hv =  gzfiBB + Az (Az is assumed to be negtive here, as will be discussed below), 
hv =  gzg s B  (two transitions), hv = gz(isB  — Az, as a sequence from low to 
high field; this corresponds to the distribution of signals shown in Fig. 4.4 for 
0 = 0. From the magnetic field of the lowest ODMR transition (the “half-field 
line” at 0.58 Tesla), we can thus deduce that \g\z +g2z\ ~  4.1. The transitions at 
hv = gzg,BB±Az allows us to estimate \AZ\ ~  0.04 meV. From the position of the 
hv = gzg sB  lines, we can obtain another estimate of the sum of the ^-factors, 
\gu + g2z | r\j 4.08. After careful fitting of the whole set of angle-dependent data, 
we find the ^-factors and A  terms axe determined to accuracies of ±0.02 and 
± 0 .0 0 2  respectively.

We now consider the Voigt geometry; a comparison of equations 4.2 and 4.3 
reveals the most interesting feature of the present data. If we assume for the 
moment that all ^-tensor components axe close to ±2 and that Az and Ax have
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T ab le  4.1: Spin Hamiltonian parameters used in the simulation of the data of Figs. 4.4 and 
4.6 via Eq. 4.1.

Parameter X y z

gi 1.948 1.948 1.951
g2 2.030 2.030 2.080

gi + g 2 3.978 3.978 4.031
A j  meV 0.04 0.04 -0.04

the same magnitude and sign, then there is no strong dependence of the ODMR 
transitions on angle, since equations 4.2 and 4.3 become similar. However, 
this situation does not agree at all with the data of Fig. 4.4, where a strong 
angle-dependence is observed. We therefore consider next the case that A z and 
(A*, Ay) have opposite signs. A consequence of this would be that the first term 
of equation 4.3 has neither a strong Zeeman nor a strong exchange component 
and, thus, the two energy levels it represents become close to degenerate (the 
middle two levels at Voigt geometry in Fig. 4.5). The splitting between the other 
two energy levels depends on field (at large field) as fiB\gix +  g2x\B =  2nsgxB, 
leading to two ODMR transitions at B given approximately by hv  =  gxf i s B ± A x 
in addition to the half-field line at hv =  2gxg,sB. This corresponds closely to the 
pattern of signals shown in Fig. 4.4.

It can be seen that, in the Faraday geometry, a crossing of the («/, m j)  =  (1 , 1) 
and (J, mjr) =  (0,0) levels is predicted at around 0.3 Tesla. This has however not 
yet been observed. The figure demonstrates that the magnitude of the exchange 
splitting for this centre is comparable to the size of the Zeeman splittings, in 
contrast to other coupled centres we have observed [8 8] where, due to a stronger 
coupling, the (J, m j) — (0,0) level played no role in the ODMR spectra.

The above approximations in Faraday and Voigt geometries give a starting point 
for the simulation of the data; we find that the fit is not well constrained and 
that, because of the considerable width of the ODMR transitions, several sets of 
fitting parameters give equally good fits to the data. As an example, the set of 
parameters used in the simulation of the ODMR spectra in Fig. 4.4 is summarized 
in Table 4.1. We find that Az and (Ax, Ay) not only have opposite signs, but that
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Figure 4.5: Energy levels on the basis of the model of two exchange-coupled 5  =  1/2 centres 
presented in the text. Magnetic field is applied along (Faraday) or perpendicular to (Voigt) the 
symmetry axis. The microwave transitions (small arrows) at 13.75 GHz (left) and 33.57 GHz 
(right) are also shown.

they have almost equal magnitudes (there is some interplay between the effects of 
the choice of g-values and A  values). The relative signs of the parameters are also 
uncertain: good simulations of the data can be obtained if all axe, for instance, 
positive. The rules the signs must obey can be deduced from Eqs. 4.2 and 4.3 and 
are: if all Ai have the same sign, then either g\x < 0 ; giz,g2x')g2z > 0 or g2X < 0 ; 
9 ix,giz->g2z > o whilst, if Az is opposite in sign to AXtV, then either gix,g2x < 0; 
gizi g2z > 0 or all g are positive. Since the data are described adequately in terms 
of two identical interacting spin 1 / 2  centres, it seems more logical to assume that 
A z is opposite in sign to Ax>y, rather than invoking two different centres, one of 
which must have one negative g component.

A reasonably good fit can be obtained by directly applying the set of parameters 
in Table 4.1 to data obtained at microwave frequency v  =13.75 GHz (Fig. 4.4).
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Figure 4.6: Summary of the peak positions of the 13.75 GHz ODMR spectra of Fig. 4.2 as 
a function of angle between the magnetic field and the sample normal (dots). Also shown are 
fits to the data on the basis of the model of two exchange-coupled 5 = 1 / 2  centres presented 
in the text (solid lines).

As shown in Fig. 4.5, in Faraday geometry, the transition of hv  =  gzHBB +  A z 
happens at lower field than the “half-field transition” at 13.75 GHz; in Voigt 
geometry, similar situations hold for microwave frequencies of both 33.57 GHz 
and 13.75 GHz. The fitting at different microwave frequencies therefore gives 
further support to the exchange-coupled pair model we use.

At 100 GHz, since the sample was placed in a non-resonant cavity, it was possible 
to vary the microwave frequency continuously and thus ODMR signals could be 
obtained at a set of frequencies as shown in Fig. 4.7. The inset to this figure 
shows a typical spectrum; in this spectrum, a negative-going signal implies an 
overall enhancement of the PL intensity on application of the resonant microwave 
field. It is clear that the broad signals found at 35 GHz are again seen, though 
only three peaks are observed. The sharp, positive-going signal is due to the 
isolated shallow donor and the variation of its position in field with the microwave 
frequency is consistent with a ^-factor of 1.951, indicated by the dashed line in
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the parameters in Table 4.1, on the basis of the model of two exchange-coupled S  =  1/2 centres
presented in the text (solid lines). The inset shows a typical spectrum.

Fig. 4.7. The remaining signals arise from the centre seen only in the green PL 
region and the solid lines show the calculated field positions of the transitions 
using the parameters obtained from the fitting of the 35 GHz data (Table 4.1).

4 .5  In terp re ta tio n  o f  th e  sp ec tra

The ^-values obtained from the fit correspond to those of shallow donors and 
shallow acceptors in GaN. The obvious choice for the shallow acceptor would 
be Mg, while several candidates exist for the shallow donor, such as SiGa [68], 
On [69] or Vn — H complex [53]. It indicates that the microscopic origin of this 
luminescence is completely different from the yellow band observed in n-type
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GaN. Similar ODMR signals from yellow emission were reported earlier for Mg 
doped GaN bulk crystals by Bayerl et al [89] and Godlewski et al [90]. The 
signals were explained by spin triplet resonance and tentatively attributed to the 
Mg-0 complex. In Ref. [89], the ^-values used for the fit (gey =  geiL = 1.83,^jj = 
2.18, gh± = 2 .2 2 ) axe close to those obtained here, but the sign of the exchange 
interaction term (described by an axial fine-structure tensor) in [89] remains 
unchanged (Z)y = 0.18cm-1, Dj_ = 0.09qm-1). It was shown in [89] that the 
exchange coefficient is strongly related to the overlap of the coordinate (orbit) 
wave function rather that arising from direct overlap of the electronic wave- 
function. The spin “feels” the local field by means of the spin-orbit coupling. 
The exchange term here is therefore decided by the interparticle distance, strain 
and crystal field, etc. The origin of the remarkable form of the exchange term in 
this investigation is still under study.

4.6 Isotropic signals in the green spectral re
gion

A different kind of broad ODMR signal was detected in the green spectral region 
from samples of various growth techniques and doping profiles and are sum
marised in Fig. 4.8. Unlike the anisotropic signals discussed above, the signal 
positions here show no shift when the direction of the magnetic field is changed 
from being parallel to the sample c-axis to 45° to the c-axis, while part of the 
signals transfer from PL-quenching to PL-enhancing (Fig. 4.8 left). The intensity 
of the line is also highly anisotropic. The maximum amplitude is found with B 
oriented 40° away from the c axis. The signals exist in Mg doped samples grown 
by MBE as well as by MOVPE. Weak signals have also been detected in Si doped 
samples, but Mg may well be a common contaminant in the growth system. The 
signals become weaker after thermal annealing.

