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Preface

Incorporating the results of four years of research, this thesis covers the work
done to investigate the lattice location of electrical dopants in the group-III
nitrides and its correlation with the actual electrical doping, in the Instituut
voor Kern- en Stralingsfysica, KU Leuven, Belgium, with the collaboration of
the Instituto Superior Técnico, Universidade de Lisboa, Portugal, and involving
experiments performed at ISOLDE-CERN, Geneva, Switzerland.

Foremost, this work concerns wurtzite group-III nitride semiconductors, thus,
and unless otherwise stated, the group-III nitrides will refer exclusively to the
wurtzite GaN, AlN and InN. The motivation and the state of the art of electrical
doping and the lattice location of dopants in the nitrides are introduced in
Chap. 1 Nitrides - a motivation. The most relevant results published so far,
to the best of the author’s knowledge, on electrical doping and lattice location
of impurities in the nitrides were compiled in the tables of App. C and D.

An overview of the technique used and the basic concepts it rests upon is
presented in Chap. 2 Emission channeling technique. It was written to
provide the basis of the technique in order to support the reader in the remaining
chapters of the thesis. For a more detailed portrait several books and articles
are suggested. Also, a detailed description of the X-ray diffraction rocking curve
procedure is included in App. E.

The experiments data acquisition and analysis are described in Chap. 3
Experimental conditions, providing the grounds for the obtained results.
Further details, the description of the samples and isotopes used in the
experiments can be found in App. A and B.

v



vi Preface

Chapter 4, The lattice location of Mg in GaN and AlN, is based on two
articles and a discussion relating the second article (Art. II) results to electrical
studies reported in the literature:

Sec. 4.1 - Art. I, “Lattice location of Mg in the AlN lattice: Precise lattice
location of substitutional and interstitial Mg in AlN”, Appl. Phys. Lett.
vol. 103, p. 262102, 2013.

Sec. 4.2 - Art. II, “Lattice location of Mg in GaN: Interstitial and ideal
substitutional site occupied by Mg in GaN”, to be submitted.

Sec. 4.3 - Discussion of the “Mg lattice site and its contribution to
electrical properties of the nitrides”.

In order to better understand the location of Mg in the nitrides lattice, it
is important to investigate the lattice site of similar elements, namely other
light elements and elements of the same group of the periodic table (isovalent).
Previous studies showed that along the c-axis light elements, Na and Li, occupy
sites of GaN and AlN consistent with those reported for Mg in Art. I and Art. II.
The lattice site of Na was therefore investigated (along four high symmetry
directions) in GaN and AlN, resulting in Art. III,“Lattice location of Na in
GaN and AlN”, to be submitted and described in Chap. 5 (with the same
title). Ca and Sr, potential electrical dopants isovalent of Mg, were previously
found to occupy the cation site of GaN and AlN. The Mg, Ca and Sr lattice
sites in InN were investigated as described in Chap. 6 Alkaline earths (Ca,
Sr and Mg) lattice location in InN.

Chapter 7, The lattice location of Mn and As in group-III nitrides,
presents lattice location studies of Mn and As via emission channeling (Sec. 7.1
“Mn in InN: a magnetic and candidate acceptor dopant”, Sec. 7.2 “Lattice
location of 73As in AlN” and Sec. 7.3 “Lattice location of 73As in InN”). Mn, is
a well established magnetic dopant which is also expected to behave as a p-type
dopant of InN. This dual behaviour and the fact that Mn occupies both the
cation and anion sites of GaN (shown in previous studies) render this dopant
extremely interesting for our research. The As element is of the periodic table
group of N, however its covalent radius is closest to that of the nitrides cations.
In previous studies, it was also shown that As occupies both Ga and N sites of
GaN.

Complementing the specific discussions and conclusions presented within each
of the previous Chap. 4-7, Chap. 8 Discussion and conclusion consists of
a general discussion and the overall conclusions. An outlook is additionally
contained in this chapter, exploring the future prospects of the work presented.



Abstract

Dopants are impurities introduced in semiconductors in small quantities to
tailor the material characteristics, the effects of which depend on the exact site
the dopant occupies in the crystal lattice. The lattice location of impurities is,
thus, crucial for the overall understanding of the semiconductor characteristics.
In general, several techniques can be used to investigate the lattice site of an
impurity, the most accurate and dedicated being emission channeling. However,
a characteristic of this technique is that it requires the implantation of radioactive
probes, usually created and accelerated in a radioactive ion beam facility. In
some cases, emission channeling might however be the only technique capable
to investigate the lattice sites occupied by the impurity atoms, provided an
appropriate isotope for this technique can be used. For instance, the use
of other methods such as Rutherford backscattering spectrometry, perturbed
angular correlations, Mössbauer spectroscopy and extended X-ray absorption
can be hindered by the lack of suitable probe atoms for these techniques, or by
overlapping signals associated with the dopant and the constituent atoms.

The work presented in this thesis aims at investigating the lattice site of
electrical dopants in the group-III nitrides, GaN, AlN and InN. The nitrides have
applications in a wide variety of optoelectronics (e.g. light emitting diodes), high
temperature and high frequency electronics. The positive electrical doping is of
utmost relevance, because the nitrides have an n-type (negative) characteristic
background, and most of these applications require both a p-type (positive) and
an n-type doping in order to obtain a p-n junction to produce diodes. Although
group-II elements are expected to behave as acceptors, promoting p-type doping,
the only one with established efficiency is Mg. Hence, particular attention was
given to the Mg lattice site in nitrides in work done for this thesis. Recent
developments in the setup allow the use of 27Mg (t 1

2
=9.45 min), produced at

the ISOLDE-CERN facility, to perform emission channeling experiments and
investigate this subject, while the mentioned alternative techniques are not
applicable in this case.

vii



viii Abstract

At ISOLDE, radioactive probes are created, accelerated and bombarded at
relatively high energy (20−60 keV) into a single-crystal. These ions decay,
emitting β− particles in all directions. Their trajectories are influenced by the
Coulomb interactions with the atoms of the material. This way, the β− are
channelled along the directions where the atoms are aligned due to symmetries
of the crystal. Using this technique, we determined that Mg preferably occupies
the cation site (Ga, Al or In) of the group-III nitrides. Moreover, in the case of
GaN and AlN, at room temperature, a significant fraction of about 20% of Mg is
also found in interstitial octahedral sites. At higher temperatures the interstitial
Mg gradually migrates to the cation sites, and above 600℃ it is found entirely
in the substitutional sites of Ga and Al in GaN and AlN, respectively. The
temperature required to migrate Mg to the cation site, where it is expected to
behave as a p-type dopant, is well below the growth temperature of GaN and
AlN. Moreover, the annealing temperature necessary to remove H impurities
from the material and to activate the Mg-doped nitrides p-type is also above the
Mg migration temperature. Our study of Mg lattice location in GaN and AlN
contributes to settle a recent discussion prompted by theoretical predictions
over the local structure distortion around different ionisation states of Mg in
the nitrides, i.e. the precise location of Mg helps clarify the local structure
surrounding it. The published data on nitrides implanted with Mg were used
to consider the influence of the interstitial Mg in the electrical activity of the
dopant, however new dedicated systematic measurements should be performed
to draw more conclusive correlations.

The lattice sites of several dopants, with properties similar to those of Mg, were
also investigated by means of emission channeling, to understand which common
factors contribute to the lattice location, and thus efficiency, of acceptors in the
nitrides. From group-I of the periodic table, Na is a possible double-acceptor
with high ionisation energy and, most importantly, of similar size to Mg. At
room temperature, this element is found in the octahedral site and in the cation
site of the GaN and AlN lattices. A significant conversion from interstitial to
substitutional Na occurs after annealing at 900℃, revealing a higher stability of
Na in the cation site, than Mg has shown. The comparison of this migration of
the interstitial Na with that of Mg and Li in GaN and AlN reveals a correlation
between the migration energy and the ionic radius of the group-I or group-II
elements. The lattice sites of Ca and Sr -group-II elements heavier than Mg-
were investigated in InN to complete the previous studies performed in GaN
and AlN crystals, where these elements were found in the cation site. Similar
to Mg, the largest fractions of the alkaline earths Ca and Sr were found in In
sites, while a small fraction of Ca occupies the substitutional site of N. The Mn
element, a magnetic dopant from group-VII, was suggested to also behave as an
acceptor in InN. Mn has been assumed to occupy the cation site since its ionic
radius is much closer to that of In3+ than to N. Nevertheless, in our experiment,
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the majority of Mn was found in the substitutional site of In. Simultaneously,
a considerable fraction of Mn was distinguished in the N sites, which remains
stable after a 400℃ annealing. The fraction of Mn that is stable in the N site
can contribute to the inefficiency of Mn as a magnetic and/or electrical dopant
in InN. These findings are consistent with previous Mn emission channeling
studies performed in GaN. For completion, we studied the lattice location of
As in nitrides. Arsenic is from the same group as N and has a covalent radius
similar to that of Al and Ga. Previous studies concluded that it is amphoteric
in GaN, occupying both the substitutional site of N and Ga. We ascertained
that As exhibits an amphoteric behaviour in InN and AlN, which altogether
suggests that the size of As competes with its tendency to attract electrons, i.e.
electronegativity, to define its preferential lattice site.

In combination with results found in the literature, we conclude that the dopants
(including but not exclusively the electrical dopants) in the nitrides exhibit
a preference for the occupation of the cation site. After room temperature
implantation, dopants with a small radius, in comparison with the cation, were
also found in the octahedral (O) or the anion (N) sites of the nitrides lattice.
Furthermore, these secondary locations depend on the dopants electronegativity.
In other words, the size mismatch with the close-packed crystal structure clearly
competes with the electronegativity to define a dopant’s lattice site in the
nitrides. The influence of the dopant’s radius on its location is likely due to the
large size difference between the cation and the N atoms of the material, hence
it is more prominent in the case of InN.
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β− electron from a radioactive decay
γ photon from a radioactive decay

AlGaN aluminium gallium nitride
AlN aluminium nitride
App. appendix included in the manuscript

C-V capacitance-voltage
CBM conduction band minimum
CE conversion electron
Chap. chapter of the manuscript
CL cathodoluminescence

DFT density functional theory

e− electron
EC emission channeling
EC-V electrolyte-based chemical capacitance voltage
EHL exterior Helmholtz layer
EXAFS extended X-ray absorption fine structure

Fig. figure included in the manuscript
FWHM full width at half maximum

GaN gallium nitride

HA hexagonal site closest to the cation atom
HB hexagonal site closest to the N atom
HEMT high electron mobility transistor
HR-XRD High resolution X-ray diffraction
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I-V current-voltage
InAlN indium aluminium nitride
InGaN indium gallium nitride
InN indium nitride
IR infrared

LED light emitting diode
LEEBI low-energy electron beam irradiation
LT-MBE low temperature molecular beam epitaxy

MBE molecular beam epitaxy
MESFET metal semiconductor field effect transistor
MOCVD metalorganic chemical vapour deposition
MOSFET metal-oxide semiconductor field effect transistor
MOVPE metalorganic vapour phase epitaxy
MQWs multiple quantum wells

O octahedral

PAC perturbed angular correlations
PAMBE plasma-assisted MBE
PIXE proton-induced x-ray emission
PL photoluminescence

QWs quantum wells

RBS Rutherford backscattering spectrometry
RBS/C Rutherford backscattering spectrometry channel-

ing
RL reciprocal lattice
rms root mean square
RT room temperature

SCR space charge region
Sec. section of the manuscript
SEJ semiconductor-electrolyte junction or interface
SiC silicon carbide
SQUID superconducting quantum interference device

Tab. table included in the manuscript
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UC uranium carbide
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VBM valence band maximum
VTHE variable temperature Hall effect

XRD X-ray diffraction
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Chapter 1

Nitrides - a motivation

The group-III nitride semiconductors are of special interest, both from the
applications and the physics point of view. One of their most important
characteristics is the fact that the band gaps of InN (0.675 eV [1]), GaN
(3.4 eV [2]) and AlN (6.12 eV [3]) cover a wide part of the electromagnetic
spectrum, including the infra-red, visible and ultra-violet [4,5]. These materials
are also relatively easy to combine in alloys which allows to fabricate direct
band gap semiconductors all the way from InN up to AlN. The III-nitrides
are partially ionic semiconductor compounds of high chemical and thermal
stability, compared with the remaining III-V semiconductors (like GaAs) [6],
hence the numerous applications for each of the nitride semiconductors, in
particular in optoelectronics [7]. Naturally, each of the group-III nitrides has
its particular interest from the applications point of view. Namely, InN is
important for infra-red optoelectronics; InGaN and GaN for high-power and
high-frequency optoelectronics, LED, HEMT, MOSFET, MESFET and high
efficiency radiation-resistant solar cells (absorption throughout the whole visible
spectrum, up to 7 times the efficiency of Si) [8]; and AlN for ultra-violet
high-thermal, high-speed and high-resistance electronics.

The study of nitride semiconductors represents a lively research topic since
1970, culminating in the recent Nobel prize of 2014 attributed to I. Akasaki,
H. Amano and S. Nakamura for the “invention of efficient blue light-emitting
diodes”. For this reason the characterization of these materials, engineering
and, more importantly, understanding of the nitride properties is in fact as
crucial as ever. Additionally, several unexplained phenomena observed and
the doping process of group-III nitrides are of increasing interest from the
fundamental physics point of view. The recent developments in this area suggest
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the vastness of scientific ground for exploration, e.g. high crystalline quality
InN became commercially available and the efficient electrical doping of AlN
was achieved in 2002, enabling the development of the blue light-emitting
diode. Moreover, the electrical doping of the nitrides remains a scientific and
technological challenge, i.e., the high unintentional n-type doping and the
difficulty in obtaining shallow acceptors limits the level of p-type doping, which
is fundamental for the applications.

Over the years, many studies have been dedicated to improving, understanding
and engineering the nitrides and nowadays it is possible to obtain high crystalline
quality for the three nitrides and their alloys. The developments in the
application and research of nitrides are briefly described in the next section.

1.1 The nitrides - a brief history

In the last two decades of the XX century, the major limitation of using nitride
semiconductor films was the difficulty of obtaining a high crystal quality, due
mainly to the lack of a suitable substrate, i.e. with low lattice mismatch and
similar thermal expansion to the nitrides. This has been overcome with several
methods, including the use of buffer layers [9]. GaN high quality crystals were
grown by the end of the 80s [9], while for AlN a similar crystal grade was
only achieved later [10] and InN of good quality is only recently commercially
available.

Mostly due to defects and hydrogenation, the as-grown group-III nitrides are
naturally and unintentionally n-type doped. The most commonly used p-
type dopant, Mg, is a shallow acceptor in InN, while in GaN and AlN it is
a considerably deep acceptor [11]. The challenge of p-type doping hinders
the production of efficient p-n junctions, required for current applications.
Improvements in this direction include the reduction of C and O contaminations
during growth. Also, thermal treatment and low energy electron irradiation
(LEEI) have been known to remove the majority of unintentional free electrons
present in as-grown p-doped samples, which was later attributed to H
contamination. The achievement of an efficient p-type doping is still a challenge,
however several methods were proposed to address it, such as co-doping with
donor dopants [12–15].

The major events, since the first consideration of the group-III nitrides for
applications up to now, are summarised in the time-line of Figs. 1.1, 1.2, 1.3
and 1.4. Note that in the early 70’s the nitride applications and development
were slowed by the lack of a suitable bulk-crystal technology; the highly lattice-
mismatched substrates; the high defect density, in many cases rendering the
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1970 2014• •

•1970 1st GaN luminescence measurements [16]

•1973 1st GaN-based LED [17]

•1977 1st measurement of GaN bulk RT thermal conductivity 130
Wm−1K−1 [18]

•1986 MOVPE growth of a high quality GaN film using an AlN
buffer layer [9]

•1989 p-type GaN by LEEBI [19]

Figure 1.1: Time-line of achievements in the domain of nitride semiconductors
(1970-1989).

semiconductors highly n-type; the poor surface morphology; the deep ionisation
of common acceptors, and hence no efficient p-type doping.
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1970 2014• •

•1990 1st AlGaN-GaN-AlGaN multiple-QW [20]

•1991 High mobility GaN grown with low-temperature
MOCVD [21]

•1992 Mg-doped GaN activated by thermal annealing > 700℃ [22]

•1993 1st high e− mobility transistor based on n-GaN/AlGaN
hetero-junction [23]

•1993 Nichia Chemical Industries announces commercial blue GaN
LEDs [24]

•1994 high-brightness InGaN/AlGaN LED’s [25]

•1994 Microwave performance AlGaN/GaN field effect transistor

•1995 High quality AlN by pulsed laser deposition [10]

•1995 High-Brightness InGaN Blue, Green and Yellow LEDs with
Quantum Well Structures [26]

•1995 Nichia announces commercial GaN-based laser-diodes [24]

•1996 1st nitride-based laser diode with 417nm [27]

•1996 Nitrides unintentional n-type attributed to H
contamination [28]

•1996 High-quality AlN and AlN/GaN/AlN [29]

•1996 First GaN junction field effect transistor [13]

•1996 Semiconductor ultraviolet detectors based on AlGaN [30]

•1998 1st AlGaN/GaN multiple-QW 353 nm LED [31]

•1999 Ideal InN band gap is estimated without strain [1]

Figure 1.2: Time-line of achievements in the domain of nitride semiconductors
(1990-1999).
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1970 2014• •

•2001 Smooth AlN with low V/III ratio [32]

•2001 1st 352 nm LED on bulk GaN [33]

•2001 1st AlInGaN multiple QWs 340 nm UV-A-LED [34]

•2001 1st from 305 to 315 nm UV-B-LED depending on alloy
AlInGaN [35]

•2002 AlN/AlGaN SL for thin n-type AlGaN [36]

•2002 1st 285 nm UV-C LED [37]; 1st 365 nm GaN-free
UV-LED [38];

•2002 1st 280 nm LED [39]

•2004 1st 269 nm LED [40]; 1st 254 nm LED [41]

•2004 1st 250 nm LED [42]

•2006 Stimulated emission from AlN at 214 nm [43]

•2006 1st 210 nm AlN LED [44]

•2006 Evidence for p-Type Doping of InN [45]

•2007 Band bending variation at Mg-doped InGaN surface:
Evidence of p-type conductivity [46]

•2007 AlN p-type doping with Be suggested with ab initio [47]

•2008 Beryllium acceptor binding energy in AlN [48]

•2009 Influence of strain to extrapolate ideal band gap energy of
InN as 0.6 eV [1]

Figure 1.3: Time-line of achievements in the domain of nitride semiconductors
(2000-2009).
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1970 2014• •

•2011 Visible-Color-Tunable LED using multifaceted GaN
nanorod arrays multiple quantum wells (MQWs) [49]

•2011 Mg doped InN and confirmation of free holes in InN [50]

•2011 Tunable p-type conductivity and transport properties of
AlN nanowires via Mg doping. [51]

•2012 High-brightness polarized LED [52]

•2012 Shallow versus deep nature of Mg acceptors in nitride
semiconductors is still a hot subject [11]

•2013 Improved heat dissipation in GaN LEDs with embedded
graphene oxide pattern [53]

•2014 Nobel prize awarded to I. Akasaki, H. Amano, S.
Nakamura for “the invention of efficient blue light-emitting
diodes”

Near-future Development of solar cells based on nitrides
with an efficiency reaching 7 times those of Si cells is
expected.