The first instinct would be to describe the signals by an exchange-coupled pair 
of £  =  1 /2  centres with isotropic ^-factors and exchange interaction strength. 
The same spin Hamiltonian (Eq. 4.2) will apply, whereas in this case both g 
and A  are numbers instead of tensors. However, a good fit of the fields of the
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Figure 4.8: Left: Angle-dependence of the ODMR spectra in the green spectral region of an 
MBE grown GaN : Mg sample (#  0855). The microwave frequency was 13.748 GHz and the 
sample temperature was 1.9 K; the angles between the magnetic field and the normal to the 
sample are indicated on the figure. The spectra have been normalized to similar peak heights. 
Right: ODMR spectra in the green spectral region of samples of different origins: ( a ) MBE 
grown GaN : Mg sample (#  0855) from Bremen University; ( b ) MBE grown GaN : Mg sample 
(#738) from Sharp Laboratories of Europe Ltd.; ( c ) lightly Mg doped GaN grown by MOVPE 
after thermal annealing; ( d ) sample ( c ) before thermal annealing; ( e ) Si doped GaN grown 
by MOVPE. The microwave frequency was 13.75 GHz and the sample temperature was 1.9 K; 
all the spectra were obtained in Faraday 40° geometry and have been normalized to similar 
peak heights.

transitions could not been obtained. The difficulty here arises principally from 
the differences between the g-value attained from the “half-field line” and that 
from the hv  =  gzg s B  transition and, taking sample #0855 as an example, the 
|gi +  g21 deduced are ~  4.25 and ~  4.64, respectively. It suggests that a different 
model may be required to accounted for the signals. Such broad ^-isotropic signal 
with strong anisotropy of intensity was also reported by Glaser et al [91] on 24 
GHz ODMR for MOVPE GaN : Mg and was attributed to an S >  1/2 defect. 
The origin of the signals requires further investigation.
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4.7 Conclusions

ODMR on the green spectral region of lightly Mg-doped GaN film grown by 
MOVPE exhibits new resonance features. The spectra are dominated by several 
broad (FWHM = 110 - 140) lines. Angular rotation studies of this sample reveal 
that the g-value and intensity are pronouncedly anisotropic. The spectra are 
described by an exchange-coupled pair of S  =  1 /2  centres. Donor and acceptor 

values of gez = 1.951, gex =  gey = 1.948, gnz = 2.08 and ghx = 9hy =  2.03 are 
found. The exchange interaction can be described by a tensor with Az =  —0.04 
meV and Ax = A y = 0.04 meV. This pair is tentatively assigned to a shallow 
donor-Mg complex. A different kind of broad ODMR signal with fairly isotropic 
^-values but highly anisotropic intensity has been detected from GaN samples of 
various origins. However, no direct correlation has been found between sample 
origins and the two types of ODMR signals.
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Chapter 5

O DM R studies o f concentration  
and annealing dependence on 
M g-doped GaN

5.1 Introduction

Although the ODMR technique has been applied by several groups to study 
the recombination process of Mg doped GaN films as a function of Mg concen
tration, almost all the data reported axe obtained after Mg acceptor activation 
[50, 67, 8 8 , 91, 92]. In this chapter, we provide PL and ODMR studies of Mg 
doped GaN samples grown by MOVPE with four different Mg concentrations 
before and after annealing, expecting to achieve better understanding of the an
nealing and self-compensating mechanisms. Systematic and dramatic changes of 
ODMR spectra have been detected with increasing Mg concentration and with 
annealing, indicating that the method is an effective tool to probe this problem. 
It is observed that the annealing process has a similar effect to increasing Mg con
centration in terms of eliminating several competing recombination pathways.
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5.2 Experim ental details

The details of the Mg doped GaN samples were provided in Chapter 3. The 
low-temperature PL system and spectra were also presented in Chapter 3, For 
the room-temperature PL measurements, a Renishaw UV microscope system 
with frequency doubled argon ion laser excitation (244 nm) was used and a high 
excitation density was therefore achieved. Large laser power density on the GaN 
samples raises the local temperature and increases the concentration of the free 
carriers. The ODMR measurements were carried out with microwave frequencies 
in the 14 and 34 GHz bands. Optical excitation of the ODMR was provided by 
a multi-line UV argon ion laser (dominant lines at 351.1 and 363.8 nm). Typical 
microwave chopping frequency was 605 Hz. A description of the ODMR systems 
can be found in Chapter 2 .

5.3 Experimental results

5.3.1 PL

The room temperature PL spectra of the samples with different Mg concentra
tions before and after annealing are shown in Fig. 5.1, the periodic structure 
being due to interference effects. The spectra of Fig. 5.1 are not corrected for 
the spectral response of the measurement system, but the main effect of this 
correction is a displacement of position of the peak of less than 50 meV to lower 
energy for broad PL bands and, obviously, is negligible for sharp peaks. Com
pared with the PL spectra taken at 10.5 K (Fig. 3.1), at room temperature a 
new narrow band at approximately 3.42 eV was observed, which is clearest for 
the samples expected to have the lowest Mg concentrations (as-grown #626 and 
#625). This band is ascribed to free exciton recombination associated with the 
A valence band on the basis of temperature-dependent reflectivity measurements 
[93, 94}. The 3.15 eV and 2.8 eV PL bands at low-temperature shift to 3.25 eV 
and 2.96 eV at room-temperature, respectively. The blue shift of the two bands 
with increased temperature cannot be explained by the energy shift in accor-
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Figure 5.1: Room temperature PL spectra of the GaN : Mg samples grown with different 
Mg precursor flow rates increased from top to bottom before (thin line) and after (thick line) 
annealing.
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dance with the band gap [95], since the band gap decreases when temperature 
is increased, nor by the effect of measurement system response. It is probably 
due to the increase of the excitation laser power from ~  0.3 W cm" 2 at low 
temperature to ~  10 kW cm-2  at room temperature. This behaviour also sup
ports the DAP recombination models suggested for the two bands in Chapter 
3, that they are attributed to shallow donor-to-acceptor recombination and self- 
compensating donor-to-acceptor recombination, respectively. Similar to the low 
temperature spectra, when the Mg concentration is increased the 3.25 eV band at 
room-temperature disappears and the 2.96 eV band becomes dominant; anneal
ing has a similar effect to increasing the Mg concentration. After annealing the 
2.96 eV band dominates the spectra of the samples for all the four concentrations.

It is also observed from Fig. 5.1 that at room-temperature the PL intensity is 
reduced approximately by a factor of 5 for the lowest concentration sample (#626) 
and 2 for the other specimens after annealing. Such behaviour is however not a 
common rule. Annealing for some cases leads to increase of PL intensity but for 
the other cases to decrease or no change in intensity [8 8 , 96, 97, 98].

5.3.2 Concentration and wavelength dependence: as-
grown samples

Fig. 5.2, 5.5, 5.6, 5.7 demonstrate ODMR spectra obtained for as-grown samples 
with different Mg doping levels at different spectral windows here named as violet 
(2.75 - 3.1 eV), blue (2.48 - 2.75 eV), green (2.25 - 2.48 eV) and near-infrared 
(NIR, 1.13 - 1.46 eV). The windows were selected through the use of combinations 
of long- and short-pass filters in front of the detectors. The violet edge is specified 
as mentioned previously (Sec. 2.3) by the necessity of blocking the laser scattering 
light. The infrared edge is specified by the falling edge of the sensitivity of the Si 
APD. For as-grown samples, dramatically different ODMR spectra were obtained 
for a sample of a certain Mg concentration from different detection windows as 
well as from a certain window with increase of the Mg concentration. It indicates 
that different recombination models should be used to interpret various PL bands 
in the GaN samples and the mechanisms change with Mg concentration.
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Figure 5.2: ODMR spectra at 13.76 GHz obtained from the PSD in-phase (Ix, a) and 
quadrature-phase (Iy, b) channels on the violet (2.75 - 3.1 eV) spectral region for samples 
#626, #625, #624 and #623, with different Mg concentrations increasing from #626 to #623. 
The arrows indicate the values at B||c obtained using a Lorentzian multipeak fitting procedure 
and corresponded to the resonances indicated by the vertical lines.

5.3.2 .1  Violet(2.75 - 3.1 eV)

The phase sensitive detector (PSD) that we used in our ODMR measurements ex
tracts the Fourier coefficient of the sinusoidal wave in-phase (Ix) and quadrature- 
phase (Iy) with the microwave excitation. The overall ODMR signals can be 
expressed as I(u;) =  Ixsinut -f Iycosiut, where u) is the microwave chopping fre
quency and Ix and Iy are experimental measurables. For samples #626 and 
#625, the spectra obtained from Ix are dominated by four PL-quenching ODMR 
signals near the g =  2 region (Fig. 5 .2 . In these and all the following spectra, a 
positive-going signal implies an overall enhancement of the PL intensity on appli
cation of the resonant microwave field). The peak positions can be obtained by 
fitting the spectra with Lorentzian shape lines and the g-value of each signal can 
thus be worked out through the equation hi/  =  gBgB.  The dependence of the 
spectra of sample #626 on the angle between the sample c-axis and the magnetic

63



field is shown in Fig. 5.3. All the four signals can be fitted by an effective spin 
of 1 /2  using the simple equation g(0) =  * ghcos20 4 - g^sin2#:

(i) anisotropic signal with g\\ = 2.103 ±0.003 and g± = 1.98 ±0.01 (FWHM = 
12 mT), attributed to shallow Mg acceptor [67]. The linewidth at B||c is 
the same as that obtained from the 9.5 GHz EPR measurement (~  12 mT) 
in Ref. [67], but it is approximately two times smaller than that obtained 
from 24 GHz ODMR measurement in the same work (~  27 mT).

(ii) anisotropic signal with py = 2.045 ±  0.005 and g± = 2.040 ±  0.005 (FWHM 
= 14 mT). It is similar to the signals tentatively attributed to Mg-related 
or induced deep centers or severely perturbed shallow Mg-acceptors [52, 67, 
90, 99]. It is possible that the anisotropy of the signal is averaged out due 
to random lattice distortions and therefore, the properties of the acceptors • 
will not reflect the symmetry of the uppermost valence band.

(iii) isotropic signal with g\\,g± =  2.003 ±0.003 (FWHM =  5 mT). The g-value 
and linewidth are very close to the deep level centre MM1 (g = 2.001, 
FWHM =  4 - 5  mT [51, 52]). According to Ref. [51] the MM1 signal 
is exclusively detected from the red luminescence band, but in this study 
the MM1 signal is observed from the violet and the blue regions as a PL- 
quenching signal, as well as from the red region as a PL-enhancing one 
(Fig. 5.2, 5.5, 3.2), indicating that the role of the defect centre involved 
in the recombination process changes. In Chapter 3 the chemical origin of 
this signal has been comprehensively discussed and it is attributed to Ga 
vacancies or related complexes.