Figure 1.4: Time-line of achievements in the domain of nitride semiconductors
(2010-2014).
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1.2 The nitride semiconductor lattice

The group-III nitrides can be grown as zincblende or wurtzite crystals. In
this thesis we will only consider the wurtzite group-III nitrides. The wurtzite,
illustrated in Fig. 1.5, is a member of the hexagonal crystal system, formed by
two intertwined simple hexagonal sub-lattices of the cation atoms (Ga, Al or
In represented in blue) and N atoms (represented in green). A more detailed
description of these structure parameters is summarised in the table 1.1.

(i) basal view. (ii) along the c-axis.

Figure 1.5: Representation of the wurtzite lattice.

For a hexagonal structure the four index system [61], Miller-Bravais indices, is
widely used to describe directions and planes. The three index system reflects
the symmetry of the crystal, however in a non-orthogonal system it increases the
complexity of crystallographic calculations. In order to manipulate the indices
as in the orthogonal lattice, a four dimensional orthogonal frame was devised
in which the Miller-Bravais indices can be interpreted as vectors confined in a
three dimensional subspace.

The group of equivalent planes (hkl) becomes (hkil), where i=− (h+ k). The
group of directions [uvw] becomes [u′v′t′w′], where

u′ = 1
3(2u-v) (1.1)

v′ = 1
3(2v-u) (1.2)

t′ = -(u′ + v′) (1.3)

w′ = w (1.4)
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Ideal wurtzite AlN GaN InN

lattice param.: a [Å] a=b 3.112 [54] 3.189 [54] 3.545 [54]
c [Å] a 6= c 4.982 [54] 5.185 [54] 5.703 [54]
u u=3/8 0.38 [55] 0.376 [55] 0.377 [55]

lattice angles: α=β=90° γ=120°
volume (conv. cell):

√
3

2 a
2c 41.8 45.6 62.1

nearest-neighbour dc(A-B)=uc 1.89 1.95 2.15
distance [Å]: dbasal(A-B)= 1.89 1.95 2.16√

1
3 + ( 1

2 -u)2( ca )2

packing fraction:
√

3
2 a2c

3
4π(R3

A
+R3

B
) 0.12 0.112 0.122

cation radius [Å]:
atomic 1.3 1.25 1.55

ionic (3+) 0.675 0.7 0.8
anion radius [Å]:

atomic 0.65
ionic (3−) 1.32

band gap [eV]: 6.12 [3] 3.4 [2] 0.675 [1]
melting T [℃]: 2750 [56] 2500 [57] 1100 [57]

bond energy [eV] [58]: EA−B 9 12 8
thermal expansion:

a [1/K] [2] 5.59x10−6 4.2x10−6

c [1/K] [2] 3.17x10−6 5.3x10−6

piezoelectric [pm/V]:
d13 [54] −1.6 −2.1 −3.5
d33 [54] 3.1 5.4 7.6
d15 [54] 3.1 3.6 5.5

Phillips ionicity [59]: 0.449 0.5 0.578

Table 1.1: Properties of the wurtzite AlN, GaN and InN lattice structures.
Empirically measured covalent radii are used in the calculation of the packing
fraction [60].

Planes and directions throughout this thesis will be given in this four coordinate
system. The structure of the lattice and the most relevant sites for this work
are illustrated below in Figs. 2.4 and 2.5.
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1.3 The nitride electrical doping

In this section the key successes and difficulties of the nitride electrical doping
are summarised. The incorporation of elements in the cation or the anion (N)
site results in the creation of either shallow or deep, either donor or acceptor
levels in the band gap of semiconductors, in general depending also on the
dopant’s group in the periodic table. The results reported are compiled in tables
of App. C.

Doping behaviour predicted depending on the dopant lattice site

Already during the early stages of nitride research, the doping behaviour was
predicted for cation substitutional impurities, according to their position in
the periodic system. On this subject, below we summarise the extensive work
presented in Ref. [62].

The group-I elements of the periodic table were predicted to behave as double
acceptors, with energy levels too deep to ionize. The column II impurities should
be the single acceptors. Isoelectronic elements, from column III, produced no
shallow levels in the simulations and in large concentrations, they are expected
to modify the band gap. The column IV elements should show a variety of
behaviours, depending on the actual element and nitride. Si, Ge, and Sn were
shallow donors predicted in GaN and AlN, while in InN they produce deep
levels. C, on the other hand, should generate deep electron and hole traps in
InN and alloys of InN, GaN, and AlN.

On the anion site of the group-III nitrides, it was predicted that elements from
the first three columns of the periodic table (group-I, II and III) should produce
a deep electron and hole trap. The column-IV C element preferably occupies
the N site where it behaves as a shallow acceptor, according to recent DFT
simulations. It is shallowest for InN -more than in the other nitrides-, shallow in
GaN and deep in AlN [63]. Column-VI impurities in the N site were predicted
to behave as single donors, although S, Se, and Te should produce deep levels
in the gap for InN, and barely in the band gap for GaN and AlN. Moreover, in
the simulations, O generates levels in the valence band. Isoelectronic elements,
from group-V, would generate hole traps. Also, Bi and Sb in InN should occupy
levels in the band gap. The column-VII impurities should all be double donors,
except for F which could be inert or also an ordinary donor.

In addition to the behaviour of the introduced impurities, the energy levels of
native defect vacancies were also estimated [62]. The cation vacancies create
acceptor levels in GaN, in InN they were predicted to generate energy levels
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barely in the band gap, while in AlN they should create levels deep in the band
gap. The N vacancies should also be shallow donors in InN and GaN and deeper
donors in AlN.

In conclusion, the group-II elements of the periodical table (Be, Mg, Ca, Sr
and Ba) were initially expected to be the best candidates for p-type doping,
provided their solubility on the cation site (Ga, Al, In) of the group-III nitrides
was high. Additionally Li, Na, K, Zn, Cd, and C were at times also suggested
as good candidates.

Candidates for p-type and n-type doping

The theoretical calculations are summarised in Ref. [64] and point to Mg and Be
as the impurities which should perform best as acceptors. Since the beginning
Mg has emerged as the acceptor dopant of choice in the nitrides, but recently Be
was considered in Refs. [47, 48, 65–67] to be an alternative to Mg in the AlN p-
type doping, although some predictions still favour Mg [68]. Be was also proven
to be the best alternative to Mg in GaN, was theoretically predicted to be well
incorporated into Ga sites of GaN [69] in high concentrations [70]. Nevertheless,
Be is generally suspected to suffer from compensation by incorporation in
interstitial sites. Additionally, the p-type doping of InN, by Be doping, was
recently reported [71].

In the case of n-type doping, the group-IV elements (C, Si, Ge) occupying the
cation site of the nitrides or O in the N site were considered the best donor
candidates. Consequently, the background n-type conductivity of the as grown
nitrides was initially attributed to O contaminations [64] and N vacancies [72].

Calculations indicated that GaAlN alloys, or GaN exposed to high pressure
(such as the growth conditions) displaces the O to an off-centre configuration
where it becomes negatively charged producing a deep level in the band gap,
hence behaving as a deep acceptor [64]. It was also theoretically predicted that
isovalent impurities in GaN form deep gap states, due to the large mismatch
of the isovalent atoms [58]. In particular, As, besides being stable in the N
site under n-type conditions, was predicted to have very low formation energies
in the Ga site in p-type conditions and suggested to produce a deep donor
level [73].

Meanwhile, the hydrogenation of the nitrides was proven to passivate Mg-doped
samples [74, 75], until the material was heated to above 500℃. It is since
believed that the hydrogen contamination is responsible for n-type background
in very pure (without oxygen impurities) group-III nitrides. In terms of induced
doping, C incorporated in the N site behaves as an acceptor. This defect showed
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a significantly lower formation energy than C in the Ga site [64], however it
was found that in InN the electron concentration increases linearly with the C
incorporation. This suggested the effect of n-type doping and that incorporated
C impurities reduce the electron mobility within the InN films.

Nevertheless, Si is the typically used donor for the nitrides. Si was theoretically
predicted to be very stable in the Ga site and should remain a shallow donor
throughout the alloy range [64]. Several experiments on Si doping during
growth of AlN [44,76] and after implantation into GaN [77] and AlN [78] show
its high doping efficiency. In the case of InN most focus has been put into
investigating and controlling the unintentional n-type nature of the InN [79]
rather than inducing it. InN doped with Si [79] and C [80] by implantation
was studied recently. The Si-doped InN displayed a high mobility and electron
concentration.

Electrical doping of GaN

Nominally undoped GaN of high quality has a majority electron concentration
of about 3x1017 cm−3. In the late eighties, an AlN buffer layer (about 150 Å)
between the substrate and the GaN, was used to stop the propagation of cracks
from the vicinity of the substrate -due to lattice mismatch of the substrate
structure with GaN- into the surface. The procedure led to samples with
excellent morphological, crystalline and optical properties [9], depending on
the AlN thickness and growth temperature. The GaN grown on the AlN layer
displays no n-type background [81], a feature that is expected to be associated
with the increase in crystalline quality.

The electrical doping of GaN is usually done with Si for n-type and Mg for
p-type. Nevertheless for highly n-type doped GaN, and particularly InGaN, Si
introduces too much strain and has high diffusivity. Thus, Ge is chosen when a
high donor concentration is required.

According to the activation energy reported for Mg (140-180 meV) only 1%-
2% [6] of Mg is ionized at RT. Still Mg is the shallowest acceptor for GaN
found so far, although it has deep acceptor characteristics in GaN and AlN [11].
The p-type GaN is obtained by the introduction of about 1019-1020 Mg.cm−3

followed by a thermal treatment, such as annealing at about 700℃ [22], or
low-energy electron beam irradiation (LEEBI) [19, 28]. Above these values Mg
incorporation reduces the free carrier concentration, an effect widely known
as the “Mg hole compensation”. The compensation has been attributed both
to interstitial Mg [82] and acceptor-donor complexes such as Mg-H [28,83,84].
This way, the maximum hole concentration obtained is about 1018 Mg.cm−3
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for Mg-doped GaN, and increases about two orders of magnitude when it is
co-doped with a donor element such as Si or O.

The co-doping method is based on the metastable complexes formed by two
acceptors with a donor [12, 58]. The introduction of donors increases the Fermi
level energy, decreasing the acceptor ionization energy. The size of the acceptor
is compensated by the donor size reducing the lattice relaxation. This way the
co-doping in wide band gap semiconductors decreases the effective formation
energy of the dopants in the ideal lattice site, increasing their solubility and
decreasing the self-compensation. According to Ref. [12] the charge carriers
are scattered by metastable complexes that act as dipoles ionized impurities
(short-range interaction) rather than by an ionized dopant through Coulomb
interactions, increasing the carrier mobility.

For completeness and to allow an easier comparison of the data, the most
relevant electrical measurements obtained for GaN doping (Tab. C.1) and
co-doping (Tab. C.2) during growth and by ion implantation (Tab. C.3) are
summarised in App. C.

Electrical doping of AlN

AlN is the most radiation [85] and temperature resistant nitride, properties that
along with the extremely wide band gap, make this material widely investigated
and used for all sorts of high frequency/power, high temperature and high
pressure electronics. Moreover, this nitride uniquely combines a very high
thermal conductivity and electrical insulation. As grown, AlN is highly resistive,
making its electrical characterisation very difficult, i.e. the wide band gap of
AlN (6.12 eV) makes it an insulator [67]. Hence the measurement of p-type
AlN is of particular difficulty, i.e., although p-type AlN has been successfully
obtained [44], and its application in devices reported, the measurement of the
actual values of mobility and charge carrier density are not easily achieved.

P-type Mg-doped AlN is obtained for similar concentrations as for GaN,
1019-1021 Mg.cm−3, and “Mg hole compensation” was also reported for Mg
concentrations above 1020 Mg.cm−3 [44]. The mobility values obtained for
AlN are however much lower than obtained for GaN. With Mg doping up to
3x1014 cm−3 p-type high resistivity was estimated [44]. The doping of AlN with
Be has been attempted. Photoluminescence (PL) measurements indicated that
a lower binding energy was obtained for the Be than for the Mg acceptors [48].
This is in accordance with theoretical predictions from DFT simulations [65].

As for n-type doping, AlN doped with Si during growth was reported to produce
3.23x1015 cm−3 donor carrier density. There are even smaller number of studies
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reporting on AlN implanted with electrical dopants than on GaN, nevertheless
the most relevant results of AlN electrical doping during growth (Tab. C.5)
and by ion implantation (Tab. C.6) are summarised in the App. C. Note
that besides the bigger lack of understanding of AlN, this material has shown
the highest radiation resistance of the III-nitrides [85], so the implantation
should not generate too much damage to interfere with the emission channeling
measurements, making AlN a very good candidate for the present study. On
the other hand the high melting point of AlN represents a challenge to use
annealing in the crystal recovery, so any damage induced during implantation
is difficult to recover.

Electrical doping of InN

In InN, Mg is a shallow acceptor, however, there are two hampering factors in the
study of InN electrical doping that make this a very active subject in research.
Firstly, the challenge of growing high quality InN samples with progressively
lower unintentional n-type doping was recently overcome. Secondly, in this
material the conduction band minimum (CBM) at the centre of the Brillouin
zone is so low that the charge neutrality level is located high in the conduction
band. This promotes the high unintentional n-type doping, and accumulation
of electrons at interfaces, in particular at the surface and thus the difficulty
in doping InN p-type. The energy of the CBM and valence band maximum
(VBM) drops steeply when approaching the surface, allowing the CBM at the
surface to become lower than the value of VBM within the material. Moreover,
it is believed that in not intentionally doped InN the n-doping level is so high
that the Fermi-level is actually located inside the conduction band [86] (as
seen in figure 1.6). Specifically the surface Fermi level is 1500 meV above the
conduction band minimum for both n-type and p-type InN and about 1000 meV
above the valence band maximum deeper in the material. This implies that
the CBM and VBM bend even more for the p-type InN surface, the electron
accumulation in the surface becomes very significant [87], while the p-type
active area begins a few hundred ångström within the material. In Fig. 1.6 the
schematic of the InN band bending is illustrated and for comparison the GaN
band bending scheme is included. More details on the extent of band bending,
with increasing In concentration for the InGaN alloy, can be found in Ref. [46].

This effect implies that, to detect the underlying p-type region below the high
density of electrons at the InN surface, the accumulated electrons must be first
depleted [88] [89]. In Ref. [90] a detailed description of the electrolyte-based
chemical capacitance voltage (EC-V) method, used to this end, is presented.
There were several measurements by depleting the surface layer accumulation,
as EC-V, I-V and Hall effect done as a function of temperature, that point to
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p-type behaviour [45,90–95]. Mg concentrations between 1018 and 3x1019 cm−3

were efficient in achieving p-type net carrier concentrations (around 1018 and
1019 cm−3) [90]. In Ref. [71] Mg as well as Be incorporation decreases the donor
concentration in n-InN and thus indicates the acceptor behaviour of Mg and
Be.

Figure 1.6: Schematic of the band bending in GaN (left) and InN (right), as
a function of depth. Where the Fermi energy level (EF ), in both p-type and
n-type InN, is displayed in relation to the conduction band minimum (CBM)
and valence band maximum (VBM). (Based on Ref. [46]).

Recent DFT simulations revealed that substitutional Si(In) and O(N) create a
single donor energy level, while Mg(In) and C(N) produce a single acceptor [96].
Moreover C would act as a shallow acceptor with low formation energy in the
N site [63, 96], allowing to achieve even higher carrier concentrations than with
Mg, although the formation energy of acceptor C is still higher than Mg. The
scarce values available for InN electrical doping during growth (Tab. C.7) and
by ion implantation (Tab. C.8) are summarised in App. C.

1.4 The lattice site of impurities in nitrides

In this section we summarise the reports on lattice site of different elements
in the three group-III nitrides, in order to introduce the state-of-the-art of the
subject, contextualizing the work presented on this thesis.