(iv) anisotropic signal with g\\ =  1.966 ±  0.005 and g± =  1.956 ±  0.005 (FWHM 
=  15 mT), assigned to a deep donor in this work.

The quenching nature of the four magnetic resonance signals indicates that they 
are from levels that are involved in recombination processes that are in compe
tition with the PL being monitored and, therefore, appear as decreases in the 
emitted intensity. These competitive recombination processes should probably 
have longer recombination lifetimes than the direct monitored processes, i.e., the 
2.8 eV PL band and the tail of the 3.15 eV PL band, since the two bands dominate
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F ig u re  5.4: Schematic diagrams illustrating that the recorded waveform contains information
on both PL-quenching and PL-enhancing signals, which can be separated into Ix and Iy by 
choosing a suitable microwave chopping frequency or phase of the PSD.

the PL spectra and to give strong radiative emission the transition possibilities 
between the defect levels should be high. The waveform of the PL intensity as a 
function of time under resonance condition with microwave excitation switched 
on and off can be recorded by an averaging oscilloscope. If we imagine that in the 
situation that two magnetic resonance signals are partly overlapped, when the 
magnetic field is set at the peak of one signal, the recorded waveform probably 
contains information on both signals. As illustrated schematically in Fig. 5.4a, 
the recorded waveform in the present study contains information on both PL- 
quenching and PL-enhancing signals, and it can be further regarded as the sum 
of the quenching waveform and the enhancing waveform. At a relatively low 
microwave chopping frequency, the enhancing waveform, related to a shorter re
combination lifetime, contributes mainly to the transient part of the recorded 
waveform and the quenching one to the plateau. The recorded waveform is, at 
the same time, the input of the PSD. At low chopping frequencies, Ix is not 
particularly sensitive to the transients part of the waveform, which occur close 
to the zero-crossings of the reference sine wave. Iy, on the other hand, should 
be sensitive to the transient of the waveform (illustrated in Fig. 5.4b, c). We
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can therefore separate the PL-quenching and PL-enhancing signals by choosing a 
suitable microwave chopping frequency or phase of the PSD. In the present study 
with a microwave chopping frequency of 605 Hz and phase of 0°, the two types of 
signals can be relatively well separated into Ix and Iy. Two PL-enhancing signals 
are obtained from Iy:

(v) anisotropic signal with g\\ = 2.08 ±  0.01 and g± «  2.0 (FWHM = 13 - 
18 mT). It is similar to the Mg-related signal reported by several groups 
[59, 67, 8 8 , 91, 92, 100, 101, 102]. It is also suggested that the ^-values 
of the Mg acceptors vary with different Mg concentrations in the range of 
<7|l from 2.102 to 2.065 and g± from 1.94 to 2.00 [92], Such deviation of 
the Mg-acceptor ^-values are also observed in this work with different Mg 
concentrations and with different detection windows (see Sec. 5.3.3) and it 
is comprehensively discussed in Ref. [85].

(Y1) =  1*967 ±  0.005 (FWHM = 21 mT) is similar to a signal attributed
to deep donors in this work,

In Chapter 6 , calculations based on a rate-equation model suggest that the in
tensity of the quenching signal is proportional to the laser excitation power. This 
correlation is observed here, as it is shown on Fig. 5.2 (dotted line), when the laser 
power is reduced from approximately 10 Wcm~ 2 to 0.5 Wcm-2  the PL-quenching 
signals axe replaced by the two PL-enhancing signals very similar to signals (v) 
and (vi) with g\\ =  2.086 (FWHM = 30mT) and g\\ =  1.961 (FWHM =  24 mT), 
respectively.

The Ix signal for sample #625 exhibits similar PL-quenching features in the violet 
region to sample #626, with some redistribution of the relative intensities of the 
signals that make up the spectrum. The acceptor-like signals become relatively 
stronger. The spectra from the violet region of samples #624 and #623 become 
complicated. This is because the quenching signals become weaker. The situation 
is further complicated when detecting in this region because the detection window 
cover different PL bands, some of which are enhanced and others quenched by 
the magnetic resonance. These spectra are similar to those obtained in Ref. [8 8 ] 
for an as-grown sample with similar Mg concentration at the microwave chopping
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F igure 5.5: ODMR spectra at 13.76 GHz obtained from the PSD in-phase (Ix, a) and 
quadrature-phase (Iy, b) channels on the blue (2.48 - 2.75 eV) spectral region for samples 
#626, #625, #624 and #623 with different Mg concentrations increasing from #626 to #623. 
The arrows indicate the g -values at B||c obtained using a Lorentzian multipeak fitting procedure 
and corresponded to the resonances indicated by the vertical lines.

frequency of 605 Hz. One possible explanation of the decrease of the quenching 
signals is that there is a decrease in the concentration of one or more of the defect 
centers giving the quenching signals (especially one of the donors (vi) and the 
MM1 center). This could be a result of the incorporation of the Mg dopant or 
a change of the Fermi level with Mg doping. The intensities of the Mg acceptor 
signal (v) and of the deep donor signal (vi) detected from the Iy channel both 
increases, while exhibiting no change in their ^-values when the Mg concentration 
is increased.

5.3.2 .2  Blue (2.48 - 2.75 eV)

For sample #626 in the blue region (Fig. 5.5) signals (i) and (iv) become much 
weaker and signal (ii) disappears. The spectrum of sample #625 becomes com
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plicated, involving a PL-enhancing signal (<7|| =  1.956 ±  0.001, FWHM =  20 
mT) (vii) assigned to the well-known shallow donor often observed in GaN : Mg 
[67]. Due to the unresolved signal (vi), the linewidth of signal (vii) is larger 
than it should be for the shallow donor signal (also reported in Sec. 5.3.2.6). 
Samples #624 and #623 demonstrate only two PL-enhancing signals (v) and 
(vii) discussed above. The ratio of the integrated intensities of these signals is 
Id / I a ~  10 — 1 1 , where Ia and Id  correspond to the intensities of signals (v) and 
(vii), respectively. The spectra from Iy are very similar to those obtained in the 
violet spectral window: PL-enhancing signals (v) and (vi) axe detected and the 
intensity of the signals increases with Mg-doping. The shallow donor signal in 
the present study is detected exclusively from Ix, indicating that the signal has 
a different dynamic behaviour from signal (vi).

It can be concluded at this point that signals directly involved in the emission 
detected from the violet and blue windows are deep donors (vi) and Mg acceptors
(v).

5.3.2.3 Green (2.25 - 2.48 eV)

Broad ODMR spectra were observed from the green spectral region with three 
asymmetric signals (viii), each with FWHM = 110 - 140 mT peaked at 0.15 
T, 0.46 T and 0.86 T at B||c, respectively (Fig. 5.6). Weak traces of the PL- 
quenching signals around g of 2  region are still observable for sample #626 and 
#625. For samples #624 and #623, the sharp shallow-donor signal (vii) at 0.50 
Tesla, appearing as a positive-going signal still remains. Wavelength, angular, 
and microwave frequency dependencies of the spectra have been comprehensively 
investigated in Chapter 4 and the spin Hamiltonian has been determined. Pos
sible microscopic models have also been discussed. Increasing Mg-concentration 
leads to the decrease of the intensity of the broad signals, shown as a decrease of 
the signal-to-noise ration for sample #624 and #623.
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Figure 5.6: ODMR spectra at 13.76 GHz 
obtained from the green (2.25 - 2.48 eV) spec
tral region for samples #626, #625, #624 
and #623 with different Mg concentrations 
increasing from #626 to #623. The arrows 
indicate the g-values at B||c obtained using 
a Lorentzian multipeak fitting procedure and 
corresponded to the resonances indicated by 
the vertical lines.

5.3.2.4 Red (1.77 - 1.91 eV)
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Figure 5.7: ODMR spectra at 13.76 GHz 
obtained from the NIR (1.77 - 1.91 eV) spec
tral region for samples #626, #625, #624 
and #623 with different Mg concentrations 
increasing from #626 to #623. The arrows 
indicate the <7-values at B ||c obtained using 
a Lorentzian multipeak fitting procedure and 
corresponded to the resonances indicated by 
the vertical lines.

The origin of the red emission has been extensively discussed in Chapter 3. The 
ODMR spectra of the as-grown samples have been reported in Fig. 3.1. Signal 
(iii) that is PL-quenching in the violet and blue regions becomes PL-enhancing 
in the red region, while signals (i) and (ii) remain PL-quenching. Furthermore, 
the asymmetric PL-quenching feature for sample #626 and #625, which comes 
from the overlap of signals (i) and (ii), becomes more symmetric for sample #624 
and # 6 2 3  with g\\ =  2 .073 . At the high field side of signal (iii) the other two 
overlapping luminescence-enhancing resonances are observed, which are both 
a ttributed to donors and are better resolved in the measurements performed at 
34 GHz (reported in Sec. 5.3.2.6). The red PL becomes weaker when the Mg
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concentration is increased (Fig. 3.1). The ODMR signals also decrease, exhibited 
as a reduction of the signal-to-noise ratio.

5.3.2.5 Near-infrared (NIR) (1.13 - 1.46 eV)

The NIR ODMR spectra for the as-grown samples axe shown in Fig. 5.7. The 
g\\ =  2.105 (i) and g|| =  2.045 (ii) signals now become PL-enhancing for samples 
#626 and #625. Additionally there appear two new signals:

(ix) PL-quenching signal with g\\ =  1.94 ±t).01 and FWHM = 15-25 mT from 
sample #626 (g\\ =  1.93 ±  0.01 and FWHM =  20-25 mT from sample 
#625). The ^-values are similar to those reported from InGaN/GaN LED 
structures (g\\ =  1.926,1.934,1.940) [103] and attributed to shallow donor 
or conductive electron g-values.