The introduction of dopants allows to engineer semiconductor characteristics.
The dopants have been investigated through several techniques from several
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points of view, since the applications of the nitrides depend on doping. The
most common investigations ascertain the luminescence, electrical and magnetic
properties of the doped material. However in order to investigate the doping
physical processes, several other aspects of the material are probed (for instance
the lattice site, local structure surrounding the dopant and possible complex
formation).

In semiconductors the activation of the dopants depends on their incorporation
in the right lattice site, i.e. in different sites the same impurity will behave
as a different, active or inactive dopant. For this reason, the lattice sites of
the different optical, magnetic and electrical dopants have been investigated
for various semiconductors. In particular in GaN, the use of Rutherford
backscattering spectrometry / channeling (RBS/C) and EC has allowed the
investigation of the lattice sites occupied by the majority of the dopants [97].

Mg is a very important electrical dopant, but the fact that it has lower mass
than Ga, Al or In makes it impossible to locate it via the RBS/C technique, i.e.
the Mg concentration is significantly lower than the compound elements and
the lighter mass will produce an RBS yield increase in the energy range which is
already dominated by the cation signal. There are other techniques that allow
an indirect assessment of an impurity lattice site in crystals, such as Mössbauer
spectroscopy and extended X-ray absorption fine structure (EXAFS), perturbed
angular correlations (PAC) and proton-induced x-ray emission (PIXE).

Firstly, Mössbauer assesses the electrical and magnetic surroundings of an
element providing accurate information about its chemical bonds and local
structure. This method uses γ-rays with a well defined energy tuned to excite
the nuclei. The γ may be generated by radioactive probes implanted into the
material, a radioactive source with an isotope of the element to investigate or
synchrotron radiation, which allows to select the energy with great accuracy.
This technique is very useful provided the nuclei (de)excitation energy is known
with precision, like the case of measured radioactive isotope decays but there is
no suitable Mössbauer probe isotope for Mg.

A radioactive probe which decays by the emission of a cascade of 2 γ photons
is required to probe the local structure with PAC. Similarly to Mössbauer,
this technique is used to determine the hyperfine interactions -nuclear moments
interaction with the local structure electromagnetic fields- to provide information
on the electromagnetic and chemical surroundings of the radioactive probe.
This in turn can help determine the lattice site the probe occupies. There is
also no Mg probe appropriate for PAC measurements.

PIXE allows to characterize a sample composition determining most elements
with high atomic number with good sensibility (ppm or below). An ion beam
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(typically around 3 MeV) bombardment of the sample results in the scattering
of inner shell electrons. Outer shell electrons then occupy the created holes and
emit an X-ray with the energy difference. Mg has a low atomic number (Z=13),
as such the low energy of the induced X-rays results in their strong absorption
by the typical materials of the target and during the trajectory between the
target and the depleted region of the detector [98]. Additionally, in this specific
case the wavelength of the Mg characteristic K-lines (1.25 keV) is also near to
the K-lines of Al (1.49 keV) and the L-lines of Ga (1.10 keV), which results in
spectral interference.

Lastly, the EXAFS technique is often used to determine the distance of first
neighbours and their chemical identity, thus allowing to deduce the lattice site
of the chosen element. Nevertheless, the Mg K electron absorption edge at
1303 eV overlaps with the Ga LI-edge (1299 eV) and is very close to the Al
K-edge (1557 eV), making it impossible to use EXAFS to ascertain the local
structure surrounding Mg, hence the lattice location of Mg. There is, however,
a report on EXAFS measurements performed on the K-edge of Mg in Mg-doped
InN [99], in which the authors conclude that Mg is located mainly in In sites
and interstitially within the InN crystal structure. The fractions of Mg in each
site are difficult to ascertain with this technique, and the suggested interstitials
were related to possible Mg3N2, MgO and Mg-H complexes. Also, the authors
mention the interest in performing a similar study in AlN, although to the best
of our knowledge such a study has not been published.

As mentioned in the previous section, the best alternative to Mg is Be, however
the incorporation of Be in the cation site of the III-nitrides -where it would be
an active acceptor- is still a matter of debate. The emission channeling of Be in
GaN, using a very short lived isotope of comparatively high energy β− decay,
was tested and it was concluded that the technique can be used to investigate
this matter in the near future. The first preliminary measurements were taken
of 11Be emission channeling in GaN although the analysis is still ongoing [100].

Impurity lattice sites in GaN

Considering the high relevance of GaN in optoelectronics, the rare-earths, as
optical dopants, have been consistently investigated in this material. Besides
luminescence studies, the lattice location of these dopants was determined
with several techniques. The results of the RBS/C and EC on GaN doped
with Pr, Ce, Eu, Dy, Er, Tm, Lu are compiled in Refs. [97, 101]. All these
elements were found mainly in the Ga sites, and the small remaining fraction
is considered to be spread in random sites of the crystal. In order to perform
EC, radioactive isotopes of optical dopants were implanted into GaN and
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their lattice site was determined. 141Ce, 141Pr, 147Nd, 147Pm, 149Pm, 149Gd,
149Eu, 153Eu, 153Sm, 167Er [97, 101–104] were found mainly in Ga sites of
GaN and a small fraction, depending on implantation damage, was located
in random sites of the crystal. The 167Er lattice site was further investigated
for C and O co-doping, though no significant changes were found. The Eu
and Er lattice site were determined by emission channeling experiments in
GaN as cation substitutional [97, 102], although several PL measurements
point to the occupation of multiple “spectroscopic sites” by Er and Eu in
GaN [105–107], however, these “spectroscopic sites” may not necessarily be
associated with different types of lattice sites. Corroborating results were found
for cathodoluminescence (CL) experiments [108], where the atomic electrons are
excited by an impinging electron beam and the following de-excitation results in
photon emission. In this case, the observation of two distinct emission lines was
attributed to different Er sites. Mössbauer data on radioactive 151Eu implanted
in GaN displayed two symmetric doublets attributed to EuGa and near EuGa,
that can be distinguished with accuracy via emission channeling.

Similarly, emission channeling studies of electrical dopants in GaN concluded
that, after implantation, 45Ca and 89Sr, as p-type dopants, and 121Sn, as n-type
dopant, occupy the Ga site [102,109], and after several annealing steps under
vacuum up to 900℃ the dopants remain at the same lattice site. Furthermore,
after annealing at 1300℃ the fraction of Ca measured in Ga sites decreases,
while Ca in random sites increases, however this is considered a typical sign of
sample degradation. The light elements 8Li and 24Na were also investigated by
emission channeling, and, contrarily to the heavier dopants, it was concluded
in both cases that the majority of the implanted dopants would occupy an
interstitial near the octahedral site, while the remaining impurities replace Ga
atoms [102, 109, 110]. After annealing at 500℃ the lattice site preference of
Li switches and, though there is still a substantial fraction of Li in octahedral
sites, the majority occupies the Ga site. Contrarily, the Na fractions remain
unchanged after the annealing at 900℃.

Moreover, the heavy isoelectronic element 111In is mostly found only in Ga sites
of GaN, after implantation [109]. Magnetic dopants such as Mn and Co were
also localised via emission channeling. For these dopants, it was found that
while most Mn and Co occupy the Ga site, a significant part occupies the N
site [111,112]. A general overview of the lattice sites occupied by the different
impurities is presented in the Discussion, Sec. 8.1. The lattice sites determined
in the previously mentioned experiments, along with the most relevant details,
are summarised in table D.1 of App. D.
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Impurity lattice sites in AlN

The lattice site of rare-earths Er, Eu and Tm in AlN was predicted by local
density functional calculations in Ref. [113]. The most stable location for these
optical dopants is the Al site, which is in accordance with the measurements
of RBS/C and EC [102,114,115]. Also the majority of Nd and Gd impurities
occupy the Al site [102,116]. However, cathodoluminescence (CL) experiments
of Er in AlInN display, two emission lines similar to the ones measured for GaN
and were ascribed, by the authors, to different Er sites [108]. This contrasts
once again with the emission channeling results for Er that is located in the
cation site.

In the case of implanting transition metals in AlN, 59Mn (used to investigate
the daughter isotope 59Fe), 67Cu and 111Ag, responsible for magnetic doping,
the emission channeling produced revealed that once again the majority is found
in Al sites [102]. Also, implanting the electrical dopants Sr and Ca on AlN, the
angular emission yields showed that these impurities occupy mainly the Al site
of AlN [102]. Note that, for some of these experiments, the Al substitutional
fraction is determined below 50% due to the limited crystal quality of the used
samples.

Moreover, the lattice site of 8Li and 24Na light elements was investigated
by emission channeling. As in GaN the majority of the implanted dopants
occupy the interstitial octahedral site, while the remaining impurities replace
Ga atoms [109]. The lattice site preference of Li is reversed by annealing at
500℃, i.e. though there is still a substantial fraction of Li in octahedral sites
the majority occupies the Al site. After annealing at 800℃, a fraction of the Na
in octahedral sites becomes Al substitutional, though the Na hexagonal fraction
remains larger than the substitutional fraction. The lattice sites determined in
the mentioned experiments, along with the most relevant details, are summarised
in table D.1 of App. D.

Impurity lattice sites in InN

The difficulty in growing high quality InN hindered systematic investigations of
possible dopants. Instead, many studies can be found on the local environment
of In in InN and the natural occurring defects. To perform EC one can use
111In, that decays through electron capture emitting an electron-neutrino, this
decay is not detected. An electron is emitted from the daughter isotope, 111Cd,
excited states, which is used in emission channeling. The 111In decay provides
the 111Cd with a recoil energy of 0.86 eV. In order to displace an In atom in
InN, it requires the energy to create an In vacancy, the In-N binding energy
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is 8 eV [58]. Since the displacement energy is higher than the decay recoil
energy, the probe atom remains in the same lattice site as the parent. Thus, the
angular yield of electrons detected is characteristic of the 111In lattice site. The
111Cd(In) radioactive probe of In was used with the PAC technique [117–119],
to ascertain the local electrical and magnetic ambient in InN.

DFT theoretical simulations predict that the C and Mg impurities are most
stable in the N and In sites, respectively, resulting in single acceptors in InN [96].
The formation energies for O and Si impurities were also predicted for different
sites [120], and O was found to preferentially occupy the N site while Si would
be found in the In site, both acting as single donors. These defect formation
energies were also considered so low that O and Si were expected to be readily
incorporated during growth.

As referred to earlier, EXAFS on Mg K-edge of Mg-doped InN was used to
investigate the lattice site and local chemical ambient of Mg [99]. The In lattice
site was identified as the most likely location of Mg, although a small fraction of
Mg occupying interstitial sites resulted in an improvement of the experimental
data fits. Thus the exclusive location of Mg in In sites was not determined.

1.5 Aim of the work presented in this thesis

The developments in the fundamental physics and applications of nitrides over
the past thirty years, described in the previous sections, promote the interest
in improving and controlling the electrical doping of these materials. It was
previously established in this chapter that the lattice sites occupied by a dopant
in a semiconductor strongly influence the material characteristics. For instance,
Mg behaves as an acceptor if, and only if, it occupies the cation site of the
nitrides, substituting either Ga, Al, or In (in GaN, AlN or InN, respectively).
On the other hand Mg in interstitial sites of the lattice or in the N site, not
only, does not contribute to the increase of the free hole concentration, but
actually compensates existing free holes. Also, the challenges and relevance in
achieving p-type nitride semiconductors were described (group-III nitrides are
unintentionally n-type) and the progress in studies and usage of these materials
has been summarised. This section describes the goals of the work presented in
this thesis.

The objective of this work is to investigate the preferential site occupied
by electrical dopants in nitride semiconductors and the contribution to the
knowledge of electrical doping in the nitrides. We focus on the study of p-type
dopants because highly efficient n-type doping is well establish and was achieved
with Si and Ge -suggesting that the majority of the introduced Si and Ge
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substitute the cation-, and due to the lack of suitable conditions to determine
the lattice site experimentally.

Our primary goal is to study the Mg lattice site in GaN, AlN and InN, since
this is the only effective p-type dopant of the nitrides. Not many techniques can
provide information on the behaviour of Mg in the nitrides, since AlN is highly
resistive obstructing electrical measurements and Mg doped InN is known to
create a surface compensation layer that hampers its electrical properties probing
in depth. Moreover, as described in the previous sections, the study of Mg doped
nitrides is limited for many of the typical structural characterization techniques,
such as PAC and Mössbauer -due to the unavailability of an appropriate probe-,
and RBS and EXAFS -due to the overlapping of the signals associated with Mg
and the crystal matrix atoms. New developments in the EC experimental setup
enable the measurement of angular emission yield during or directly after the
implantation process, allowing for the first time the usage of short-lived isotopes.
Using this setup, the lattice site of Mg can be measured with high accuracy using
27Mg radioactive probe (with lifetime of ≈ 9.5 min), via emission channeling.
The success of this experiment represents a broadening of the range of suitable
radioactive isotopes to probe with emission channeling. This way, we proposed
using the emission channeling technique to determine experimentally the lattice
site (identifying sites and the fractions of the dopant in each site) of electrical
dopants in the group-III nitrides lattice and to estimate the thermal stability of
the dopants in the determined sites. The emission channeling technique was
developed to ascertain the location -with a resolution that can reach 0.1 Å- of
radioactive probes in a high quality crystal lattice, after implantation at low
fluences (about 1 ppm). This technique has already been used to successfully
determine the lattice site of many dopants in GaN and AlN. Moreover, the
crystalline structure of InN reached the quality required to investigate with this
technique due to improvements in the growth process.

The location of other group-II elements -possible p-type dopants- were
investigated in GaN and AlN via emission channeling previously [102, 121],
so we completed the study by determining the lattice site occupied by these
elements in InN. Moreover, a deep understanding of the Mg location in the
nitrides, requires a more global overview of the sites occupied by other elements,
with similar properties, in the nitride compounds. Identifying the lattice site of
other group-II elements and of other light elements in the nitrides provides a
more involving knowledge of the electrical dopants lattice site and hints at the
mechanisms that influence the lattice site of Mg occupied in the nitrides. This
way, one tries to devise global insight that can suggest the preferential location
of impurities in the nitrides. Ultimately, the goal is to contribute, with the
lattice location of Mg and other dopants to the understanding of the electrical
doping of the nitride semiconductors.



Chapter 2

Emission channeling
technique

In Chap. 1, the physics of the nitride semiconductors and the aim of this
work -to investigate the lattice site of electrical dopants in the nitrides- have
been discussed. Also, previous studies that determine the lattice site of
impurity atoms in the nitrides were outlined. Considering the particularities
of the nitrides, the interesting electrical dopants and the associated available
radioactive probes, the emission channeling (EC) technique is particularly
suitable and was therefore used to ascertain the lattice site occupied by the Mg,
Ca and Sr elements in the nitrides. Moreover, this technique was also used to
investigate the lattice site of Na and As, to complement the overall view of the
physical properties that influence the crystal lattice site of impurities in the
group-III nitrides. The current chapter provides an overview of the emission
channeling technique.

2.1 Physical aspects

The emission channeling technique allows to precisely probe the location of
radioactive isotopes implanted in single-crystal samples. A detailed description
of this technique can be found in Refs. [122–124]. In this study we use β−
and conversion electron (CE) emission channeling, thus we will focus on the
channeling of electrons, although α decays can also be used. The radioactive
probes are implanted at low fluences (1011-1013 cm−2), depending on the
radiation resistance of the sample and the half-life of the isotope implanted.

21
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(i) projection of wurtzite along [0001].

(ii) substitutional radioactive probe. (iii) octahedral radioactive probe.

Figure 2.1: (i), projections of wurtzite unit cell repeated along the [0001]
direction from a compound with blue and green atoms [where the green atoms
are aligned behind the blue atoms and thus only visible in the corners of the
figure (i)]; (ii)-(iii) schematic illustration of channeling (in yellow) and blocking
(with random scattering in red) directions, from a substitutional [(ii)] and an
interstitial octahedral [(iii)] radioactive probe emitting β or CE, in the wurtzite
crystal, projected along the [0001] direction.
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The probe atoms decay emitting electrons that travel within the single crystal.
By definition, the crystal is composed of periodically arranged atoms, however,
at the energy scale of the emitted electrons, the crystal is effectively represented
by a screened continuum Coulomb potential. Thus, the electrons that are
emitted within a critical angle around axes or planes formed by atoms of the
crystal are channelled along the directions of the screened positive nuclei, while
those emitted at higher angles are scattered randomly. A schematic example
of the channeling and blocking of electrons emitted from substitutional and
octahedral radioactive probes is illustrated in Fig. 2.1. A projection of the
wurtzite unit cell along the [0001] direction is displayed in Fig. 2.1 (i). Close
alignment of atoms is visible along the plane projected in the ab direction and
planes at 30° and 60° with a six-fold symmetry, that correspond to the set of
(112̄0), (011̄0) planes, respectively. The yellow areas in Fig. 2.1 (ii) and 2.1 (iii)
illustrate directions along which the closely aligned atoms potentially channel
the electron if it is emitted from the atom within the critical angle (hence the
funnelling shape from the probe to the channelling zone). Contrarily, if the
electron is emitted along other directions it is scattered randomly, represented
by the red lines. While these electrons can as well reach the detector, their
random scattering produces an isotropic angular distribution and thus results
in a homogeneous background in the detector. Note that for each implanted
radioactive probe we are interested in one β− or CE emitted in its decay.

The channeling of the emitted electrons along high symmetry directions of the
crystal produces an angle-dependent yield which is characteristic of the probe
atom lattice location in the sample, i.e., the increase in angular yield along
a direction indicates channeling of electrons within a critical angle, around
high symmetry directions. Using a 2-dimensional, position-sensitive and energy-
sensitive detector, successively aligned with high-symmetry directions of the
single crystal, the angular emission yield around these directions is measured.
The results are then fitted to simulations performed for the specific probe atom
in different lattice locations of the sample, thus distinguishing lattice sites where
the probe atom is located.