(x) isotropic signal with g\\,g± = 2.005 (FWHM = 16-17 mT). It is similar to 
the MM2 deep defect centre (g =  2.006, 18 - 32 mT) detected from the PL 
< 1.9 eV [51].

The NIR PL band is therefore a transition from deep defects (MM2) to Mg ac
ceptors. It competes with shallow donors (or conduction band electrons) involved 
transitions.

In the NIR region sample #623 with the highest Mg concentration demonstrates 
no GaN : Mg related ODMR signals. Instead two previously unreported signals 
from the sapphire substrate are observed:

(xi) isotropic signal with g\\,g± = 2.17 ±  0.005 (FWHM = 20-23 mT), PL- 
enhancing.

(xii) isotropic signal with g\\,gj. =  2.131 ±  0.003 (FWHM =  4 mT), PL- 
quenching.
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Neither of the two signals is related to the Cr3+ line at 6934 A since the signal 
is much stronger from the NIR region than from the red region. Previous study 
shows that the ̂ -values for the Cr3+ line are gry =  (—)2.445±0.001 and \g±\ < 0.06 
[104].

The signals (xi) and (xii) are also detected from sample #625 and #624. Sample 
#626 with the lowest Mg-concentration demonstrates strong ODMR signals from 
the GaN : Mg layer in the NIR region, therefore the signals from the sapphire 
substrate are negligible. The origins of the signals from sapphire substrate are 
still unclear.

5.3.2.6 34 GJIz

The ODMR results obtained by using the 34 GHz microwave system for sample 
#626 from the red and the violet regions are shown in Fig. 5.8. With improved 
spectral resolution, the shallow donor signal (vii) with gy =  1.952 d= 0.003 and 
FWHM = 8-10 mT is resolved in both regions. From the red region, the deep 
donor signal (vi) (gy =  1.967 ±  0.005, FWHM =  33 mT) is also resolved. At 34 
GHz the linewidth of signal (vi) is ~  1.5 times larger than it is at 14 GHz. From 
the violet region, signal (i) also reveals roughly two times larger linewidth at 34 
GHz (pj| =  2.087 ±  0.005, FWHM = 37 mT). It is well known that a resonance 
signal broadens proportionally to the increase of microwave frequency, if the 
following two conditions are met: (i) its width is mainly due to inhomogeneous 
broadening; (ii) the inhomogeneous broadening arises from variation in g-values, 
and hence the centres are sensitive to strain. It is therefore suggested that both 
signal (i) and (vi) are inhomogeneously broadened.

With improved resolution, at 34 GHz two additional PL-quenching signals exist
ing as shoulders of the MM1 signal are resolved. By fitting the violet spectrum 
with Lorentzian shape lines, their ^-values are obtained:

(xiii) <7y =  2.017 ±  0.005 (FWHM =  16 mT), similar to the signal assigned to 
Mg-related deep defect (gy =  2.02 ±  0.005, g± = 2.00 ±  0.005, FWHM = 35
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Figure 5.8: ODMR spectra at 33.56 GHz detected on the violet (2.75 - 3.1 eV) and red (1.65 
- 2.07 eV) spectral regions for as-grown sample #626, B||c. The arrows indicate g -values. The 
spectra were decomposed by Lorentzian shape lines shown as thin and broken lines.
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Table 5.1: Summary of the g-values observed in Mg-doped GaN in this work: as-grown 
samples. The signals indicated by * are observed for the first time in the present work.

Index Assignment 9\\ • 9± FWHM, mT
1 (i) Mg acceptor 2.107 ~  1.98 12

2 (ii) Mg-related deep centre 2.045 2.040 14

3 (iii) Deep acceptor (MM1) 2. 303 5

4 (iv) Deep donor 1.966 1.956 15

5 (v) Mg acceptor 2.08 ~  2.0 13-18

6 (vi) Deep donor 1.967 21

7 (vii) Shallow donor 1.956 8-10

8 (viii)* paired defect S = l / 1(g) 1/2 110-140

9 (ix)* Shallow donor or CB electron, 1.94 15-25

10 (x) Deep donor (MM2) 2. 305 16-17

11 (xi)* From sapphire 2.17 20-23

12 (xii)* From sapphire 2.131 4

13 (xiii) Mg-related deep defect 2.017 16

14 (xiv) Deep donor 1.988 11

mT) reported in Ref. [105] and a deep defect (g = 2.016) for MBE grown 
undoped GaN [106].

(xiv) (7|| =  1.988±0.005 (FWHM =  11 mT), similar to the deep donor related sig
nal (<7|| =  1.989±0.001, <7j_ =  1.992±0.001, FWHM = 13 mT) from MOCVD 
grown undoped GaN [91] and a deep donor signal (g= 1.985, FWHM = 14 
mT) for MBE grown undoped GaN [106].

The ODMR signals observed in this work for the as-grown samples are summa
rized in Table 5.1.
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Figure 5.9: ODMR spectra at 13.76 GHz 
detected on the violet (2.75 - 3.1 eV) region 
for sample #626 before and after annealing. 
The arrows indicate (/-values with B||c.

Figure 5.10: ODMR spectra at 13.76 GHz 
detected on the green (2.25 - 2.48 eV) region 
for sample #626 before and after annealing.

5.3 .3  C oncentration  and w avelength  dependence: an

nealed sam ples

After annealing the samples at 850°C in nitrogen atmosphere with (a) and with
out (b) 0.5% of oxygen, dramatically different ODMR spectra were obtained 
compared with those of the as-grown samples. Most of the PL-quenching ODMR 
signals from the violet and blue regions disappear. The broad signals in the 
green region also vanish. The ODMR spectra become much simpler. For spectra 
detected from the violet and green windows as examples (Fig. 5.9 and 5.10, re
spectively; spectra of the as-grown sample are also included for comparison), only 
two PL-enhancing signals (v) and (vi) are resolved, which are attributed to deep 
donor and Mg-related acceptor, respectively. After annealing the intensity of the 
Mg acceptor signal is relatively stronger than that from the as-grown samples, 
which gives a further evidence of its assignment. No difference has been found 
between samples annealed in the two conditions.
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5.3.3.1 Concentration dependence

All the annealed samples with different Mg concentrattions demonstrate similar 
ODMR spectra, with small but systematic changes in doraor and acceptor g-values 
with increasing Mg concentration:
Violet:

(v*) g\\ = 2.075 for the lowest concentration sample l(#626a) to 2.084 for the 
highest concentration sample (#623a) (FWHM =  20 - 26 mT)

(vi*) g\\,g± =  1.962 ±0.005 (FWHM =  15-20 mT)

Blue:

(v**) 0 || =  2.066 to 2.072 (FWHM = 1 7 - 2 2  mT)

(vi*) g\\,g± -  1.962 ±0.005 (FWHM =  15-20 mT)

Green:
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Figure 5.12: ODME spectra at 13.76 GHz detected on the red (1.77 - 1.91 eV) region for 
sample #625 before and after annealing. The arrows indicate ^-values with B||c.

(xv) 0|| =  2.045 to 2.066 (FWHM =  1 8 - 2 5  mT)

(xvi) 4 | =  1.965 to 1.968 (FWHM = 1 6 - 2 3  mT)

The g-value increases systematically when the Mg concentration is increased, sug
gesting that the acceptor level becomes shallower with increasing concentration. 
Unlike for the as-grown samples, after annealing the linewidth of the acceptor 
signal (v*) is larger than that of the donor signal (vi*). The intensity ratio of 
the donor and acceptor signals I d / I  A increases with increasing Mg concentra
tion (from the values of 0.9 and 1.8 for sample #626a in the violet and the blue
regions, respectively, up to 2.0 and 3.5 for sample #623a), probably because 
the self-compensation process prevails over the acceptor forming process with 
increasing Mg-doping level. This suggestion is supported by the room tempera
ture Hall-effect measurements, which show that the annealed samples are all of 
p-type conductivity and the resistivity rises as the Mg concentration is increased 
(Fig. 5.11). The self-compensation donor therefore exists before and after thermal 
annealing.
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Figure 5.13: (a) ODMR spectra of sample #625a for a series of PL energy ranges. The 
<7-value of the peaks are indicated by the arrows, (b) Trends in the acceptor g\\ factors (as 
determined by ODMR) with the PL detection energy range. Data was obtained in three ranges
for #626a (□), #625a(*), #624a(Y), #623a(A) and the lines show linear fits to each set of 
three points.