2.2 Dechanneling by defects of the lattice

Any defect of the crystal lattice has the potential to scatter an initially
channeling β− particle from its trajectory, losing the correlation with its original
emission lattice site. This reduces the angular anisotropy while increasing
the homogeneous background (the so-called "random level" of a channeling
pattern). Implanting at higher depth results in an extension of the particle
trajectory within the crystal and increases the probability of being dechanneled.
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This effect is usually associated with probe atoms located in random sites
of the lattice and scattering in the experimental setup previous to detection.
GaN is commercially available with very high crystal quality, however AlN
and InN are typically materials for which high crystalline quality samples are
difficult to obtain. The AlN and InN samples often display long range crystal
disorder, or mosaicity -crystal domains are slightly misoriented. The effect
of the mosaicity on the emission channeling studies is described in detail in
Refs. [97,125]. An evaluation of the sample mosaicity is hence necessary, so that
the resulting widening of the angular distributions can be taken into account
when analysing the emission channeling data. To perform this evaluation
the crystalline quality of the samples to be used is studied using Rutherford
backscattering spectrometry channeling (RBS/C) and X-ray diffraction rocking
curves (XRD/RC). The results obtained are included for completeness in App. A.

The Rutherford backscattering spectrometry (RBS) technique is used to
determine the composition of samples with depth sensitivity. The sample
is bombarded by an energetic ion beam, commonly He2+ of a few MeV. The
ion scattering by the material atoms is mainly elastic. Therefore, detecting
the energy of ions once they are scattered out of the sample along a certain
angle -considering energy and momentum conservation-, one can determine the
mass of the target atom they were scattered by. Moreover, within the material
the velocity of the He2+ ions is slowed along the inward and outward trajectory
by inelastic collisions with the sample electrons. This way, the length of the
trajectory, and consequently the depth of the target atom, can be determined
from the detected energy. In a similar way to emission channeling, if the sample
is a single-crystal and the beam is aligned with a high symmetry direction of the
crystal, the impinging ions are channelled or blocked -depending on whether
their trajectory collides with surface atoms or is aligned with the interstitial
space between them-, performing RBS/C. Comparing with the typical RBS
spectrum, the decrease in near-surface backscattered yield due to the channeling
of the ions (inward the sample) can thus be used to evaluate the crystal quality
of the sample along the alignment direction.

With the X-ray diffraction (XRD) method the distance between crystal planes
is determined and thus the crystal structure of the matrix is defined. This is
a standard technique in which a monochromatic X-ray beam impinges on the
sample under a certain angle θ from the surface normal and the photons scattered
by the atoms of the material along an angle π-θ are detected. The diffraction
yield is measured while varying θ and the interference angles are determined.
According to Bragg’s law of diffraction, the constructive interference of light
scattered in a crystal lattice is obtained at the angle θ, where the (incoming
plus outgoing) difference in trajectory by the light scattered, in periodically
distanced planes of the crystal (distance d), is a multiple of the light wavelength
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λ. In epitaxial films the commonly known single-crystal often exhibit a mosaic
structure -slightly mis-oriented sub-domains, with respect to each other and the
substrate. This effect, called mosaicity, results in a broadening of the diffraction
peaks. The full width at half maximum of the measured peaks can be used
to characterize the mosaicity of single-crystal samples, this is known as the
rocking-curve method (RC).

During implantation, the crystal is bombarded with high energy (30-60 keV)
ions, which produces vacancies (usually 100-1000 vacancies per implanted atom)
and other crystal defects, in addition to the disorder already present in the
original sample. For this reason, the samples are implanted with the minimum
amount of probe atoms required to perform the experiment, typically below
1 ppm, and the impurity lattice site is investigated after several annealing steps
which, depending on the temperature and the sample material, should anneal
the defects or re-grow the sample. The induced density of defects is simulated
using the SRIM code [126] and the results of these simulations for the cases of
our experiments are included in Tab. A.2 of Chap. 3.

Also, the implantation process is typically associated with a risk of contami-
nation, i.e., generally the radioactive beam used to implant the probe atoms
in the sample contains ionic isotopes of similar mass and charge to the probe
atoms. In the case that these contaminants are radioactive their decay products
can interfere with the measurements, contributing with effects related to their
lattice site. Otherwise, they contribute nevertheless with implantation induced
damage. Therefore, a very high-quality isotope ion beam is required.

2.3 Experimental setup

The emission channeling technique requires very low fluences of radioactive
probes and achieves, in ideal conditions, a lattice location resolution of ∼ 0.1 Å
by means of comparing experimental emission yields to theoretical patterns
simulated for different positions of probe atoms in the crystal unit cell. Besides
the influence of the implantation conditions in the emission channeling resolution,
as described in the dechanneling Sec. 2.2, the unintentional implantation of
contaminants and the scattering of electrons in the apparatus can contribute
with background events to the measured yield. Several ion beam facilities can be
used to implant the radioactive isotopes in single-crystal samples and different
setups can be used to perform the experiments, however in this section we focus
on the experimental setup used in the work of this thesis.

The production of radioactive beams was done at CERN’s on-line isotope
separator facility ISOLDE-CERN (Geneva, Switzerland). The description of the
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Figure 2.2: Schematic layout of the ISOLDE facility.

facility can be found in Ref. [127]. The facility, displayed in Fig. 2.2, follows the
CERN first stage booster (PSB) which provides a beam of about 2 µA 1.4 GeV
protons. These protons hit a target (most usually SiC or UC), and a multitude
of radioactive isotopes are produced by means of spallation or fission reactions.
After outdiffusion from the target at temperatures around 2000°C, isotopes
of a specific chemical element are ionised and electrostatically accelerated to
20-60 keV. The mass selection is carried out by means of a magnetic field.
Electrostatic quadrupoles and deflectors are used to focus and guide all isotopes
of a given energy through the beam lines. Several beam lines distribute the
isotope beams to different experiments.

The ISOLDE GLM beam line is equipped with a collection chamber that allows
efficient implantation of a series of samples with well defined beam spots of of
0.5, 1, 2 or 5 mm diameter under high vacuum, for the subsequent use in off-line
experiments. This means the samples need to be removed from the chamber
and then mounted in one of various off-line emission channeling setups, where a
2D energy-sensitive detector was aligned with four high symmetry directions of
the sample and the angular emission yields were measured under high vacuum
(10−5 mbar). A detailed description of the typical emission channeling setups
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can be found in Refs. [102, 112]. However, dismounting the sample from the
implantation chamber and transporting it to a separate laboratory where it is
mounted in a setup for off-line experiments, is a time consuming process that
takes about an hour or so. Further constraints result for e.g. from the fact
that annealing procedures in the measurement setups can only be performed
after a vacuum of better than 10−5 mbar has been reached. Consequently, such
off-line experiments were only feasible for radioisotopes with half-lives over ≈ 6
hours. Recently, however, a new setup [128], dedicated to EC experiments, was
mounted in the end of the GHM line at ISOLDE. This on-line setup was designed
with the purpose to implant and simultaneously perform the measurements of
angular emission yields. Moreover, the detector mounted in this setup is able
to detect charged particles at a higher rate than the previously used detectors.
These two factors allow the use of radioactive probes with shorter half-life for
emission channeling experiments.

Figure 2.3: Photograph of the EC online setup.

The decays of the radioactive isotopes used in the EC experiments performed
for this work are described in the App. B. Several key parameters are taken
into consideration in the choice of the isotope to be used: i) the decay involves
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β− or CE emission and results in a stable isotope, or at least one whose half-life
is much longer that the half-life of the probe to be measured; ii) in addition the
absence of accompanying strong gamma decays is helpful in keeping background
during electron detection low; iii) the half-life of the isotope determines whether
it can be used for off-line experiments or requires on-line measurements with
the new on-line setup; iv) the ISOLDE facility can supply sufficiently intense
beams of the isotope (this requires a suitable target material where the isotope
is produced by proton beam impact and can out-diffuse easily, as well as an ion
source where it can be efficiently ionized, if possible chemically selective); v)
the non-existence of other isotopes of the same mass that can be ionised in the
ISOLDE target area and therefore be implanted together on the sample.

A picture of the emission channeling on-line setup is shown in Fig. 2.3. Ref. [128]
gives a detailed description of the setup. Concisely, it consists of a vacuum
chamber with several flanges and: i) a goniometer is mounted on the top to
control the position and orientation of the sample; ii) a detector block that is
mounted in one of the sides, which allows the detector to be inside the vacuum
chamber, while all the connections are done to the outside data acquisition
board; iii) a resistive filament heating is mounted in each goniometer behind
the sample holder, together with a thermocouple mounted next to the sample
and a controller mounted outside the chamber, allow the heat treatment of
the sample; iv) in particular the on-line chamber -for the short-life isotopes-
includes an extra flange mounted along the direction of the ISOLDE beam line,
in the plane of, and within 17° from the detector.

The on-line EC chamber allows the implantation in the same setup as the
thermal treatment and measurement. This setup was successfully used in the
study of the 56Mn (t 1

2
= 2.5 h) lattice location in GaN and ZnO [129]. The

current work includes the innovative use of 27Mg -the best candidate for the
Mg lattice location via emission channeling- that has an even shorter half-life
(t 1

2
= 9.5 min). For the first time, the angular emission yields were measured

during the implantation, extending the emission channeling technique to a wide
range of shorter half-life isotopes. For instance, 11Be -the most adequate isotope
of Be for this technique- has a half-life of 13.8 s and can therefore only be used
to investigate the Be lattice sites in on-line experiments. Be, as mentioned in
the introduction, is the only candidate acceptor for the nitrides that is proposed
to be more efficient than Mg, therefore its lattice location is suggested in the
outlook (Sec. 8.3) as a continuation of this thesis.
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2.4 Data processing and analysis

The electron emission yields as a function of angle from crystallographic
directions are simulated for a variety of possible lattice sites using the Many
beam formalism for electron channeling [123]. The parameters used in the
simulations have to closely match the experimental conditions, e.g. regarding
the effective depth profile of probes resulting from the ion implantation and
detection geometry, the thermal vibrations of lattice atoms at the measurement
temperature, and the energy distribution of the electrons resulting from the
nuclear decay. Regarding the energy distribution in case of continuous spectra
from beta-decay, this is implemented performing Many beam simulations
for a number of discrete electron energies and averaging over the spectral
distribution as described in Ref. [130]. The simulation model uses the Doyle-
Turner parametrization [131] for the potential of interaction between the lattice
atoms and the electron and solves the Schrödinger equation in the crystal lattice
to calculate the electron flux [123]. Many qualitative features of the scattering
can be understood using the classical trajectory representation, although the
actual many beam simulations apply a relativistic and quantum-mechanical
approach. These simulations are done for the substitutional sites of the lattice,
and for several interstitials considered as possible impurity positions, around
each of the high symmetry directions. The considered sites are displayed in
Figs. 2.4 and 2.5, and described in detail in Ref. [132]. In the case of well defined
angular emission patterns, many intermediate interstitials, between the sites of
higher symmetry referred to, are also simulated to allow the fits to provide a
more precise location of the probe atoms. The interstitial sites displayed are:
bond centre BC, anti-bonding AB, tetrahedral T, hexagonal H and octahedral
O. The addition of “A” or “B” to the site name indicates non-equivalent sites
closer to the anion A (Ga, Al or in this case In) or the cation B (N), respectively.
The addition of “(c)” indicates sites located within the atomic rows along the
c-axis, while those indicated with “(a)” are basal and perpendicular to it. Note
that the interstitial sites included in transparent pink in panel (b) are not within
the actual cut plane shown but below or above.

For wurtzite structures, the angular emission yields are typically measured
around the [0001], [1̄102], [1̄101] and [2̄113] directions, while for cubic and
zincblende structures the angular emission yields are usually measured around
the <001>, <110>, <111> and <211> directions. Simulations are performed
for “ideal” lattice sites as well as a number of displacements between these ideal
sites (typically with displacement steps down to 0.05 Å). Thermal displacements
of the probe atoms are taken into account as isotropic 3-dimensional Gaussian
distributions, characterized by their 1-dimensionally projected root mean square
u1. The u1 can in principle be varied for each of the sites calculated, although
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Figure 2.4: (112̄0) plane of the wurtzite lattice, showing the substitutional
cation A and anion B sites as well as the most important interstitial sites. The
directions around which the angular emission yield is measured are represented
by the coloured vectors.

this procedure is usually only performed for a limited number of high-symmetry
lattice sites such as the substitutional and major interstitial positions. When no
direct experimental data for u1 at a required temperature can be found in the
literature, the parameters are extrapolated from their room temperature (RT)
values assuming a Debye model. The quantitative analysis of the experimental
electron emission distributions is done by fitting with the simulated patterns.
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Figure 2.5: (011̄0) plane of the wurtzite lattice, showing the substitutional
cation A and anion B sites as well as the most important interstitial sites. The
directions around which the angular emission yield is measured are represented
by the coloured vectors.
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Figure 2.6: Example of 27Mg implanted in GaN angular emission simulations for the most important lattice sites
(columns from the left to the right): site of Ga (SGa); site of N (SN); the c-axis bond centre [BC(c)]; the c-axis
anti-bonding closest to the Ga [ABA(c)]; the basal bond-centre [BC(a)]; the basal anti-bonding closest to the Ga
[ABA(a)]; tetrahedral site (T); octahedral site (O). Along the four high symmetry axes (rows from the top bottom):
[0001]; [1̄102]; [1̄101]; and [2̄113].
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Figure 2.7: Example of 111In implanted in InN angular emission simulations for the most important lattice sites (columns
from the left to the right): site of In (SIn); site of N (SN); the c-axis bond centre [BC(c)]; the c-axis anti-bonding closest
to the Ga [ABA(c)]; the basal bond-centre [BC(a)]; the basal anti-bonding closest to the Ga [ABA(a)]; tetrahedral site
(T); octahedral site (O). Along the four high symmetry axes (rows from the top bottom): [0001]; [1̄102]; [1̄101]; and
[2̄113].
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Different substitutional and interstitial Mg patterns simulated for RT, in the
cases of 27Mg implanted into GaN and 111In implanted into InN, are plotted
in Fig. 2.6 and Fig. 2.7, respectively. The plotted GaN simulations were
calculated using an angular resolution standard deviation of σ = 0.15°, which
was the value used in the corresponding experiment, whereas InN samples
suffered from a larger mosaic spread taken into account by a higher value of
σ = 0.25-0.30° (0.30° around the surface direction and 0.25° elsewhere) used in
the corresponding experiment and plots of Fig. 2.7. These figures illustrate how
measurements around different directions can be used to distinguish between
different lattice sites. Fig. 2.6 and Fig. 2.7 correspond to GaN implanted with
an 27Mg isotope (with a β average energy 703 keV and an endpoint energy
1767 keV) and to InN implanted with an 111In isotope (CE of 144-242 keV).
Comparing spectra from different columns of Fig. 2.6 or Fig. 2.7, one can
notice that the anisotropy produced by impurities in different lattice sites is
substantially different. Additionally, angular emission yields (produced by
impurities occupying a lattice site) measured along the four high symmetry
directions of the crystal display strong differences (corresponding to variations
between spectra plotted in each figure row) which depend on the projection
of lattice symmetry along these directions. GaN and InN have the crystal
structure with distinct lattice parameters and the respective implanted isotopes
in the examples used (in Fig. 2.6 and Fig. 2.7) have different half-life and decay
energies. This results in the distinct angular emission characteristics displayed
in the two figures, for the same lattice sites obtained along the same directions.
In general the highest channeling effect is obtained when the probe is aligned
with the atoms of the lattice, i.e. for substitutional sites. On the other hand,
basal bond-centre and anti-bonding sites would cause only weak anisotropic
emission in the patterns, since these positions are not aligned with any of the
crystallographic axes along which the measurements were performed. Note that
the observation around different high symmetry directions allows to distinguish
different lattice sites. For instance, sites along the c-axis generate the same
angular emission pattern around the [0001] axis. Note also that the pattern for
anti-bond 27Mg [ABC(a)] around the [2̄113] direction of GaN was not simulated,
a pattern correspondent to a small displacement towards the substitutional Ga
site [10% of the distance between ABC(a) and SGa] was plotted instead. The
characteristics of the anisotropy should be visually similar.

Overall one should expect that the angular emission anisotropy of a “low” energy
111In EC should display sharper features than the “high” energy β decay of
27Mg. The fact that this is not visible when comparing the plots of Fig. 2.6 and
Fig. 2.7 requires another competing effect. In this case, the crystal structure
features are predominant, in particular the crystalline quality, which is related
to the resolution σ. Moreover, one can find significant variation, in Fig. 2.6 and
Fig. 2.7, in the six-fold symmetry anisotropy around the [0001] direction for
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the cation substitutional impurity. Two sets of planes are distinguished in the
spectra as the channeling along them produces a radial increase in the emission
yield, [along (112̄0) the effect is more prominent than along (011̄0)]. These
features are extremely pronounced for 111In in the In site of InN in contrast with
the 27Mg in Ga site of GaN patterns. The influence of σ on the angular emission
patterns is illustrated in Fig. 2.8, where the patterns for 27Mg implanted in
GaN around the four directions are plotted for different σ values.

σ=0.15⁰
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Figure 2.8: Example of 27Mg implanted in GaN angular emission simulations
for the Ga lattice site. From left right, for σ = 0, σ = 0.15° present in the
remaining plots and σ = 0.3° value used typically for InN; From top bottom,
along the four high symmetry axes [0001], [1̄102], [1̄101], and [2̄113].