Red and NIR:

The ODMR signals from the red region become very weak after annealing 
(Fig. 5.12), in accordance with the suppression of the red PL upon annealing 
(Chapter 3). Only a deep donor signal is detected from sample #625a:

(xvii) 0|| =  1.985 (FWHM =  28 mT)

The signals from the Mg-doped layer in the NIR region are fully suppressed after 
annealing and hence not shown.
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Table 5.2: Summary of the ^-values observed in Mg-doped GaN in this work: annealed 
samples

Index Assignment *11 9l FWHM, mT Detection window
1 (v*) Mg acceptor 2.075 to 2.084 ~  2.0 20-26 violet

2 (v**) Mg acceptor 2.066 to 2.072 17-22 blue

3 (xv) Mg acceptor 2.045 to 2.066 18-25 green

4 (vi*) Deep donor 1.962 15-20 violet, blue

5 (xvi) Deep donor 1.965 to 1.968 16-23 green

6 (xvii) Deep donor 1.985 28 red

5.3.3,2 Wavelength dependence

ODMR spectra for an annealed sample of intermediate concentration (#625a) 
detected from different spectral windows are shown in Fig. 5.13a. A shift of g\\ 
with PL energy is observed; in particular, the Mg-related acceptor signal moves 
steadily to higher fields with increasing monitoring wavelength and becomes rel
atively weaker. In the red and the NIR regions the acceptor signal becomes 
unresolvable. This trend (which has also been noted previously [74]) is summa
rized in Fig. 5.13b for this sample and the three others (#626a, #624a, #623a) 
studied: g\\ is plotted versus the center energy of the detection window. On the 
left hand side of this figure, the data points going upwards with increasing Mg 
concentration. For three of the samples( # 625a, #624a, #623a) the rate of change 
of 0 || with PL energy is roughly the same (dg\\/dU = ~  0.040 eV-1) and for the 
lowest-doped sample (#626a), it is slightly larger. At the same time the donor- 
related signal shifts in the opposite direction. In Ref. [85] a model accounting 
for the variations in ^-values observed for Mg-related acceptors in GaN has been 
proposed by our group and discussed extensively.

The ODMR signals observed in this work from the annealed samples are summa
rized in Table 5.2.
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Figure 5.14: Typical ODMR spectra show- Figure 5.15: Multiquantum ODMR spec-
ing multiquantum transitions at 13.76 GHz tra detected under different microwave pow-
detected on the violet (2.75 - 3.1 eV) region ers increased by a factor of 4 for sample #625
for sample #625 before and after annealing. after annealing.
The inset shows an energy level diagram il
lustrating multiquantum transitions.

5 .3 .4  M ultiquantum  O D M R  signals

Additional ODMR signals from both the as-grown and the annealed samples are 
observed in the fields which are 2, 3 and so on times as high as the normal 
transitions from the violet region at high microwave power. Such signals are 
ascribed to magnetic transitions with the absorption of multiple (n) microwave 
quanta (n > 1) [107]. Typical spectra for an as-grown sample (#625) and an 
annealed sample (#625a) are shown in Fig. 5.14, with simplified energy level 
diagram illustrating multiquantum transitions. It is shown that although from 
Ix the ODMR signals around 0.5 T are of opposite signs for the as-grown and 
the annealed samples, the multiple quanta-related signals are all PL-enhancing. 
For the n > 1 transitions, before annealing the intensity of the donor signals is 
bigger than that of the acceptor signals, while after annealing the acceptor signals 
dominate the spectra. This observation further supports the model of the effect
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Figure 5.16: The peak positions of the n ^ l  multiquantum ODMR signals as a function of n 
for sample #625 before and after annealing. Error bars lie within the size of the points

of annealing on the Mg acceptor activation (Sec. 5.3.3). The magnetic fields of 
the transitions can be obtained by fitting the spectra with Lorentzian shape lines. 
Fig. 5.16 shows the peak positions as a function of n. Note that a linear fit to the 
data does not necessarily pass through zero, due to the interaction of the centres 
with each other. For both the as-grown and the annealed samples, the transition 
fields of the donor and the acceptor increase linearly with n, indicating that all 
the signals can be fitted by the spin of 1/2. The gradients of the donors and the 
acceptors, which are determined by the ^-values of the centres, show no obvious 
change before and after annealing, indicating that the same pair of donor and 
acceptor are involved. Fig. 5.15 demonstrates the spectra of the annealed sample 
(#625a) under different microwave powers, which increase by a factor of 4 from 
the upper trace to the lower trace. Under high microwave power only the high 
order transitions (n ^  3) shows an obvious increase in amplitude, implying that 
the low order transitions are probably saturated. The observation of MQR makes 
it possible to improve the resolution of the ODMR lines with different ^-values.
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5.4 D iscussion

5.4.1 Origins o f the 3.15 eV  and 2.8 eV  bands

For the as-grown samples, Iy  gives the same pair of signals, with g\\,g± = 1.967 ±  
0.005 for the deep donor and g\\ =  2.08 it 0.01 for the Mg acceptor, from both 
the violet and the blue regions for samples of all Mg concentration. Increasing 
Mg concentration leads to an increased contribution of this deep donor-to-Mg 
acceptor transition (Fig. 5.2, 5.5), probably because the concentration of the 
Mg-related acceptor and/or the self-compensating donor is increased. The pair 
of signals are therefore most probably associated with the 2.8 eV band. As 
discussed in Chapter 3, the deep donor is assigned to Vn — MgGa, which is a 
deep compensating defect in Mg doped GaN and is also involved in the red PL 
band. Our violet detection window is 2.75 - 3.1 eV that can include both the 
tail of the 3.15 eV and the 2.8 eV transitions. However, there are no 3.15 eV 
PL band related signals detected from the violet window. One possible reason is 
that the recombination lifetime of this band is not sufficiently long for magnetic 
dipole spin transitions to take place. A time-resolved PL study at 10 K gave 
recombination lifetimes of 0.6-5 ns for the 3.15 eV luminescence [108] and ~  700 
ns for the 2.8 eV luminescence [71]. Generally, the lifetime should be longer than 
1/is for the necessary sensitivity in ODMR to be achieved. Although the defect 
centers directly involved in the recombination process are not detectable, in the 
high excitation power regime it is possible to detect competing centres if the 
lifetimes of the competing recombination processes are long enough.

Very similar deep donor and Mg acceptor ODMR signals are observed for the 
annealed samples from the violet and blue windows, indicating that the self- 
compensating deep donor (Vn — MgGa) exists before and after annealing. There
fore, in this study we conclude that the Vn — MgGa complexes do not contribute 
to the activation of p-type conductivity in the annealing. It is widely accepted 
that hydrogen is unintentionally incorporated during MOVPE of Mg-doped GaN, 
passivating the Mg acceptors and causing the as-grown material to be highly re
sistive [109]; the MgH complex is a neutral defect. Theoretical calculations using 
density-functional theory suggests that the dominant configuration consists of
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H at an antibonding site of a N neighbor of the substitutional Mg, with the 
Mg-N and N-H bonds nearly aligned and the N-H bond oriented at an angle 
of ~  109° with the c axis [110]. A high-temperature vacuum-ambient and N2- 
ambient annealing is sufficient to remove H and activate the p-type doping. The 
high resistivity can be restored by re-hydrogenation after NH3 -ambient annealing 
[109].

The change of energy of the dominant PL band from 3.15 eV down to 2.8 eV 
with increasing Mg concentration is widely reported. Both bands show donor- 
acceptor pair (DAP) like behaviour in this study when the excitation energy is 
changed. In the literature two DAP models have been suggested. In the model 
proposed by Glazer et al [67], it is the same DAP that is involved in both bands. 
The donor and the Mg acceptor are both shallow, and the energy shift is due to 
the present of large potential fluctuations [67]. In the other model, the 2.8 eV 
PL band in heavily Mg-doped GaN is related with the formation of deep donors 
and the 3.15 eV band is associated with shallow donors [49, 70, 111, 112]. From 
the discussion above, our observation supports the second model, since although 
no signal directly related to the 3.15 eV band was observed, at least two donor 
signals (i.e., (vi) and (vii)) are detected from each of the as-grown sample and 
they can be responsible for the blue and violet bands respectively. The shift of 
emission from violet to blue can be explained by increase of probability of the 
deep donor-Mg acceptor recombination with Mg doping. As discussed in Chapter 
3, the assignment of the shallow donor to a Vn -  H complex is favoured in our 
case. The defect centre dissociates after annealing, with H diffusing either to the 
surface or to the extended defects. The Vn — MgGa centres can also be formed 
during annealing as the remaining Vn diffuses towards activated Mgca-

5.4.2 Origins o f the deep centres MM1 and MM2

The ODMR spectra from the NIR region suggest that the MM2 deep centre and 
the Mg acceptor are involved in the NIR recombination process. The transfer of 
carriers from the MM1 center to the MM2 center is also possible [51]. The MM2 
center behaves like a donor in this study. Taking into account the Mg acceptor 
level depth about 150-350 meV above the valence band, it can be concluded that
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the energy level of the MM2 center is in the midgap region at about 1.7 - 1.9 eV 
below the conduction band. For the sample with the highest Mg concentration 
(#623) no ODMR signal from the GaN : Mg layer is detected in the NIR region, 
probably because the MM2 center is destroyed by Mg-doping. Annealing also 
destroys the MM2 centre, leading to the disappearance of NIR ODMR signals. 
The destroying of the MM2 centre with Mg-doping and annealing is very similar 
to that of the MM1 centre, which is discussed in Chapter 3. The concentration 
of the MM1 centre (Vca or related complexes) decreases with Mg-doping and 
the centre is eliminated after annealing due to the movement of the Fermi level 
with Mg acceptor activation. Therefore the decrease of defect concentration with 
Fermi level may explain our experimental observation that the annealing process 
has a similar effect to the increasing Mg concentration. In Ref. [109], Nakamura 
et al observed a broad deep level emission (DL emission) at around 750 nm from 
as-grown high-resistivity GaN : Mg samples as well as LEEBI-treated films with 
further H-passivation of acceptors (by either NH3-ambient thermal annealing or 
microwave plasma treatment). It is suggested that the DL emissions are caused by 
Mg-H complexes related levels. Our experimental observation does not support 
the assignment of MM2 centre to a neutral Mg-H complex, since the complex 
should not be eliminated with increasing Mg concentration. Furthermore, the 
complex is not a paramagnetic centre and hence, in normal situations, it should 
not be detectable in ODMR measurements. More experiments are needed to 
decide the chemical origin of the MM2 centre.