As discussed in the previous chapter Sec. 2.2, the σ to use in the fitting can be
estimated from three factors: i) the crystal mosaicity tilt and twist measured by
XRD rocking curve; ii) detector associated resolution; iii) implantation beam
spot. The total resolution is estimated by a convolution of Gaussian distributions
associated with each factor. A detailed description of the calculated resolution
in emission channeling experiments can be found in Ref. [125].

For an experiment with wurtzite crystals, the angular emission yields are
simulated for the sites plotted in Figs. 2.4 and 2.5, and for small intervals
between them, and these sites are referred to as displacements. The fitting
of the measured angular emission yields with the list of simulations generally
allows to assess the lattice site with a precision of 0.05 Å, using a process
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Figure 2.9: Example of 27Mg implanted in GaN angular emission simulations
for most important lattice sites along the c-axis around the hexagonal interstitial.
The figure displays the plots along the four high symmetry axes (rows from the
top bottom): [0001]; [1̄102]; [1̄101]; [2̄113].
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Figure 2.10: Example of 27Mg implanted in GaN angular emission simulations
for most important lattice sites along the c-axis around the bond centre. The
figure displays the plots along the four high symmetry axes (rows from the top
bottom): [0001]; [1̄102]; [1̄101]; [2̄113].



Data processing and analysis 37

Figure 2.11: Example of 27Mg implanted in GaN angular emission simulations
for most important lattice sites along the basal direction around the bond centre.
The figure displays the plots along the four high symmetry axes (rows from the
top bottom): [0001]; [1̄102]; [1̄101]; [2̄113].

that has been described in detail in Refs. [123, 124]. As an illustration, the
main interstitial sites along the c-axis around the interstitial octahedral are
plotted in Fig. 2.9. As can be seen in the lattice schematic of Figs. 2.4 and
2.5, between the two consecutive HAB sites there are the hexagonal interstitial
closest to the Ga atom (HA), the octahedral (O) and the hexagonal site closest
to the N atom (HB) sites. Emission channeling patterns are also simulated
for intermediate positions in between these interstitial sites along the c-axis
(so-called displacements), with a step width of 0.05 Å. Note that a smaller step
width would neither be feasible due to computer time restrictions, nor would it
result in significant differences in fit results in most cases. Similar displacements
along the c-axis and basal to it are also considered in the vicinity of other major
lattice sites.

For the work in this thesis, the most relevant displacements investigated would
be the c-axis displacement around the octahedral, the c-axis displacement
around the Ga substitutional site and the basal displacement around the Ga
substitutional site. In Fig. 2.10 and Fig. 2.11 the angular emission patterns for
the sites along the c-axis and basal direction around the Ga substitutional are
plotted. As can be seen the displacement between these sites will result in a
significant variation of the angular emission yield, since the patterns produced
by the various sites differ considerably, e.g. planes that show channeling in case
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of one site may show blocking for another.

The in-house FDD software fits the experimental angular emission yields, χexp,
with up to five (n ≤ 5) different fractions, fi, of theoretical emission patterns,
χtheo(θ, φ), resulting in a fit pattern χfit(θ, φ)

χfit(θ, φ) =
n∑
i=1

fiχtheo,i(θ, φ) + fr, (2.1)

where

fr = 1−
n∑
i=1

fi (2.2)

is the fraction of emitter atoms in random sites that cause negligible anisotropy
in the emission yields, θ and φ are polar and azimuthal angles from the
crystallographic axis. The fitting routine is this way based in the minimization
of χ2

r using

χ2
r = 1

N −mfit

N∑
j=1

[
Sχexp(θj , φj)− χfit(θj , φj)

σj

]2
, (2.3)

where N is the number of pixels of the detector (in a 22× 22 pixel detector),
θj and φj are the measurement angles of the j-th pixel, S is a scaling factor
common to all pixels used to normalize the experimental pattern, σj are the
errors of each experimental data point (essentially given by the square root
of the total number of counts measured in the pixel j) and mfit is the total
number of fit parameters. In the fit procedure mfit = n+ 4 parameters can be
simultaneously optimized for each experimental pattern, namely the n fractions
fi, S and the three parameters for the translational and azimuthal orientation
of the detector, x0, y0 and φ0. The number of fractions required to obtain a
“good fit” in emission channeling is usually one or two (n ≤ 2). During the fit
procedures increasing the number of parameters can result in a better fit due
to the introduction of a degree of freedom. For this reason, improvements of
χ2
r in the percent region are considered to be not very significant unless the

improvement is consistently found for the same lattice site in fits involving
several different crystallographic directions. A detailed description of the fit
procedure can be found in Ref. [102, 123, 124]. Applying this method for all
simulated sites and combinations of sites, the lowest χ2

r will indicate the most
probable scenario. χ2

r values around 1 indicate that the fit is within the error
bars of the experimental data. Then comparing the results along different
directions one can determine the lattice location of the probe atoms measured
by emission channeling.

The fitted site fractions of probes are directly proportional to the angular
anisotropy of the experimental patterns. However, the detectors used in the
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measurements also record γ and electrons that were backscattered inside the
sample or the setup before reaching the detector. Both lead to an isotropic
background in the measured patterns, which reduces angular anisotropy and
must be corrected. The contribution of gamma background can be estimated
by closing a shutter in front of the detector and comparing the remaining
count rate (which results exclusively from gammas) to the count rate when the
valve is open (representing both electrons and gammas). The background from
backscattered electrons is more difficult to assess. In the case of CE emitting
isotopes, which are associated with sharp lines in the energy spectrum, the
background can be derived by comparing the ratio of events inside the CE
peaks to the number of events at lower energies. On the other hand, β emission
generates continuous energy spectra, hence the background contribution must
be estimated in a different way. For that purpose the Monte Carlo code GEANT
4 [133] is used to simulate the tracks of electrons emitted from the sample, taking
into account the appropriate energy distribution and emitter depth profile, as
well as a simple geometrical description of the experimental setup. This allows
to simulate the distributions of charged particles that are detected and have
lost their channeling information due to scatterings in the setup or within the
sample. A description of this process can be found in Ref. [125].





Chapter 3

Experimental conditions

The challenges and relevance of the nitride semiconductor electrical doping are
described in Chap. 1. The location of the dopant in the crystal lattice governs,
to a large extent, the activation of these impurities as electrical dopants, hence
the interest in investigating the lattice site that the different impurities in the
nitrides, and in investigating the physical factors that contribute to the dopants
local structure. In this chapter we describe the experiments carried out to
ascertain the lattice site electrical dopants are most likely to occupy, and why,
in group-III nitrides.

All radioactive ion implantations were performed at the ISOLDE-CERN facility,
under high vacuum (about 10−5-10−6 mbar), in 1 mm spots and, with the
exception of the 27Mg experiments, the ion beam impinged on the sample with
an angle of 10° from the surface normal, to minimize ion beam channeling which
would distort the depth profile and reduce the EC resolution of the experiment.
The energy and fluence used in the implantations are compiled in Tab. 3.1.
The estimated maximum concentration of probe atoms is also included. The
depth profiles of implantation were simulated using the SRIM code, leading to
the values of average range and straggle organized in a table in appendix for
consultation, Tab. A.2. The annealing was done in the EC setup, under high
vacuum and, with the exception of the 27Mg experiments, in regular 10 min
steps.

The decay schemes of the implanted isotopes are included in App. B, where the
half-life and energies of the decays can be found. The position-sensitive detectors
in the EC setups record the electrons emitted from the sample surface under an
angular range of +3° to -3° in 2 dimensions towards the centre of the detector.
However, there are also electrons that reach the detector after being scattered

41
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Experiment Year Sample Wafer E Fluence ρmaximum
isotope [keV] [cm−2] [cm−3]

24Na in AlN 2002 #SLA32 LA30 60 5.3x1012 6.4x1017
24Na in GaN 2002 #SLA88 LA34 50 4.8x1012 4.8x1017
56Mn in InN 2010 #SLA86 LA29 30 1x1013 3.5x1018
27Mg in GaN 2009 #SLA84 LA26 50 2.9x1012 4.1x1017
27Mg in AlN 2009 #SLA31 LA32 50 1.5x1012 2.1x1017
27Mg in InN 2010 #SLA85 LA33 50 6.7x1012 2.3x1018
27Mg in GaN 2011 #SLA83 LA34 50 5.6x1012 7.8x1017
27Mg in AlN 2011 #SLA31 LA32 50 5x1012 7.0x1017
27Mg in AlN 2012 #SLA71 LA24 50 9x1012 1.3x1018

24Mg in AlN 1x1015

+ 2012 #SLA71 LA24 50 + 1.4x1020
27Mg 1x1012

45Ca in InN 2011 #SLA42 LA29 50 1.9x1012 3.8x1017
73As in AlN 2012 #SLA69 LA24 50 5x1013 2.0x1019
73As in InN 2011 #SLA37 LA8 50 1x1013 3.0x1018
89Sr in InN 2011 #SLA43 LA29 40 1.5x1013 6.0x1018
111In in InN 2006 #SLA87 LA6 60 5x1012 2.0x1018

Table 3.1: Samples used in EC experiments.

by larger angles, either in the sample or by parts of the setup. They produce
a rather homogeneous background in the patterns. In the case of β−, the
fraction of the detected electrons that is due to scattering within the sample and
within the chamber walls of the setup, is simulated using the GEANT4 library
(distributed by CERN at http://geant4.cern.ch/). The background fraction
resulting from the GEANT simulations is then used to calculate a background
correction factor, with which the fitted factions are being multiplied.

The setup mounted on-line with the ISOLDE beam line, described in Ref. [128],
is named pad6, while the remaining setups, with slightly different geometries,
are operated off-line from the ISOLDE beam lines. Since the conversion electron
(CE) energy spectra are not continuous, the background corrections for CE
emitting isotopes are extrapolated from the measured energy spectra. Both
correction factors are applied to the fractions obtained during the EC fits.
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3.1 Contamination control

A facility with the ability to provide a wide variety of isotopes from the same
target, as in the case of ISOLDE, is prone to include contaminants in its
mass-to-charge selected isotope beam. Any implanted ion will contribute to
the damage of the sample. At typical implantation energies for the ISOLDE
facility (30-60 keV), the impinging isotope collides with target atoms creating
collision cascades until it loses its energy. The sensitivity of the EC technique
allows, however, to use very low fluences of implanted radioactive probes
(1011-1012 cm−2) avoiding the accumulation of induced damage around the
same probe isotope.

In the case of contaminations of the sample with stable isotopes, at such low
fluences, the consequence will be limited to implantation damage. Moreover,
the implantation-damage can be estimated using a simulation package such as
SRIM, since the contaminants should have a similar mass and energy to the
one of the selected radioactive probe, and the current should be lower or of
the order of the one achieved for the radioactive probe. The simulations for
implantation included in Tab. A.2 should provide a valid estimation for the
vacancies generated per contaminant atom.

Radioactive contaminants can interfere more directly with the measurement.
The effect of radioactive contaminant isotopes can be reduced using different
approaches: i) defining regions of interest for detection, when measuring CE
emitting isotopes, i.e. setting a narrow energy window around the CE peak
energy reduces the contribution from other decay particles; ii) if the lifetime
of the contaminant is considerably shorter than the required probe, a waiting
period between implantation and measurement can reduce the problem - quite
often the contaminant is a radioactive precursor which decays into the desired
probe isotope; iii) if the contamination can be known and its quantity estimated,
adjusting the implantation beam line parameters one may optimise the beam
to reduce the contaminants.

The only radioactive isotope of Mg suitable for EC studies is the short-lived
27Mg (t1/2 =9.45 min). Unfortunately mass 27 beams from typical targets (e.g.
UC2 and SiC) suffer from contaminations of the other surface-ionised stable 27Al
and radioactive 27Na (t1/2 =301 ms). For the 2009, 2010 and 2011 experiments
with 27Mg beams, SiC (2009+2010) or UC2 (2012) targets were bombarded
with 1.4 GeV protons. Measuring the beam current at the sample holder,
with and without laser ionisation, allowed to estimate the stable 27Al fluence.
Considering the extremely short lifetime of 27Na, the fluence was estimated
from the comparison of the activity during implantation as well as a few seconds
later. This way the beam was estimated to be composed of ∼60% 27Mg, ∼20%
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27Al and ∼20% 27Na. Stable 27Al (which is also the decay product of 27Mg)
will only result in ∼20% additional damage sustained by the sample, while the
27Na contamination required that the measurements were only performed after
switching off the beam and all 24Na had decayed into 27Mg within a couple
of seconds. The 27Mg beam for the 2011 experiments was produced from a
Ti target. The 27Mg content of this target’s beam is ionised only by laser
ionisation [127] and its purity was confirmed by the absence of surface ionised
24Na and 27Al when switching off the Mg laser ionisation.

The radioactive isotope of As used in the EC experiments was produced with an
YO target in 2011 and in 2012, the 73 mass number chosen includes the 73As
and a possible 73Se contamination. The high intensity of the beams in 2012
was a factor that aroused the suspicion of contamination. For this reason, the
gamma’s emitted after implantation were measured for the sample (#SLA69).
The resulting spectrum is shown in Fig. 3.1. From this analysis the ratio of
73Se/73As atoms in the beam was estimated to be around 0.01. Note that
the high energy signal is typical for positron-annihilation which results in 2
gamma particles per positron, and can therefore be justified by the 73Se 65%
positron annihilation into two gamma leading to a 130% intensity gamma line
at 511 keV. 73Se decays to 73As with a half-life of 7.15 h, while the 73As decays
with a half-life of 80 days.
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Figure 3.1: Energy spectra of the gamma emitted from the AlN sample
(#SLA69) 3 h after implantation with 73As. “Ig” denotes the absolute branching
ratio of the gamma transition (% of emitted gamma rays per decay) and “Int”
is the integrated area of the peak in the spectrum.
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3.2 Many beam simulations

The many beam simulations of electron emission channeling were done using
the lattice constants of each material, and assuming the bond length parameters
of ideal wurtzite structures u=0.375c. For measurements that were performed
simultaneously with the implantations, the implantation beam was maintained
at 17° with respect to the detector direction. The implantation geometries -
more specifically, the angle made by the incident beam and the surface of the
sample - were varied in order to align different high symmetry directions of
the sample with the detector. These variations result in different implantation
depth profiles for measurements around different high symmetry directions. For
instance, in the EC study of 27Mg implanted in AlN, during [0001] measurements,
where the sample was implanted under 17° with respect to the surface normal,
the 27Mg depth profile and straggling were 634 Å and 249 Å, while during the
measurements around [1̄101] the sample was implanted under 63.3° with respect
to the surface normal, resulting in a depth profile and straggling of 297 Å and
113 Å, with respect to the surface normal, which becomes 925 Å and 352 Å
projected towards the detector direction. Note that the angular emission is
highly dependent on the depth profile of the implanted probes.

Moreover, simulations for measurements performed at different temperatures
had to take into account the temperature dependence of the lattice atom
vibrations. This implies that the theoretical angular yields were simulated for
each temperature or more precisely for the associated root mean square (rms)
displacements of the matrix atoms. In the many beam simulations, for the case of
EC experiments in AlN at RT, it was assumed that the rms displacements of Al
and N atoms were isotropic in space with u1(Al)=0.0569 Å and u1(N)=0.0626 Å
according to Ref. [134]. Since no measurements for u1(Al) and u1(N) at high
temperatures were found, these parameters were extrapolated from their RT
values assuming a Debye model and Debye temperatures of TD(Al)=765 K and
TD(N)=878 K. In Ref. [112] an overview of the Debye model used in the u1
calculation is given. The use of a Debye model with the above-mentioned Debye
temperatures results in u1 values that are somewhat higher than predicted
for AlN from first principle calculations [135]. Both the approximation of
an ideal wurtzite structure and possible errors in the rms displacements will
not dramatically alter the calculated emission patterns and the quantitative
results [136].
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3.3 Arrhenius models of annealing

The Arrhenius equation describes the dependence of the rate k of a chemical
reaction, that takes place with an activation energy Ea, on the absolute
temperature T ,

k=Ae−
Ea

kB T , (3.1)
where the attempt frequency A depends on how often molecules collide and kB
is the Boltzmann constant.

If the major lattice site of an impurity changes as a function of temperature,
e.g. from a site 1 to a site 2, one can assume that the energy required to
release the impurity from its initial configuration in site 1 and transform it
it to site 2 was provided by the thermal treatment. As such, one can use an
Arrhenius model to estimate the energy associated with the site change of an
impurity, or site change activation energy. Equation (3.1) has been used in
several previous emission channeling experiments [129, 137–141], to describe
the re-location rate of impurities, e.g. the lattice site changes of implanted
short-lived 8Li in semiconductors, for which quantitative models have been
described in Ref. [141] and found to reasonably agree with the data.

In the specific case of 27Mg implanted in GaN and AlN the interstitial fraction
of 27Mg becomes substitutional at high temperatures. In contrast to most
other experiments, 10 min annealing steps could not be performed due to the
short half-life of this isotope. In order to obtain information about the 27Mg
lattice site stability with temperature, the samples were: case 1 - implanted and
measured at high temperature; case 2 - after high temperature implantation the
measurements were performed at RT; case 3 - Rt implantation and subsequent
high temperature measurement. Each case will be described separately in
the following subsections. Hence the Arrhenius models had to be adapted.
Firstly, we assumed that in the instant of implantation the 27Mg probe atom is
introduced to the lattice site, independently of the sample temperature. The
distribution of 27Mg in the lattice sites is thus expected to be equal to when
the sample was measured at RT. The annealing effect is considered immediately
after the implantation of the probe atom. Then the actual temperature is
applied and interstitial 27Mg atoms start to migrate according to the Arrhenius
model. The atoms diffuse until they encounter a cation (Ga/Al) vacancy by
which they are trapped and thus converted to substitutional Mg in the Ga or
Al site.

In this model the activation energy for the site change Ea is the activation
energy for the free diffusion of interstitial Mg, or migration energy EM of Mg.
The number N of steps Mg takes until it is trapped by a vacancy is unknown.
Nevertheless, limits for the number of steps can be found by considering two
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extreme cases: i) the case where the interstitial Mg has a VGa/Al as first-
neighbour, and so Mg would require to jump once, N=1; ii) if the 27Mg jumps
a diffusion length Rrms comparable to the implantation depth before combining
with a VGa/Al, the resulting channeling effects from Mg on MgGa would be
considerably altered, which is not observed. Then, taking into account that the
jumps will take place in all directions (3 dimensions) and the range Rrms only
takes one into account the depth, the Rrms can be related to the average Mg
jump width l and the number of jumps N by Rrms=

√
N
3 l. We assume that

l is around 2.6 Å so the number of jumps must be less than N=2×105. As
estimate for the value of the attempt frequency A we use a typical value for the
phonon frequency of lattice vibrations, ν=1012 s−1. Making these reasonable
assumptions for the number of steps N and the attempt frequency ν0 allows
deriving estimates for the Mg activation energy for migration EM . It should
be pointed out that the estimates for EM are not particularly sensitive to the
adopted value of ν; if ν=1013 s−1 is used instead of ν=1012 s−1, estimated EM
values would decrease by only ∼ 0.1 eV. Note that the value obtained for N=1
is considered more realistic, since most likely the majority of Mg probes will
be quite close to the nearest Ga vacancy due to the fact that each implanted
Mg atom creates several hundred Ga vacancies along its track, with vacancy
production being particularly pronounced towards the end of the track.

Case 1 - High temperature measurement during implantation

In the AlN experiments, the samples were kept at high temperature during
implantation while performing the measurements. After a short period, the
implantation and decay rate would compensate thus creating a dynamic
equilibrium of radioactive 27Mg and maintaining a constant count rate in
the detector. Then, the number of radioactive interstitial Mg atoms Mi, at a
given temperature (T ) is determined by the solution of

dMi

dt
=− ΛMi −

Mi

τ
+ Mi0

τ
, (3.2)

where τ is the radioactive half-life of 27Mg, Mi0 is the number of interstitial Mg
atoms that is newly introduced into the sample by the implantation current,
i.e. interstitial Mg directly following implantation. The value of Λ=ν0

N e
− EM

KB T

represents an Arrhenius conversion rate of interstitial to substitutional Mg due
to the high temperature T , where EM is the activation energy for migration
of interstitial Mg, ν0 is the attempt frequency for the site changes and N the
number of jumps required before an interstitial Mg reaches an Al vacancy.
When the decay rate compensates the implantation current, the fraction of the



48 Chap. 3 Experimental conditions

implantation current, Mi0
τ , becomes constant, i.e. can be used to calculate the

Mi. Since in this “thermal dynamic equilibrium” dMi

dt =0 holds:

Mi

Mi0
= fi
fi0

= 1
1 + Λτ , (3.3)

where fi is the fraction of interstitial Mg relative to the total number of Mg
atoms and fi0 the fraction of interstitial Mg obtained at the instant following the
implantation. Using the previous assumption that the fraction of Mg implanted
in Al and octahedral sites is the same as in the case that the sample is at RT,
the value of fi0 is given by the fraction of interstitial Mg measured for RT
implantation. The model with N=2× 105 jumps provides a lower limit for the
activation energy, while in the N=1 model the upper limit is obtained.

For GaN, the implantation was carried out at high temperature for the first
sample (#SLA84), while for the second sample (#SLA83) the implantation was
performed at RT and the measurements were done at high temperature. These
models start from different experimental conditions, although the aftermath of
both models reduces to the same equation as used for 27Mg in AlN, as will be
shown in the following subsection.

Case 2 - High temperature during implantation and subsequent
RT measurement

For the first experiment of 27Mg implanted in GaN, the implantation was
performed at 600℃ into a sample containing no 27Mg, followed by a period
when the beam was switched off and the sample cooled to below 150℃, after
which the measurement was started while the sample continued to cool. In
the following we assume that site changes of 27Mg only take place while the
sample was at 600℃ and not during the cool down phase. Like in Eq. (3.2), the
interstitial radioactive Mg Mi varies according to

dMi

dt
= −ΛMi −

Mi

τ
+ Mi0

τ
, (3.4)

where Mi0
τ is the constant rate of introduction of interstitial Mg resulting from

the implantation of 27Mg. The boundary condition is in this case that the total
amount of Mi at t=0 is 0, Mi(t=0)=0, which results in the solution

Mi = Mi0

1 + Λτ

(
1− e−tΛ−t/τ

)
. (3.5)

On the other hand the total radioactive Mg Mtotal, also assuming that
Mtotal(t=0)=0, is given by

Mtotal = M0 −M0e
−t/τ , (3.6)
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where M0 is the number of 27Mg atoms implanted. Thus the fraction of
interstitial Mg, fi, is given by

fi = Mi

Mtotal
=

fi0
(
1− e−tΛ−t/τ

)
(1 + Λτ)

(
1− e−t/τ

) , (3.7)

where fi0 is the fraction of interstitial Mg during the implantation, which is once
again assumed to be the same as for RT implantation. Once the implantation
time t is much larger than the life time tau of 27Mg, t >> τ , Eq. (3.7) becomes

fi∼
fi0

(1 + Λτ) . (3.8)

Which is the same result as in case 1 [Eq. (3.3)].

Case 3 - RT implantation and subsequent high temperature
measurement

The 27Mg was implanted in GaN at RT for the 2011 experiment, and
the measurements were subsequently carried out at high temperature. No
equilibrium is established at high temperature, which complicates the estimation,
requiring a different approach. The number of interstitial Mg atoms Mi reduces
with time because of decay and conversion into MgGa, thus in this model its
variation is given by

dMi

dt
= −Mi

τ
− ν0

N
e
− EM

kB T Mi , (3.9)

This equation differs from Eq. (3.4), although when we consider that the (amount
of interstitial Mg) Mi that decays as interstitial (MM ) is given by

MM =
∫ Mi

τ
dt , (3.10)

while the Mi that converts into MGa before decay (MC) is given by

MC =
∫

ΛMidt . (3.11)

The relation between the Mg measured in the O site at a temperature T (f)
and the Mg implanted in the O site at RT (fRT ) is given by

f

fRT
= MM/Mtotal

(MM + MC)/Mtotal
= 1

1 + Λτ . (3.12)

We have hence proven that the migration energy can be well estimated with
the equation f

fRT
= 1

1+Λτ for case 1, 2 and 3, although the experiments were
performed in significantly different conditions.
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3.4 Typical experiment: 111In emission channeling
in InN

In order to illustrate the procedure of a typical EC experiment the lattice
site location of 111In in InN via EC is described in this section. The InN
sample used was grown by the group of Wu at IMEC-Belgium (Inter-university
microelectronics center) and was characterized via RBS/C and XRD/RC, leading
to the results included in the Tab. A.5 (wafer LA6). Since the implanted element
is the same as the cation in InN, it is naturally expected to replace In atoms
of the lattice. The measurement of the 111In lattice site as a function of the
annealing temperature, however, provides overall information on: i) the crystal
quality of the used InN and as such the associated EC resolution (σ); ii) a
standard set of angular emission yield patterns to compare with other EC
experiments performed in InN; iii) the ion bombardment resistance of InN
for typical EC fluences and energies; iv) the crystal recovery upon annealing;
v) the annealing-induced degradation, under the typical conditions of the EC
experiment. The latter is especially important for InN since its melting point is
only 1100℃ and InN has low radiation resistance.

Note that, in the case of AlN, no isotope of Al was considered suitable to
perform this type of experiment. On the other hand, GaN, for which several
EC experiments have been conducted was previously implanted with 72Ga
and the lattice site studied via emission channeling, in Ref. [102]. Succinctly,
following the implantation of 5×1012 72Ga.cm−2, the angular emission yields
were measured along the [0001], [1̄102], [1̄101] and [2̄113] directions. After
analysis it was concluded that 91(4)% of the 72Ga is located in substitutional
sites of Ga. These results confirm the GaN high ion radiation resistance.
This procedure was repeated after 10 min annealing in vacuum at 600℃.
The annealing resulted in an increase to 94% of the fraction obtained for
72Ga occupying the Ga site, which suggests a some radiation-damage recovery.
Annealing the sample up to 900℃ produced no significant change. The results
after annealing steps led to the conclusion that the GaN crystal lattice withstands
a short (10 min) high vacuum annealing up to 900℃ without degradation.

In the case of InN, the simulated angular emission patterns for 111In in several
interstitial and substitutional sites of InN have been displayed in the previous
chapter, Fig. 2.7. The theoretical patterns displayed in the figure are obtained
for a σ of 0.3°, 0.2°, 0.25° and 0.25° for the orientations of [0001], [1̄102],
[1̄101] and [2̄113], respectively. The experimental angular emissions obtained
after 400℃ annealing and best fit patterns are plotted in Fig. 3.2. Overall,
there is a visible agreement of the experimental patterns with the 111In in the
substitutional site of In (InIn) simulations. All patterns display a maximum
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Figure 3.2: 111In angular emission patterns, around the [0001], [1̄102], [1̄101]
and [2̄113] directions, measured after a 10 min 400℃ annealing (a) and the best
fitted simulated patterns for 68% 111In in the substitutional site of In in InN
(b).

yield, thus channeling, close to the centre of the plots. This is, as can be
seen also by comparison with simulations for other sites in Fig. 2.7, a clear
characteristic of probes that occupy the substitutional sites. Also, the strong
matching between the channeling and blocking of planes in the experimental
and simulated patterns in Fig. 3.2, suggest that the substitutional site is the
only consistent location of the 111In.

The mosaicity of the sample was estimated with XRD rocking curves and a
tilt of 0.1° and a twist of 0.6° were obtained. This results in a σ -a measure
of the smoothing of the angular emission- of 0.15°, 0.25°, 0.3° and 0.26° for
measurements around the directions [0001], [1̄102], [1̄101] and [2̄113], respectively.
These are relatively high values comparing, for example, to the typical sigma
values used for GaN that are around σ=0.15°. This σ only accounts for the
resolution associated with the sample mosaicity and the experimental
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111In lattice site in InN
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Figure 3.3: Fraction of 111In in the In site of InN as a function of annealing
temperature.

setup geometry. This value was then adjusted to improve the fit between the
experimental angular emission and substitutional In simulations.

In Fig. 3.3 the fractions of 111In in the site of In, InIn, obtained by fitting the
111In angular emission patterns to the simulations are plotted as a function of
annealing temperature. In the RT as-implanted state only a fraction of 27%
111In is found in the In site. The remaining fraction can be attributed to random
sites of the InN lattice, which would produce an isotropic background. This
isotropic background can also result from a reduction of the crystal quality, i.e.
the channeling and blocking effect perceived by the emitted electrons depends on
the arrangement of the atoms in the crystal. When these electron’s trajectories
are disturbed by defects or impurities, the electrons are scattered and the
angular emission yield loses anisotropy. The annealing steps were performed in
situ along with the measurements, under high vacuum at regular intervals of
10 min. Annealing up to 400℃ yielded higher fractions of 111In, up to 70%, in
the In site [Fig. 3.2]. After the 600℃ annealing step, the fraction of 111In in
In sites was reduced, while the random fraction was increased. This behaviour
is usually attributed to crystal degradation rather than the re-location of the
probe atoms [121,142].

For this experiment, a fluence of 5x1012 111In.cm−2 was implanted at 60 keV
into a 1 mm radius spot of low radiation resistant InN. Thus, the implantation
caused significant damage. This induced damage depends on the atomic mass of
the impinging atom -111In is a heavy ion for the EC experiment-, on the target
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Figure 3.4: SRIM simulations for ion distribution of 60 keV 111In implanted
into InN, with a plot of the depth profile.

material, on its radiation resistance and on the energy of the implantation beam.
The SRIM code was used to simulate the range and stopping power of ions
impinging into matter, the depth profile and introduction of defects. The SRIM
simulation results are illustrated in Fig. 3.4. The ion beam implantation depth
profile obtained can be approximated as a Gaussian with an average range of
194 Å and rms spread, the so-called “straggling”, of 94 Å. The SRIM simulations
performed for this experiment calculated an average of 1072 vacancies produced
by each impinging In atom. Note that this value is an estimate, assuming
the limit of 0 K, at RT and higher temperatures there should be significant
dynamic annealing in GaN and in particular in AlN [143], the number of
vacancies simulated is thus overestimated and representative only of an upper
limit. Also, the value of vacancies per impinging atom is considerably high
compared to the remaining simulations compiled in Tab. A.2. The high energy
of the implantation beam and the high mass of the 111In isotope contribute to
this result. Moreover, it suggests that the low fraction of 111In identified in the
In site of InN, as implanted, can be attributed to implantation-induced damage.
The low InN melting point also reflects its sensitivity to high temperature, i.e. at
1100℃ and atmospheric pressure InN melts, therefore the compound structure
is expected to start degrading with high vacuum annealing after 500℃ [144]
and 600℃ [58] under N2 gas, which contribute to explain the decrease in the
111In identified in In sites after 600℃.
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Figure 3.5: Reduced χ2 of the 111In fits to the experimental [1̄102], [1̄101],
and [2̄113] patterns in the interval of ±1.5 Å displacement of the probe atoms
from the ideal substitutional In sites along the c-axis direction. All values were
normalised to the substitutional In fit χ2.

The fits were repeated for several lattice sites, substitutionals and interstitial,
and several displacements in between these sites (Figs. 2.4 and 2.5). Since
the best fits were found for 111In in the In site, the subsequent study included
plotting the χ2 obtained for small displacements from this site along the c-axis
and the basal direction, Figs. 3.5 and 3.6, respectively. From this figure one can
easily conclude that any small displacement from the In site along the c-axis
increases the χ2, implying that it does not agree with the measured angular
emissions after annealing steps up to 400℃. This can be associated with the
high mosaicity tilt and twist measured for the InN samples (App. A). This
effect is another indication of the lack of resolution obtained for the angular
emission yield around [0001] in such InN samples.
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Figure 3.6: Reduced χ2 of the 111In fits to the experimental [1̄102], [1̄101],
and [2̄113] patterns in the interval of ±1.5 Å displacement of the probe atoms
from the ideal substitutional In sites along the basal direction. All values were
normalised to the substitutional In fit χ2.





Chapter 4

The lattice location of Mg in
GaN and AlN

This chapter is based on Art. I. (Sec. 4.1) published in Appl. Phys. Lett.
and Art. II. (Sec. 4.2) to be submitted. The sites that Mg occupies in the
lattice of GaN and AlN after implantation are determined using the emission
channeling technique. The thermal stability of Mg in these sites is estimated
by increasing the implantation and measurement temperature. Moreover, the
Art. II results are compared with previous electrical studies of GaN doped with
Mg via implantation in Sec. 4.3.

4.1 Lattice location of Mg in the AlN lattice:
Precise lattice location of substitutional and
interstitial Mg in AlN

AlN has very interesting properties being the nitride with the highest electrical
resistivity, or widest band gap, and with a high structural resistance to
temperature and radiation. This high electrical resistivity creates a challenge
in measuring the electrical properties of AlN (and doped AlN) and thus in
optimising the p-type doping. Mg-doped AlN is used to create ultra-violet
light emitting diodes, which demonstrates that Mg is capable of doping AlN
positively and hints the substantial technological value of its study. The p-type
doping success is recent and difficult to probe through electrical measurements

57
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and the lattice sites Mg occupies in this nitride can provide valuable information
about the subject.

Note that in this section, the substitutional Mg in the site of Al is referred to
as SAl, in order to keep the nomenclature of the original publication. Also, the
supplemental material to this paper included a description of the computational
method which is discussed in Sec. 3.2 and an illustration of the lattice sites
considered, as displayed in Figs. 2.4 and 2.5 of Sec. 2.4.
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Lattice location of Mg in the AlN lattice: Precise lattice
location of substitutional and interstitial Mg in AlN
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Silva4, A. Gottberg5, J.G. Correia2, K. Temst1, A. Vantomme1

1 - Instituut voor Kern- en Stralingsfysica, KU Leuven, 3001 Leuven,
Belgium
2 - Centro de Ciências e Tecnologias Nucleares, Instituto Superior
Técnico, Universidade de Lisboa, 2686-953 Sacavém, Portugal
3 - IFIMUP and IN-Institute of Nanoscience and Nanotechnology,
Universidade do Porto, 4169-007 Porto, Portugal
4 - Centro de Física Nuclear, Universidade de Lisboa, 1649-003, Portugal
5 - CERN-ISOLDE, 1211 Geneva 23, Switzerland
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The lattice site location of radioactive 27Mg implanted in AlN was
determined by means of emission channeling. The majority of the
27Mg was found to substitute for Al, yet significant fractions (up
to 33%) were also identified close to the octahedral interstitial site.
The activation energy for interstitial Mg diffusion is estimated to be
between 1.1 eV and 1.7 eV. Substitutional Mg is shown to occupy
ideal Al sites within a 0.1 Å experimental uncertainty. We discuss
the absence of significant displacements from ideal Al sites in the
context of the current debate on Mg doped nitride semiconductors.