5.4.3 Nature o f the M g acceptor states

The closeness of the g- value of the Mg acceptor to 2.00 implies that the hole wave- 
function is well-localized. A hole may be based on nitrogen 2p functions assuming 
that a Mg2+ ion substitutes at a Ga3+ site. A rather general Hamiltonian for the 
hole state is as follows. It contains, respectively, the Zeeman splittings due to the 
spin and orbital angular momenta (operators s and 1), the axial wurtzite (C3„) 
crystal field with parameter Ac/*, a possible symmetry-lowering crystal field term 
(Acf x) and the spin-orbit interaction (A, where A < 0 for holes); hb is the Bohr
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magneton, gi =  1.00 and ga =  2.00:

This Hamiltonian results in a ground state that is a spin doublet, for which the 
Zeeman splitting can be characterized by ^-factors g\\ and g± whose values depend 
critically on the details of the model. To be in agreement with the experimental g- 
values, we suggest that the hole is probably localized on one of the nitrogen atoms 
in the non-c-axis bond direction relative to Mg and with a lower symmetry, giving 
A cfx /  0. In the calculation, we take |AC/ 2| > >  |AC/ X| > >  |A|, which causes gx 
and gy to be approximately equal (and hence identifiable with the experimentally 
observed g±). In the limit where perturbation theory can be applied, the following 
expressions are obtained: gx =  2.00, gy =  2.00 — 2 A/(|AC/ Z| -f |Ac/a;|) «  2.00 and 
gz =  2.00 — 2A/|AC/X|. It is clear that the value of gz is highly sensitive to the 
size of the non-axial crystal field A c/X (due to nearby defects or to strain). As 
the acceptor is increasingly perturbed, the acceptor level moves further into the 
gap as the energy splitting |Ac/x| increases. It shows that the different acceptor 
states are formed by simple substitution of a Mg ion at a Ga site, rather than by 
the creation of a more complicated defect. Whether the acceptor is shallow or 
deep is found to be dependent on the strength of the low symmetry perturbation 
in its vicinity. Thus, different strains, induced for example, by different growth 
conditions or doping levels, lead to different <7-values and to different acceptor 
depths, the latter giving the possible misleading impression that there are a large 
number of acceptors of different origins. The need for the low symmetry fields 
to be small if the acceptor states are to be shallow emphasizes the need for high 
quality material if effective p-type doping is to be achieved. For a thorough 
discussion of the nature of the Mg acceptor states in GaN, please refer to Ref.

[85].
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5.5 Conclusions

ODMR experiments have been carried out on a series of Mg doped GaN lay
ers grown by MOVPE, with particular emphasis on the changes produced by 
increasing Mg concentration and annealing the layers in nitrogen atmosphere 
with and without a small fraction (0.5%) of oxygen in it. Both increasing Mg 
concentration and annealing lead to similar transformations of the shape of the 
low-temperature and room-temperature PL spectra, making the 2.8 eV (2.9 eV at 
room-temperature) PL band dominate. Low concentration as-grown specimens 
show complicated ODMR spectra, with signals due to Mg-related acceptors and 
to a range of deep and shallow donors. Both positive (luminescence enhancing) 
and negative (luminescence quenching) ODMR signals are observed. The signs 
and magnitudes of the signals are of strong functions of the Mg doping level.

Following annealing, in the violet and blue regions the ODMR spectra become 
much simpler, being dominated by signals due to the Mg-related acceptors and 
to the compensating Vn — Mgca deep donors; the broad spectra observed in the 
green region and the signals from the red-infrared region are reduced or disappear. 
Our study shows that the Vn — Mgoa deep donor, contributing only to electrical 
compensation of Mg, is not involved in the p-type conductivity activation process 
in the annealing. On the other hand, the Mg-H complexes, which axe produced by 
hydrogen passivation and causes the high resistivity of as-grown samples ([109]), 
were not detected in the ODMR experiments, probably because these centres are 
not paramagnetic and/or are not involved in the PL processes. The elimination of 
deep centres (e.g. MM1 and MM2) with Mg doping and annealing is probably due 
to the decrease of their concentration associated with the movement of the Fermi 
level. The nature of the Mg acceptor states in annealed GaN is also discussed and 
a model is proposed, which identifies the importance of the symmetry-lowering 
crystal field to the ^-values and depth of the Mg acceptors.
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Chapter 6

R ecom bination processes and 
spin dynam ics in M g doped G aN  
probed by O DM R waveform  
studies

6.1 Introduction

In the previous chapter schematic recombination models have been suggested for 
Mg doped GaN samples. In the lightly doped case the model is rather compli
cated, with some defect levels involved in more than one recombination channel. 
This conclusion was drawn from the ODMR results. Generally speaking, a pos
itive (PL-enhancing) signal indicates the defect centers are directly involved in 
the recombination process being monitored; while a negative (PL-quenching) 
signal suggests the centers are involved in the recombination process which com
petes with the PL transitions being monitored. For a given sample monitored 
at different wavelengths, some defect centers give either an enhancing signal or a 
quenching one, indicating the role of those centers in the recombination process 
has changed. In this chapter a simple rate-equation model [113] is adopted to de
scribe the MM2 deep defect to Mg acceptor (infrared) and competing Vn — Mgoa
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deep donor to Mg acceptor (blue) recombination. We show that the model can 
successfully explain the experimental observation that the donor resonance can 
be observed both as an enhancing resonance of the blue PL and as a quench
ing resonance of the infrared PL. The model is also capable of describing the 
waveforms of the change of the blue and infrared PL as a function of time. A 
very similar rate equation model can be directly applied for the red emission 
and competing blue emission (i.e., two acceptors competing for recombination 
with the same donors). A simple two-level rate equation model is also discussed 
and the simulation results are compared with those obtained by use of the first 
model. The simulations further clarify the spin dynamics and characteristics of 
the magnetic sites.

6.2 Experimental details

The MOVPE grown GaN : Mg sample with the lowest Mg concentration (#626) 
was investigated in this study. The details of the sample and the ODMR ex
perimental set-up can be found in earlier chapters. To obtain the waveform, the 
photomultiplier output was monitored directly by use of an integrating oscillo
scope.

6.3 Experimental results and discussions

6.3.1 Infrared em ission and com peting blue em ission

The energy-level diagram illustrating the blue and infrared recombination 
processes is presented in Fig. 6.1. ODMR spectra and waveforms obtained by 
monitoring the two PL bands are shown in Fig. 6.2(a) and (b). Two resonance 
signals are resolved in the blue region. The ^-values are g\\ = 2.08 ±  0.01 for 
the Mg acceptors and g\\ =  1.967 ±  0.005 for the Vn — Mgca complexes. The 
waveform obtained under the donor resonance condition shows a strong spike
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Figure 6.1: Schematic diagram for the recombination processes giving rise to the blue and 
NIR bands of GaN.

at the rising edge of the microwave power, which decays quickly to an approx
imate quasi-equilibrium situation in the presence of the microwave excitation 
(Fig. 6.2(a)). There is a negative spike at the falling edge of the microwave 
pulse, which recovers gradually to zero intensity. In the infrared spectral region 
two enhancing and one quenching signals were detected. The enhancing signals 
reveal the donor (MM2 deep defects, <7||,<7j_ =  2.005) acceptor (Mg acceptor, 
g\\ =  2.08 ±  0.01) pair which gives the infrared emission. The quenching 
character of the shallow donor signal of the highest field indicates it competes 
with the MM2 center for the recombination with the Mg acceptor-bound holes. 
The waveform obtained under the strong MM2 resonance condition is different 
from the one from the blue region: As in the blue region, the response shows 
a sharp spike when the microwaves are turned on followed by a change to a 
new steady-state level in the presence of the microwave. However, when the 
microwave power is switched off the PL intensity return to zero without the 
negative spike.

The rate equations used in a previous study of antisite-to-acceptor and related
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Figure 6.2: (a) ODMR signals obtained via detection of the 2.48 - 2.75 eV PL and the 
experimental waveform of the deep donor signal, (b) ODMR signals obtained via detection of 
the 1.13 - 1.46 eV PL and the experimental waveform of the MM2 signal.

recombination processes in as-grown InP:Zn [113] are capable of describing the 
opposite changes of intensity on the two bands when the antisite resonance occurs, 
while to explain the shape of the waveforms presented in Fig. 6.2, a spin-lattice 
relaxation effect has to be included. The pair model for donor-acceptor recombi
nation should be valid as long as the average donor-acceptor separation is much 
larger than the Bohr radius of the more extended wave function [46]. If both 
donor and acceptor concentration are of 1020 cm-3, the average donor-acceptor 
separation is estimated to be ~  17A, which is comparable to their Bohr radii 
(~  23A and ~  5A for shallow donors and shallow Mg acceptors, respectively). 
For the lowest concentration sample #626, the donor and acceptor concentration 
should both be well below 102° cm-3. Therefore the pair model is probably valid 
in the present work. The donor may be occupied by a spin-up (f) or spin-down 
(J,) electron or may be unoccupied (0). The acceptor may be occupied by a hole
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(h) or unoccupied (0). Different hole spin states are not distinguished. The dif
ference in recombination rates for spin-up and spin-down electrons caused by the 
population imbalance among the various hole spin states are expressed as (1 - 
a)vR for the (f/i) state and as (1 -i- a)vR for the (\.h) state. Therefore the pair 
may exist in six different spin and charge states: ('\h ), (l-h), (tO), (40), (0^) and 
(00). The rate equations revised from those in Ref. [113] can be written as

dn^h/dt =  K r̂ioh +  Khn\o -  [(1 -  ct)vR +  vNR +  ve +  vh]nth 

—M(n^h -  n^h) -  Sn^h + S'n±h 

dnih/dt =  K\floh +  Khn±0 -  [(1 +  ot)vR +  vNR +  ve +  vh\n^h 

+M (nth -  n±h) + Snth -  S'n^h 

dn^o/dt =  KjUoo +  vhn̂ h ~  [Kh +  ve]n̂ o -  M(n^o -  n\o)

—Srijo +  S'nyo

dn±o/dt =  K^noo +  v hnxh — [Kh +  v e]n^) +  M(n^o  — n+o)

+5n^o — S'nyo (6.1)

where n is the population of the state. K  corresponds to the rate of the 
electrons (or holes) being captured by donors (or acceptors), which is prob
ably spin-dependent. vR and vnr correspond to the rates for radiative and 
nonradiative recombination of the electrons and holes, and ve and the Vh are 
the rates for the competing recombination of the electrons and the holes, 
respectively. Microwaves promote carriers from one spin levels to the other 
with the rate M  when the spin resonance condition is met. S  and S' axe 
the rates of spin-lattice relaxation induced transitions between the two spin 
levels, with S  =  S 'exp lg ^B /kT ). In the current study, g ph 2 , B  «  0.5 T and 
T  «  1 .8  K, which gives S  — 1.456". To simplify the calculation we assume S  ~  S'.