The group-III nitride semiconductors are of special interest, not only from
a fundamental point of view, but particularly in the context of applications.
This is largely due to the ability to obtain semiconductors with a direct band-
gap ranging from 0.675 eV [1] to 6.12 eV, [3] by alloying GaN with either
InN or AlN. AlN in particular, having the widest direct band gap, exhibits
excellent optical and dielectric properties, thermal conductivity and mechanical
hardness, with applications in deep ultra-violet light emitting diodes (down
to 210 nm [7, 44]), ultra-violet detectors, laser diodes, surface acoustic wave
devices (SAWs), high temperature electronics and pressure converters. [65]
While unintentionally doped nitrides typically show n-type behaviour, p-type



60 Chap. 4 The lattice location of Mg in GaN and AlN

doping of GaN is routinely achieved by the introduction of the group II element
Mg, which replaces the group III cation Ga (forming MgGa). Efficient p-type
doping is only obtained after proper electrical activation procedures, since MgGa
acceptors tend to be passivated by H impurities. Thermal treatment above
500℃ is considered to out-diffuse the H impurities and activate the Mg acceptors
in GaN. [28] Finding a suitable acceptor for the extreme wide gap compound
AlN is, however, far more challenging. Theoretical predictions regarding the best
choice of acceptor for AlN differ considerably: while many favour Be on Al sites
(BeAl) [47, 65–67] others have argued that MgAl should be the most suitable
acceptor. [64,68,145] So far, acceptor behaviour has been claimed experimentally
for MgAl with an ionization energy around 500-630 meV, [44,146,147] as well
as for BeAl with ∼330 meV. [48]

In most theoretical work, only substitutional MgAl on ideal Al sites has been
considered, since interstitial Mg, which acts as donor, [148] was suggested to be
unstable. [64] Based on ab initio calculations for substitutional MgAl in AlN,
Lyons et al. [11] have recently proposed that in the ionized state (Mg−Al) Mg
occupies a near-ideal Al site, whereas in the neutral state (Mg0

Al) the Mg atom
is displaced from the ideal substitutional Al site. The shift results from the
localization of the Mg-related hole on a N neighbour along the c-axis, which
leads to an increase in the Mg-N bond length by 18% (0.34 Å), accommodated
by displacements of both the Mg atom and its N neighbour (along the c-axis).
On the other hand, the ab initio calculations of Szabó et al. [68] suggest for
the acceptor state elongations of the Mg-N bond lengths by ∼0.2 Å along the
c-axis and ∼0.13 Å basal to it, which should result in only small displacements
of Mg from the ideal Ga site. These inconsistencies, which in fact also exist
for Mg in GaN, [11, 149, 150] can only be clarified by a precise experimental
determination of the Mg lattice location.

In this letter, we report on direct lattice location studies of implanted Mg
in AlN. Using the β− emission channeling technique, [122–124, 151] we are
able to precisely probe the lattice sites occupied by radioactive impurities in
single crystalline samples. Following the decay of the radioactive probes, the
emitted β− particles experience channeling and blocking effects imposed by the
periodic arrangement of the positive nuclei of the single crystal. β− particles
(electrons) that are emitted within a critical angle around high symmetry
directions of the crystal are channeled while those emitted at higher angles
are randomly scattered (blocked). The resulting angle-dependent emission
yield, characteristic of the lattice site occupied by the probe atom, is measured
in the vicinity of low-index axes of the single crystal using a 2-dimensional
position-sensitive detector. Typically, four different axes are chosen which allow
for the unambiguous distinction of the different lattice sites.
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The production of radioactive Mg beams at CERN’s on-line isotope separator
facility ISOLDE by means of bombarding a UC2 target with 1.4 GeV protons,
followed by laser ionization, is described in Ref. [127]. The only radioactive
isotope of Mg suitable for emission channeling studies is the short-lived 27Mg
(t1/2 =9.45 min). Due to the short half-life of 27Mg, emission channeling
measurements must be performed either during 27Mg implantation into the
sample, or during its decay within about 30 min after implantation. The
experimental on-line setup used for that purpose is described in Ref. [128].

Three different AlN samples were measured. Samples A and B consist of
3µm thin films grown by hydride vapor phase epitaxy (HVPE) on sapphire.
Sample C is a 1µm thin film grown by physical vapour deposition process.
Sample A was only implanted and measured at room temperature (RT) with
a total 27Mg fluence of about 1.5×1012 cm−2. Samples B (5×1012 cm−2)
and C (9×1012 cm−2) were implanted and measured at higher temperatures,
with each temperature step requiring around 50 min of measuring time. All
samples were implanted using an energy of 50 keV. After these low-fluence
measurements, sample C was implanted with 1×1015 cm−2 of stable 24Mg, and
the 27Mg emission channeling measurements were then repeated for annealing
temperatures up to 600℃. For this high-fluence experiment, the Mg peak
concentration is estimated to be ∼1.5×1020 cm−3, i.e. within the concentration
regime reported for the electrical doping of AlN. [44,147]

Quantitative information is obtained by fitting the experimental emission yields
with theoretical patterns for the various possible lattice sites, calculated using
the manybeam formalism for electron channeling. [123,151] Experimental and
theoretical data on the crystallographic structure of AlN and the RT root mean
square (rms) displacements of Al and N atoms can be found in Refs. [134,135,152].
The rms displacements (u1) of Al and N atoms at room temperature were
assumed to be isotropic with u1(Al)=0.0569 Å and u1(N)=0.0626 Å, based on
Ref. [134]. Since u1(Al) and u1(N) are unknown at higher temperatures, these
parameters were extrapolated from their RT values assuming a Debye model and
Debye temperatures of TD(Al)=765 K and TD(N)=878 K (estimated from the
u1 values at RT [128]). Manybeam calculations were performed for a number of
discrete electron energies which were then averaged according to the continuous
β− spectrum of 27Mg (average β energy 703 keV, endpoint energy 1767 keV)
as described in Ref. [130]. Some of the sites which were considered as possible
impurity positions in GaN have been previously described [132] and the whole
set is shown in a figure included in the supplemental material to this article.
The fit procedure is described in Refs. [123] and [124]. The columnar mosaic
domains of the AlN thin films were accounted for as described in Ref. [125]
(lattice mosaic spreads of Wtilt∼0.2◦ and Wtwist∼0.62◦ were determined using
the method of Srikant [153]).
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Figure 4.1: (a)-(d) Comparison of the experimental emission channeling patterns
around [0001], [1̄102], [1̄101] and [2̄113] directions of sample B for room
temperature (RT, (b)) and 600 ◦C (d) implantation with the best fit simulated
patterns. (e)-(f) The theoretical patterns for 100% of 27Mg on O (e) and SAl
(f) sites, respectively. While the temperature used for the simulated patterns in
(e)-(f) was in both cases RT, the fits for 600℃ measurements (c) used patterns
calculated for that temperature (not shown).

Fig. 4.1(d) shows the experimental emission channeling patterns measured from
sample B during 600℃ implantation. Simple visual comparison to the expected
patterns for 100% of 27Mg atoms on substitutional Al sites SAl [Fig. 4.1(f)]
suggests that the majority of the 27Mg occupies SAl sites. This is confirmed by
the quantitative fit: the best fit shown in Fig. 4.1(c) corresponds to 97% of 27Mg
on SAl sites, with only 3% remaining on random sites. The experimental patterns
obtained from the same sample for RT implantation are shown in Fig. 4.1(b).
While the overall channeling effects are quite similar to those corresponding to
600℃ implantation, there are distinct differences which suggest the occupancy
of an additional lattice site. Most prominently, the channeling effects along the
set of (011̄0) planes in the [0001] and [2̄113] patterns are considerably reduced,
while the set of (112̄0) planes and also the [1̄102] and [1̄101] axes still exhibit
prominent channeling effects. These features are characteristic of interstitial
sites near the octahedral O position. This is fully confirmed by the best fit
[Fig. 4.1(a)], which is obtained for a linear combination of 73±5% on SAl and
25±4% located near the O interstitial sites. Allowing for O occupancy results
in an improvement of up to 20% in χ2 for the [0001] patterns.
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Figure 4.2: (a)-(c) Reduced χ2 of the fits to the experimental [1̄102], [1̄101],
and [2̄113] patterns as function of displacement of the 27Mg atoms from the
ideal substitutional SAl sites along the c-axis. Each data point corresponds to
the χ2 of the best fit obtained using two given sites, with the corresponding two
fractions as free parameters. The site pairs are composed of a fixed interstitial
site near the octahedral O position, plus a second site which is shifted from the
ideal substitutional SAl site along the c-axis. The reduced χ2 was normalized to
the minimum value of each curve. (d)-(f) Reduced χ2 as function of displacement
of the 27Mg atoms from the ideal interstitial O sites along the c-axis. The site
pairs are composed of a fixed SAl site plus a second site which is shifted from
the ideal interstitial O site along the c-axis. The reduced χ2 was, in this case,
normalized to that of the one-site SAl fit.
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We have also investigated eventual displacements of substitutional and
interstitial 27Mg from the ideal SAl and O sites, respectively. Fig. 4.2 shows
the fit χ2 as a function of the displacement along the c-axis. Similar results
were found for displacements along the basal bond directions, and if the two
site-displacements (for the substitutional and the interstitial fractions) are
allowed to vary simultaneously. The χ2 [Fig. 4.2(a)-(c)] displays clear minima
for displacements from the ideal SAl sites of at most 0.1 Å. At first sight, if
one assumes that all the substitutional Mg dopants in our samples are in the
neutral state, our results seem to support the prediction of Szabó et al. [68]
and contradict that of Lyons et al. [11]: if an elongation of Mg-N c-axis bond
length does occur, it must be accommodated by a displacement of the N
neighbour, without significantly displacing the Mg atom from the ideal Al site.
On the other hand, if all substitutional Mg acceptors in our samples are in
the ionized state (compensated by native donor defects, possibly created upon
27Mg implantation), our results are perfectly consistent with the prediction
of Lyons et al. [11], i.e. that ionized Mg acceptors are not associated with
significant displacements. In reality, it is much more likely that, at least for
some combination of Mg concentration and implantation temperature in our
samples, we have a mixture of neutral and ionized Mg acceptors. Since we
observe no displacement (within 0.1 Å) from the ideal SAl site, regardless
of Mg concentration and implantation temperature, our data suggest that
substitutional Mg in AlN is not significantly displaced in either neutral or
ionized states. For the displacements from the O interstitial sites, the picture is
somewhat less clear [Fig. 4.2(d)-(f)] since the maximum interstitial fraction is
only ∼33% and the channeling and blocking patterns of the interstitial sites
exhibit less anisotropy than in the case of substitutional SAl sites. Consequently,
the experimental patterns are far less influenced by changes in the positions of
the interstitial emitter atoms. Nevertheless the observed minima are located
within a region that stretches roughly ∼0.5 Å from the ideal O site towards
HA (hexagonal near Al atoms) site. In particular, all the χ2 minima for the
[1̄101] direction, which appears to be more sensitive for such displacements, are
located within ∼0.2 Å from the ideal O towards the HA site. We therefore
conclude that the displacement from the ideal O sites is, at most, 0.5 Å, most
likely .0.2 Å.

Fig. 4.3 shows the fitted fractions of 27Mg on SAl and near-O sites as a function
of implantation and measurement temperature for all samples. The error bars
are the standard deviation obtained when averaging the fitted fractions for
the four different directions of each sample. For RT implantation, 20-33%
of the 27Mg was found on near-octahedral interstitial O sites and 63-70% on
substitutional Al sites. For implantation temperatures around 300-400℃ the
near-O interstitial Mg is partially converted to SAl sites, a process which is
completed at 500℃. Up to the highest implantation temperature of 800℃
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Figure 4.3: The substitutional SAl and near-octahedral O fractions of 27Mg as
a function of the implantation and measurement temperature for all samples.
The sum of the two fractions, which in the absence of a random fraction
should amount to 100%, is also shown. The solid lines correspond to the near-
O fractions expected for the Arrhenius models for migration and capture of
interstitial Mg in sample C (cf. discussion in the text) with different energies
EM and steps N .

only SAl sites are found. For sample C, in comparison to the 27Mg low-fluence
(9×1012 cm−2) results, the pre-implantation of 1×1015 cm−2 of 24Mg leads to
some increase of the substitutional and random 27Mg fractions at the expense
of interstitial 27Mg, but the overall behaviour is very similar.

The fact that the near-O interstitial 27Mg is converted to SAl sites in a relatively
narrow temperature regime can be used to estimate the activation energy
required for this process. For that purpose, we assume that interstitial Mg starts
to migrate and diffuse until it encounters an Al vacancy by which it is trapped
and thus converted to substitutional. This is a common trapping mechanism
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of diffusing interstitial impurities in semiconductors (quantitative models have
been described in Ref. [128] for implanted 8Li). In thermal equilibrium the
fraction of interstitial Mg fi(T ) at a given temperature T is given by

fi(T )
fi0

= 1

1 + e
− EM

kB T ν0
τ
N

, (4.1)

where fi0 is the fraction of interstitial Mg present in the sample directly following
implantation (assumed to be the same fractions as at RT), τ is the radioactive
lifetime of 27Mg, EM is the activation energy for migration of interstitial Mg
and ν0 its attempt frequency, and N the number of jumps before an interstitial
Mg reaches an Al vacancy. Limits for the number of steps can be obtained
by considering two extreme cases: N=1 if interstitial Mg and an Al-vacancy
are located on nearest-neighbour sites; N∼200000 if the diffusion length is
comparable to the implantation depth. Similar estimates are described in more
detail in Ref. [129]. The magenta and green curves in Fig. 4.3 correspond to the
two extreme cases for the site change in sample C. The case with N∼200000
(green curve) provides a lower limit for the activation energy of EM=1.1 eV,
whereas the 1-step model gives EM=1.7 eV (two magenta curves, for the low-
fluence and high-fluence case, respectively). The exact value of EM is likely
to be closer to 1.7 eV, since one can expect a significant concentration of Al
vacancies resulting from the 27Mg implantation. The other two curves in Fig. 4.3
illustrate how the different parameters of the model (either EM or N) influence
in the expected interstitial fraction.

In conclusion, we have determined the lattice location of the implanted p-type
dopant 27Mg in AlN. For room temperature implantation, the majority (63-
70%) of 27Mg was found in substitutional Al sites, while a significant fraction of
20-33% was also identified close to the octahedral interstitial O site of AlN. For
implantation at 600℃ and above, the octahedral interstitial fraction is converted
to Mg on SAl sites, which is attributed to the migration of interstitial Mg that
is thermally activated around 300-400℃ with an activation energy estimated
between 1.1 and 1.7 eV. It is likely that we were able to observe significant
fractions of interstitial Mg thanks to the particular incorporation dynamics of
ion implantation. The far-from-equilibrium nature of the implantation process
promotes the occupation of lattice sites with high formation energies, which
are therefore not observed when the dopants are incorporated under typical
growth conditions. In any case, our results show that interstitial Mg will in
general not be observed, since its thermal stability is far below the typical
growth temperature of AlN thin films. Regarding substitutional Mg, a detailed
study of possible displacements from ideal Al sites revealed that those must
be smaller than 0.1 Å, which establishes strong limits for proposed models of
the local structure of Mg dopants in AlN. In general, our findings illustrate
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how precise and unambiguous lattice location techniques are crucial for the
understanding of intricate doping mechanisms.
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4.1.1 Supplementary discussion: AlN implanted with high
concentration of Mg

This manuscript, Art. I, reports on the lattice location of implanted 27Mg in
AlN, using the emission channeling technique. The concentration of Mg required
to dope a sample so it becomes p-type is orders of magnitude larger than the
concentration necessary to measure the lattice site using the emission channeling
technique. For this reason, AlN was implanted with low and high fluences of
Mg. The former experiment allowed to perform the measurements with the
minimum implantation induced damage possible, which resulted in a “clear”
angular emission yield. In the high fluence case the AlN was pre-implanted with
stable Mg (24Mg) 1020 cm−3 before implanting with the radioactive probe 27Mg,
in order to compare with the previous results and ascertain whether the lattice
site of Mg is significantly affected by the implantation fluences when these are
increased up to the values typically used in successful p-type doping of GaN and
AlN. During the whole experiment, Mg was found mostly in the Al site of AlN,
in particular at low temperatures a considerable fraction of Mg was also found
in the interstitial octahedral site (O site). For AlN samples implanted with low
fluence at RT, the fit with simulations improved about 20% by including the
O site. At higher temperatures, this improvement decreased along with the
fraction of interstitial Mg. On the other hand, in the case of the pre-implanted
sample measured at RT, implantation-induced-defects reduced the sensitivity of
the technique and the fit improvement with the addition of O site Mg was only
of 6%, while the fitted fraction of Mg in the Al and O sites remains similar to
those of low fluence. This suggests that high Mg concentrations did not have a
pronounced influence on the Mg lattice sites in this case but that, as expected,
low fluences are significantly better for studies of AlN via emission channeling.

4.2 Lattice location of Mg in GaN: Interstitial and
ideal substitutional site occupied by Mg in GaN

This manuscript, Art. II, reports on the lattice location of implanted
27Mg in GaN, using the emission channeling technique. GaN is by far
the most used nitride for technological proposes, due to its band gap
characteristics -technologically convenient, since GaN can be easily alloyed
with Al and In to engineer its band gap-, mechanical properties and practical
fabrication and characterization. Moreover, there is a recent theoretical debate
within the nitrides community, over the displacement of the neutral Mg from
the Ga site. The achieved resolution in the lattice location of our experiment
allows to contribute with decisive data to these discussions.
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Note that the substitutional Mg in the site of Ga is referred to in this section as
SGa, in order to keep the nomenclature of the original submitted manuscript.
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Recent first-principle calculations fail to agree in the interpretation of
photoluminescence data measured for GaN doped with Mg, creating a
debate on the nature of the Mg associated defects. On the one hand
Lany et. al created a model in which Mg in the Ga substitutional site
has two configurations [149]. In the first a neighbouring N atom has
deep localized hole breaking the symmetry and increasing its N-Mg
bond distance along a basal direction. And in the second, a deep ground
state of Mg is formed with symmetric N neighbouring N atoms. On the
other hand Lyons et. al suggested a model where the Mg ionic state
results in displacements of Mg from the ideal substitutional site of Ga
along the c-axis in about 10% [11,154]. We report the implanted 27Mg
crystal lattice site in GaN, determined with an accuracy down to 0.02 Å.
After implantation at room temperature 75±9% of the 27Mg occupies
the substitutional site of Ga, while 24±8% was, unexpectedly, found
near octahedral interstitial sites. Annealing or implanting at 600℃
converts interstitial 27Mg to substitutional Ga sites, a process which is
complete at 800℃. The activation energy for migration of interstitial
Mg is estimated to be between 1.6 and 2.6 eV. We found no evidence of
substitutional Mg displaced >0.1 Å from the ideal Ga site.
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p-type doping of the technologically important wide band gap semiconductor
GaN is generally performed by the introduction of Mg during growth. The
electrical activation of Mg as a p-type dopant requires its incorporation on the
substitutional site of Ga (MgGa) while Mg on other sites, e.g. interstitial Mg
(Mgi), or Mg replacing N (MgN), is electrically inactive or even exhibits donor
character. However, from ab initio calculations [64, 155, 156], Mgi and MgN
were both suggested to be unstable.