To determine the details of the transient behaviour, the four kinetic equations 
are solved numerically and the populations of the four pair states ((t^), (4 )̂>
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(tO), (10)) are then obtained directly. The time-dependent PL intensity of the 
donor-acceptor pair recombination directly being monitored can be determined 
from the equation (for detailed analysis, see Ref. [113])

I p L ( t )  =  (1 -  +  ^  +Kh  +  v e +  Vh Kh +  v e +  Vh

and the PL intensity of the competing recombination process is

Ic(t) — vc[n^h(t) +  n ^ t )  +  nQh +  n*h] (6.3)

where vc is the radiative rate of the competing process and n*h is the density 
of acceptors not paired with any of the deep donors that are involved in the 
recombination process directly being monitored.

Fig. 6.3 (a) to (e) shows the simulation results of the waveforms as a function of 
time, together with the time dependence of microwave power shown in Fig. 6.3 
(f). Curve a corresponds to a condition that both radiative and nonradiative 
processes are involved, while the radiative emission is dominant ( v r  >  v n r ) 

and the process is thermalized (S  > v r ) .  Curve b and c correspond to the PL 
intensity changes on the monitored band and the competing band under the 
same condition. It includes similar radiative and nonradiative decay times to 
those in curve a; however, S  < v r  (unthermalized). Curve d involves competing 
radiative and nonradiative process (vr~vnr)] the increase of the contribution 
from the nonradiative process can be observed as a decrease of the transit part 
of the waveform. Curve e corresponds to the competing band under the same 
condition as curve d. The experimental waveforms, shown in Fig. 6.2 (a) and (b), 
resemble the responses shown in curves a and b in Fig. 6.3 respectively, and are 
displayed together with the simulated results in Fig. 6.3. The simulation results 
thus indicate that both the blue band and the infrared band correspond to the 
situation that radiative emission is dominant (vr > vnr), while the infrared 
band involves a much longer spin-lattice relaxation time than the blue band. 
Furthermore, curve b and c show opposite changes in intensity on the monitored
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and the competing bands, which agrees with the experimental observations that 
both enhancing and quenching signals are detected from the infrared band.

While the shapes of the experimental waveforms can be reproduced, there are 
discrepancies in amplitudes. In the present study, the modulation in the blue 
and the infrared bands are 0.17% and 0.3%, respectively. The simulation results 
under the conditions stated above yield the values of 0.4% and 6% correspond
ingly. On the other hand, a previous study ([46]) shows that when recombination 
occurs predominantly between nearest donor-acceptor pairs, at X-band at 2K 
maximum intensity changes of 2% are predicted at resonance when the system is 
thermalised. In contrast, when the recombination occurs before thermalisation is 
achieved, much larger changes can be observed. Our experimental and simulation 
results do not contradict the conclusion that under unthermalised conditions (the
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NIR band) the modulation of PL is much bigger than under thermalised condi
tions (the blue band). It is also indicated from Eq. 6.3 that the intensity of 
the quenching signal is proportional to vc, which increases with laser excitation 
power. This trend with laser power is also observed (reported in Chapter 3).

6.3.2 Red em ission and com peting blue em ission

Although the rate equation model described above is designed for the case that 
two different donors compete for recombination with certain acceptors, it can be 
also applied directly to the opposite case, i.e., two different acceptors competing 
for recombination with certain donors. The six spin and charge states ( ( tk), (|/i), 
(tO), (tO), (Oh) and (00)) are then revised to six new states: (e |) , (et), (0t), 
(Ot), (e0) and (00) and the rate equations can be written

d n ^/d t  =  K^rieo +  Kenot — [(1 -  a)vR +  vNR +  ve +  vh)nê

AL(72e-f- 1 Ttĝ ) Stig^ ■(■ S  ne|

dnei/d t  =  K±ne0 + -  [(1 + ot)vR - f  v N r  + ve - f  vh)ne±

T  Af(7T.e-j- n,ej_) -I- S ti^  S  72ej_ 

dno^/dt =  A^noo +  vene t  — [Ae +  v/Jnof — M(n01 — n0j.)

— 5*7201 +  S* 7204.

dnoi/dt = Â ?2oo + venei -  [A e + vh]n^  + M(720t -  n0j.)

+ 5 ,72ot -  5"t204. (6.4)

Very similar to the previous case, the time-dependent PL intensity of the directly 
monitored and competing donor-acceptor pair recombination are

iPL(t)= (i- «)„ A; +-x ».tto+(i+<*)■■■■ ( 6 - 5 )ATe ve T V}i Ae +  ve T Vfi
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Figure 6.4: Schematic diagram for the recombination processes giving rise to the blue and 
red bands of GaN.

and

h(t)  =  vc[n^(t) +  ne±(t) +  ne0 +  n*e] (6.6)

where vc is the radiative rate of the competing process and n* is the density 
of donors not paired with any of the deep acceptors that are involved in the 
recombination process directly being monitored.

In the sample with the lowest Mg concentration (#626) the red emission and 
competing blue emission fall into this case (Fig. 6.4). Fig. 6.5 shows the ODMR 
signals detected on the red PL band of the sample, together with the waveforms 
obtained under the resonance conditions. Both PL-enhancing (VGa or related 
complexes, g\\,g± =  2.003 ±  0.003 and Vn — MgGa, g\\ =  1.967 db 0.005) and PL- 
quenching (shallow Mg acceptors, =  2.105) ODMR signals were detected. The 
PL-enhancing waveform is similar to neither the one from the blue band nor the 
one from the infrared band. It is closer to a square wave. At the rising edge of the
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microwave power there is a weak spike which decays very fast to the equilibrium 
plateau; at the falling edge of the microwave power the PL intensity return to 
zero without the negative spike. It is suggested from the simulation results of 
the previous section tha t the lack of a strong transient part of the waveform 
indicates that competing radiative and nonradiative recombination is involved 
in the recombination process (vr~ vnr). The red luminescence is thus different 
from the blue and the infrared luminescence in the way that the contribution of 
the nonradiative process is increased. Although very weak, the waveform of the 
PL-quenching signal is also detected, which clearly shows the negative-going PL 
intensity change when microwave power is on.
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6.4 Two-level rate equation model

In addition to the model discussed above, there are other rate equation models 
which are capable of describing the dynamics of the ODMR process [43, 46, 114]. 
Previous attempts to explain the shape of the waveforms of both the ODMR 
signals and the non-resonant background signal based on a two-level rate equation 
model have been successful [43]. The two-level model is essentially a simplification 
of the four-level model discussed in Ref. [46], in which four excited spin levels
I +  +), | 4— ), | — h) and | -----) are formed by combining the two spin states
of the acceptor with the two spin states of the donor. When the spin state 
populations are determined predominantly by the optical selection rules, it is 
sufficient to represent the problem by two excited levels, assuming from one level 
(ni) radiative recombination can take place rapidly and from the other (n2) it 
is negligibly weak. Carriers are pumped into the two levels with rates gi and 
g2, respectively. Non-radiative recombination is assumed to take place from both 
levels (rates vnri , vnr2 respectively) and radiative recombination only from level 
1 (rate v r ) .  Spin-lattice relaxation induces transitions between the two levels with 
rates ti and t2, respectively. Microwaves promote carriers from the non-radiative 
level to the radiative one with a rate M when the spin resonance condition is met. 
The occupations of the two levels as a function of time can then be written as

dni(t)/dt =  gi -  [ti +  vNm 4- vr]tii(*) +  [t2 +  M(t)]n2(t)

dn2(t)/dt =  g2 +  h n ^ t )  -  [vNR2 + 12 +  M(t)]n2(t) (6.7)

The disadvantage of the two-level model is that it makes a complete analysis of 
the directly monitored recombination process together with the competing re
combination process intractable. However, the waveforms obtained by solving 
Equation 6.7 numerically can still reproduce all the main features of the experi
mental data. The general change of the shapes of the waveforms with some of the 
rate parameters is still observed as discussed in the previous sections. The calcu
lated waveforms, together with the time dependence of the microwave power, are
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presented in Fig. 6.6. In all the calculations the following parameters are kept 
constant: gx =  0, g2 =  1, v r =  100, M = 10. Fig. 6.6 (a) corresponds to a rather 
long spin-lattice relaxation time (ti =  t 2 = 1) and v n r i  =  v n r 2 =  10; Fig. 6.6 (b) 
is under the same conditions as (a) except that the spin-lattice relaxation time 
is ten times shorter (ti = t 2 = 10); Fig. 6.6 (c) involves a nonradiative recombi
nation rate five times of those employed in (a) and (b) (vnri =  vnr2 =  50) and 
ti = t2 = 10. The emission intensity is given by Ie =  ctVRUi and has the same 
time dependence as ni.

6.5  C on clu sion s

Two simple rate equation models have been employed to study the recombination 
processes and spin dynamics in Mg doped GaN. The first model has been adopted 
to describe the competing recombination processes in the sample with the lowest 
Mg concentration. The model is capable of describing the opposite changes of
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intensity on the two competing bands when the resonance occurs. Both models 
are able to represent the experimental waveforms of the change of PL intensity 
with the microwave power switched on and off. It is suggested that both the 
blue and the infrared bands correspond to the situation that radiative emission is 
dominant (vr > vnr), while the infrared band involves a much longer spin-lattice 
relaxation time than the blue band. Unlike the blue and the infrared bands, 
the red band corresponds to a much increased contribution of the nonradiative 
recombination processes.
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Chapter 7

ODMR studies o f MBE grown 
Mg doped GaN

7.1 Introduction

Although the majority of the commercialized III-nitride based optoelectronic de
vices are fabricated by metalorganic vapor phase epitaxy (MOVPE), the interest 
in developing high quality materials and devices using molecular-beam epitaxy 
(MBE) is still of both academic and commercial interest. MBE has several ad
vantages over MOVPE, e.g., the ability to produce materials with more flexible 
growth parameters and high interfacial growth control [95]. MBE-grown LEDs 
usually have output power well below 0.1 mW (see, e.g., Refs. [115], [116]), while 
recently packaged devices with output powers up to 0.87 mW at 20 mA forward 
current have been reported [117]. In January 2004 the first MBE-grown InGaN 
LD was achieved by Sharp Laboratories of Europe Ltd. The device operates at 
room temperature but only under low duty cycle (0.01%) pulsed current injection
[118]. Further improvements in device characteristics have also been reported by 
using free-standing GaN substrates and a pulsed current duty cycle of 10% has 
been achieved [119]. These results demonstrate the potential of MBE as a suit
able growth technique for high quality InGaN-based optoelectronic devices. It 
is therefore of interest to investigate the defects involved in the recombination
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Table 7.1: Carrier concentration and mobility of sample # 7 3 6  to # 7 3 9 .

Carrier concentration (cm 3) Mobility (cm2/V.s)
#736 6el6 14.6
#737 1.5el7 9
#738 -1.3el7 53
#739 -1.8el7 35

processes in MBE grown Mg doped GaN epilayers and compare the results to 
those for example grown by MOVPE.

7.2 Experim ental D etails

In this study 14 GHz ODMR and room temperature PL experiments were per
formed on five MBE grown epitaxial layers from Sharp Laboratories of Europe 
Ltd. (#736, #737, #738, #739) and from Bremen University (#0855). The 
experimental set-up and conditions are as described in previous chapters. The 
samples from Sharp are of a series of Mg concentrations, which was achieved by 
increasing the Cp2Mg flux used as Mg source. For all the samples, the MBE 
layers are ~  2 pm thick and grown on MOVPE-GaN templates (3pm thick). 
Room temperature Hall measurement was performed at the Sharp Laboratories 
and carrier concentration and mobility of the samples are presented in Table 7.1. 
The data shows that with increasing Mg flux, the samples change abruptly from 
n-type to p-type and the mobility increases by about a factor of 5. The sample 
#  0855 is grown on an undoped MOVPE buffer (<~ 1 pm). The thickness of the 
Mg doped layer is ~  0.5 pm. The Mg concentration in the sample is around 
5 x 1019cm-3.

7.3 Experim ental results and discussions

The room temperature PL spectra are dominated by the near band-gap recom
bination (Fig. 7.1 (a) and (b)). The 3.27 eV shallow donor to shallow acceptor
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Figure 7.1: Room temperature PL spectra of the MBE grown samples (a) #736 to #739 
with different Cp2 Mg flux rates increased from #736 to #739 (b) #0855.

(SD-SA) recombination is weak in the samples and is present as a tail of the 
near band-gap emission. The 2.8 eV blue band was not detected. A broad green 
band was observed in the Bremen sample whose origin is not clear yet (Fig. 7.1 

00).

In ODMR measurements no signal was detected in the violet and blue spectra 
regions. Possible explanations are as follows: firstly, the disappearance of the 
2.8 eV “blue” PL band indicates that no Vn — Mgca deep donor exists in the 
MBE samples. Secondly, the shallow donor and shallow acceptor involved in the 
3.27 eV PL band are normally not directly detectable in our ODMR system, 
probably due to the short lifetime of this recombination process. The lack of 
Vn — MgGa centers may explain the observation of a continuous increase of the 
free hole concentration as the Mg dopants are increased in MBE grown samples, 
compared with the saturation character of MOVPE grown samples [120]. For 
all the MBE grown samples, broad, isotropic signals were detected in the green 
spectral region, which have been discussed in Chapter 4.6 and compared with
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Figure 7.2: (a) ODMR spectra obtained from the red (solid line) and NIR (dotted line) 
spectral regions for sample #738 in Faraday 20°. (b) ODMR of the sample #738 from the 
violet spectral region as a function of the angle between the c-axis and the magnetic field.

green signals from MOVPE grown samples. Therefore in this chapter we con
centrate on signals from the red/N IR region. In the red and infrared spectral 
regions similar overlapping signals were detected, with the red signals narrower 
than the infrared ones (Fig. 7.2(a)). The low magnetic field peak appearing in the 
infrared region comes from the sapphire substrate (Fig. 7.2(b)). The signals can 
be decomposed into two Gaussian peaks. As an example, sample n738 gives deep 
donor and deep acceptor signals with c-axis ^-values of 2.07 (FWHM ~  27.56 
mT) and 1.998 (FWHM ~  13.27 mT) respectively. When the angle between the 
the magnetic field and the sample c-axis is increased, the acceptor signal moves 
towards the high magnetic field direction (Fig. 7.2(b)). The signal is very similar 
to the g\\ =  2.07, g± =  2.03 (FWHM ~  45 mT) PL-EPR signal assigned to deep 
Mg-related complex and observed for both as-grown and annealed MOVPE grown 
samples [105]. The complex is not responsible for the p-type conductivity [105]. 
Although the g-\alue of the deep donor is close to that of both the MM1 (Vca 
related) and MM2 signals in the MOVPE grown samples (reported in Chapter 
3 and 5), they are not from the same origin. MM1 is an acceptor signal and 
the formation energy of the acceptor-like defect rises as the Fermi level moving
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Figure 7.3: ODMR spectra obtained from the NIR spectral regions for samples #737, #738 
and #739 with different Mg concentrations increased from #737 to #739.

towards the valence band. MM2 is also removed with Mg doping. In this study 
with increasing Mg flux (#736 to #739) as the samples change from rc-type to 
p-type, the ODMR signals get stronger rather than being eliminated (see Fig. 7.3 
as an example). The increase of the signal intensity with Mg doping, on the other 
hand, suggests that the donor signal is probably related to compensating deep 
donors in the samples.

In MOVPE grown samples there are two mechanisms related to the problem of 
p-type conductivity. One is the passivation of Mg acceptors by forming Mg-H 
complexes; the other is the formation of compensation centres as Mg concentra
tion is increased. MBE is a hydrogen-free growth process so that Mg-H complexes 
probably do not exist in the current samples. But compensating centers (mainly 
deep donors) may still be induced. Theoretical calculations predicted that nitro
gen vacancies are the dominant compensating defects in p-type GaN [17]. The 
isolated nitrogen-vacancy is a deep donor with energy level sitting around ~  0.4 
eV below the conduction band [121]. They are likely to form complexes with ac
ceptors. Substitutional carbon atoms form shallow acceptors in GaN when they 
are substitutional on the N site and shallow donors when on the Ga site [122].
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Figure 7.4: Schematic diagram for the recombination process in MBE grown GaN.

It is possible that nitrogen vacancy-C pair defects (Vn — Cn) are formed as deep 
compensation donors. Such a model has been suggested for the origin of the Li 
center reported earlier for electron-irradiated GaN [50]. The g-value of the Li 
center (g\\ =  2.008 , g± =  2 .004) is very close to that of the deep donors observed 
in this work. However, other Vn related compensation defects such as Vn — NGa 
are also possible. The Vn — Nca defect center can be formed through the struc
tural modification VGa — ► Nanti+VN and its energy level is at approximately 2 
eV above the valence band [123]. Based on the above discussions the following 
recombination model is suggested for the MBE samples (Fig. 7.4). The weak 3.27 
eV band is due to recombination from shallow donors to shallow acceptors, while 
deep centres are involved in the red-NIR band. Possible models for the defect 
centres are also shown in the diagram.
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7.4 Conclusions

PL and ODMR experiments have been performed on a group of MBE grown 
GaN samples doped with Mg. Our results suggest that different compensation 
mechanisms exist in MOVPE and MBE grown samples. Common acceptor pas
sivation and compensation centres in MOVPE grown samples such as Mg-H and 
Vn — MgGa complexes do not appear to exist in MBE grown ones; instead, a new 
centre is formed. The chemical origin of the centre is tentatively suggested but 
further theoretical and experimental verification is needed.
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