Recently, Mg doping efficiencies around 90% have been reported for GaN thin
films grown by molecular beam epitaxy (MBE) [157]. However, in comparison
with narrow gap semiconductor acceptors, such as group-III elements in Si or Ge,
MgGa has a deep acceptor nature and this remains a concern, since it severely
limits the hole concentrations achievable at room temperature to only a few
percent of the electrically active Mg concentration. Also, the majority of GaN
devices are not grown by MBE but rather by metalorganic vapor deposition
techniques. The vapor growth methods suffer from hydrogen contamination
and it is widely known that MgGa acceptors can be passivated by H-complex
formation. This problem is usually overcome by post-growth thermal annealing
at temperatures around 800℃, which breaks up the MgGa-H complexes [22,158].

Initially ab initio simulations consensually proved that the interstitial Mg (Mgi)
and Mg in the substitutional site of N (MgN) were unstable, although when
compared to Mg in the Ga substitutional sites [64, 155, 156], the stability of
Mg in interstitial sites was comparably high when the Mg atom belongs to
certain complex defects. Since the hole compensation mechanism and the
blue emissions in photoluminescence were attributed to acceptor-H neutral
complexes formed in p-type GaN [22, 84], several configurations of acceptor
and H complexes were investigated by Okamoto [159] and by Reboredo [160].
For instance, in Ref. [160] MgO-H2 (octahedral Mg with two H atoms) and
MgGa-N-MgO-H (a Mg in the Ga site, N, a octahedral Mg and a H) complexes
were found stable. Furthermore, there are many references of interstitial Mg to
justify several other experimental results: i) In Ref. [82] a statistical analysis of
the saturation of hole concentration with increasing Mg concentration (above
2−4×1019 Mg.cm−3) is explained by the creation of compensating donors such
as H+ and VN, however the drop in hole concentration requires further either the
increase of Mgi or MgN, or a general process which would produce more than one
donor for each added Mg atom; ii) In Ref. [158] the increase of Mg concentration
above 6 × 1019 cm −3, associated with the conversion from p-type to n-type
conductivity and strong photoluminescence changes in measured spectra, were
suggestively explained by either the presence of interstitial Mg, or the formation
of Mg-defect complexes; iii) In Ref. [160], after accessing the stability of the
complex Mgi-H2, the frequencies of the Mg-H shortest bond stretched local
vibrational modes were correlated with observed Raman, although infrared
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experiments were not consistent with the presence of such complex; iv) results of
Extended X-ray absorption fine structure (EXAFS) done on the Ga band edge,
in Mg-doped GaN, were consistent with several defects in particular with the
combination of a substitutional Mg and an interstitial Mg (MgGa-Mgi) [161].

Recently, the interest in “non-Ga-substitutional” Mg was triggered by
photoluminescence (PL) spectroscopy results, that proposed the existence of
several Mg-related acceptor states in GaN with different ionization energies
producing distinguishable PL signals [162–165], there has recently been renewed
interest in understanding the exact microscopic structure of the Mg impurity. In
this respect, two theoretical models were put forward that aimed at explaining
the “shallow” ionization energy, comparatively to other possible acceptor states
in GaN, of Mg around 200 meV. In particular, Lany and Zunger [149] have
presented a model which proposes that for the neutral, non-ionized acceptor
Mg0

Ga one of the basal Mg-N bonds is elongated by about 10%, which leads
to a ∼0.20 Å basal displacement of the Mg atom from the ideal substitutional
Ga site. More recently, Lyons et al. [11, 154] reported a similar theoretical
model, which also proposes that Mg0

Ga induces a “large local lattice distortion”
characterized by an elongation of one of the Mg-N bonds by 15% (0.29 Å)
which can occur not only in the basal plane but also along the c-axis. A more
detailed description of the model is given in Ref. [166]. Accordingly, all group
II impurities in GaN are supposed to form so-called deep “polaronic acceptors”
which trap a hole on nearby N atoms, inducing considerable lattice distortions
for the neutral acceptor. On the other hand, a current critical assessment
of existing magnetic resonance data on Mg in GaN [150] concluded that one
acceptor state results from “simple substitutional Mg at Ga sites”, while the
other is merely the result of a perturbation of its hole wave function in the
basal plane, which is caused by stress in the layer rather than lattice relaxation.
Moreover, structural relaxation, of Mg and its atomic neighbours is generally
assumed to be present in the electrically inactive complexes between MgGa and
a neighbouring nitrogen vacancy VN. The dissociation of such complexes has
been proposed as an additional explanation for the effect of annealing on the
electrical activation of Mg, besides the dissociation of Mg-H pairs [167], however
theoretical models led to different predictions for the structure of such MgGa-VN
complexes. Ref. [168] suggests that the Mg atom moves 0.11 Å away from the
ideal Ga substitutional position, either basal to or in the c-axis direction, while
Ref. [169] predicts that the Mg atom relaxes away from the vacancy by 0.39 Å,
0.20 Å, and 0.09 Å in the 2+, +, and neutral charge states of the complex,
respectively. Additionally, a variety of configurations have been considered for
complexes consisting of Mg and H [83,159,160,170–173], some of them involving
Mg in the octahedral site. Overall, while Mg is expected to substitute for Ga,
several Mg-related complexes are predicted to involve substantial structural
relaxations.
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In stark contrast to the various refined but often contradictory theoretical models
on the structural properties of Mg-related complexes in GaN, no experimental
data on the exact Mg lattice site exist so far. The commonly used ion beam
lattice location method of Rutherford backscattering/channeling spectrometry
(RBS/C) is not applicable in this case since the Mg impurity is much lighter
than the Ga host atoms. Attempts to use the extended X-ray absorption fine
structure (EXAFS) technique to measure the distances from Mg atoms to their
nearest neighbours in GaN were not successful since the Mg K X-ray absorption
edge overlaps with the Ga L-edge [174]. In this letter, we provide direct lattice
location measurements for Mg in GaN using the β- emission channeling (EC)
technique. We evidence that the majority of Mg atoms occupy substitutional
Ga sites with no displacements larger than 0.1 Å away from the ideal Ga site.
On the other hand, we present direct experimental proof for the existence of
interstitial Mgi near the so-called octahedral sites and we also give experimental
estimates for its migration energy.

The β- emission channeling technique allows to precisely probe the sites of
radioactive isotopes in single-crystalline samples [122, 124, 139, 151]. The
radioactive probe atoms are implanted at low fluences (1012-1013 cm−2) and
the emitted β- particles move through the crystal with enough energy to
experience the periodic arrangement of the positive nuclei of the single-crystal
as a screened Coulomb continuum potential. Electrons emitted within a critical
angle around high symmetry directions of the crystal are channeled along those
directions, whereas those emitted at higher angles are scattered randomly. A
two-dimensional position-sensitive detector is consecutively aligned with several
axes of the single crystal and the angle-dependent emission yield of electrons is
measured in their vicinity, providing patterns which are characteristic for the
probe atom lattice location in the sample. This technique was proven to be an
unique and powerful method for the lattice site location of dopants in group-III
nitrides, among others rare earth atoms [97].

The only radioactive isotope of Mg suitable for EC studies is short-lived 27Mg
(t1/2=9.45 min), which can be produced at CERN’s ISOLDE on-line isotope
separator facility by means of bombarding suited targets (Ti, SiC and UC2) with
1.4 GeV protons, followed by laser ionization and mass separation, as described
in Ref. [127]. This isotope was already used with success in the emission
channeling study of the Mg lattice location in AlN (described in Art. I). Despite
the fact that we have used EC previously in order to study many long-lived
isotopes in GaN [97], experiments with 27Mg only became possible following
the development of a dedicated setup for short-lived isotopes (EC-SLI) [128],
which is mounted on-line at one of the ISOLDE beam lines.

The samples used were two unintentionally doped wurtzite single-crystal GaN
layers on sapphire. Both smaples were grown by metalorganic chemical vapor
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deposition (MOCVD), with film thickness of 1-2µm (sample A) and 2µm
(sample B). All implantations were performed with 50 keV, along 17◦ from
the [0001], for about 20 min (∼5×1011 cm−2). Sample A was implanted first
at room temperature (RT), next at 600℃ and then again at RT, with a total
fluence of about 3x1012 cm−2, while all measurements were performed near
RT. In contrast, sample B was implanted at RT and the measurements were
performed at RT, 300℃, and 600℃. Finally, sample B was implanted and
measured simultaneously at 800℃. The total fluence implanted into sample B
amounts to 6x1012 cm−2.

In order to derive the fractions of 27Mg on different lattice sites, the experimental
β- emission yield is fitted by theoretical patterns corresponding to 27Mg emitter
atoms residing on a combination of different lattice sites. The experimental
patterns were corrected for two types of background. The contribution from
electrons which reach the detector after being backscattered inside the sample
or by parts of the setup are estimated from the geometry of the setup and
the β- energy spectrum (by means of Monte Carlo simulations based on the
GEANT4 [133] code), while background from gamma particles is estimated by
closing a valve in front of the detector.

The procedure to calculate the theoretical β- patterns for GaN using the so-called
“manybeam” formalism has been outlined in Ref. [175]. Room temperature root
mean square (rms) displacements of Ga (0.059 Å) and N (0.066 Å) atoms were
adopted from the paper by Xiong and Moss [176]. These values correspond to
Debye temperatures of TD(Ga)=432 K and TD(N)=945 K, respectively, which
was used to extrapolate to higher temperatures. The fit procedure is detailed
in Ref. [139], while representations of the various interstitial sites considered
can be found in Art. I.

Fig. 4.4 (a) and (c) show the EC patterns measured from sample B during RT
and 800℃ implantation, respectively, while columns (b) and (d) display the best
fit of simulated patterns for the two temperatures. The best fit for the 800℃
implantation [Fig. 4.4 (d)] corresponds to 81±6% of 27Mg on substitutional Ga
sites.

The RT EC patterns [Fig. 4.4 (a)] share a strong resemblance to the 800℃ data
[Fig. 4.4 (c)], while a few key aspects differ. The most prominent effect is that
at RT the normalized yields along the set of (01̄10) planes of the [0001] and
[2̄113] patterns are reduced. On the other hand, the patterns still exhibit the
pronounced channeling effects along the set of (11̄20) planes and along the [1̄102]
and [1̄101] axes. Together, these are clear indications of a 27Mg fraction that
occupies interstitial sites near the octahedral (IO) position. Hence, the best fits
to the experimental patterns after RT implantation [Fig. 4.4(b)] are obtained
for a linear combination of 70±11% on SGa and 24±5% on IO. The remaining
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Figure 4.4: Comparison of 27Mg β- emission patterns, around the [0001], [1̄102],
[1̄101] and [2̄113] directions of sample B, after room temperature (a) and 800℃
(c) implantation, to the best fit of simulated patterns (b) and (d), respectively.
The theoretical patterns corresponding to 27Mg on SGa and on interstitial IO
sites at RT are shown in panels (e) and (f).

27Mg occupies random sites of the crystal lattice contributing isotropically to
the background of the measurements. Note that the identification of 27Mg in
the wide open interstitial region along the c-axis is quite clear from the fact that
the fit χ2 obtained for the [0001] patterns improved up to 4% when including
such a fraction. The partial occupation of O sites was demonstrated previously
in our EC-SLI experiments on the lattice location of implanted 27Mg in AlN
(Art. I).

The MgO-H2, MgGa-N-MgO-H [160] and MgGa-MgO [161] stable complexes
could be associated with the interstitial Mg measured in this work. However,
the short experiment time would hinder the production of MgO-H2, even with H+

being extremely mobile (0.7 eV diffusion barrier) [84], while the low concentration
of Mg would preclude the MgGa-N-MgO-H and MgGa-MgO complexes. Also
after the sample A was kept at 600℃ for a total of 38 min, for the 600℃
implantation, the RT implantation measurements were repeated. These SGa
and IO fractions obtained resemble the first RT measurements. This rules out
Mg-H, assuming that the H+ is extremely mobile (0.7 eV diffusion barrier) [84]
and above 400℃ Mg-H dissociates and the atomic hydrogen is expected to be
removed at 600℃ [22].

Displacements of 27Mg from the ideal substitutional Ga and interstitial O sites
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Figure 4.5: Reduced χ2 of the fits to the experimental [1̄102], [1̄101], and [2̄113]
patterns as a function of displacement of the 27Mg atoms from the ideal SGa and
IO sites. Each data point corresponds to the χ2 of the best fit obtained using
two given sites, with the corresponding two fractions as free parameters. (a)-(c)
The site pairs are composed of a fixed SGa site plus a second site which is shifted
gradually from the ideal IO site along the c-axis. The reduced χ2 is normalized
to that of the one-site SGa fit. (d)-(f) and (g)-(i) The site pairs are composed
of an interstitial site, which is fixed, near the O position, plus a second site
which is shifted from the ideal SGa site along the c-axis and basal direction,
respectively. The reduced χ2 is in this case normalized to the minimum value
of each curve.

along the c-axis and various basal directions were investigated as well. In
Fig. 4.5 the resulting reduced χ2 values are plotted as a function of displacement
along the c-axis and the basal Ga-N bond. In case of displacements from ideal
O sites [Fig. 4.5 (a)-(c)] the χ2 minima scatter between −0.2 Å (towards the
hexagonal sites closest to N atoms-HB) and +0.6 Å (towards the hexagonal sites
closest to Ga atoms-HA). The sensitivity of the measurements with respect to
the displacement from O sites is limited by the fraction on those sites which is
relatively small, only ∼24±8% at maximum. Moreover, these interstitial probe
atoms produce an angular emission with reduced anisotropy, as displayed in
Fig. 4.4 (f) where the patterns around the directions [0001] and [2̄113], along
which the patterns contrast strongest with those produced by substitutional
Mg SGa [Fig. 4.4 (e)], have very low maxima. An important result of our data
analysis is that in the case of possible displacements from SGa, the χ2 displays
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clear minima within less than 0.1 Å from the ideal Ga sites [Fig. 4.5 (d)-(f) and
(g)-(h)]. The data around [0001] do not allow the identification of displacements
from SGa and are therefore not included in the plots. We hence found no
evidence for a noticeable fraction of MgGa located off-centre from the ideal Ga
position. In this respect, it is important to emphasize that e.g. the acceptor
models in Refs. [149] and [166] generally foresee only minor displacements if Mg
is ionized to the negative charge state, Mg−Ga. The as-grown samples are slightly
n-type and the low concentration of Mg introduced to our samples should in
principle have a negligible contribution to the electrical doping. If one assumes
that the Fermi level remains pinned near the centre of the band gap during the
whole experiment, all Mg acceptors should in fact be ionized as Mg−.
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Figure 4.6: The substitutional SGa and near-O fractions of 27Mg implanted in
GaN as a function of the implantation (sample A) or measurement (sample B,
except for 800℃) temperature. The solid lines show the fractions calculated
according to several Arrhenius models.

In Fig. 4.6 the fractions of 27Mg on SGa and O sites are plotted as function of
the implantation or measurement temperature. For RT implantation 70-75%
of the 27Mg is found on SGa, while 24% occupies the interstitial O site. The
interstitial fraction decreases to 16±11% when measured at 600℃ (sample B)
and to 11±7% when the implantation is performed at 600℃ (sample A). Sample
A is then implanted at RT, the fractions of 27Mg found on SGa and IO are
slightly lower, 65±15% and 18±7% respectively, which can be attributed to
sample damage. Increasing the implantation temperature to 800℃ reduces
the fraction near O sites to zero. The migration energy (EM) of interstitial
Mgi can be estimated from the temperature dependence of the near-O fraction
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using a simple Arrhenius model. The model assumes that Mgi starts to migrate
due to thermal energy and that it requires a certain number of jumps N until
it encounters a Ga vacancy, which will lead to the formation of MgGa (see
Art. I for details). An additional assumption is that the initial interstitial
fraction during the implantation at higher temperatures is the same as found
for prolonged implantation at room temperature, before Mg migrates. N was
assumed ranging from 1 to 105, where 1 represents the limiting case in which
Mgi has a neighbouring Ga vacancy, and 105 is the limit when the rms distance
diffused by Mgi becomes comparable to the implantation depth R, which can
be excluded since it would considerably deteriorate the channeling effects. The
migration energies are thus estimated between 2.6 eV and 1.6 eV, respectively.
So far, only theoretical estimates exist for EM (Mgi) [177, 178], which predict
that the migration of Mgi in planes perpendicular to the c-axis is much faster
than along the c-axis, with activation energies 0.15-0.68 eV. Our experimental
estimate indicates a much higher EM value than these predictions.

In summary, we have presented a direct method to characterize structural
properties of Mg dopants in GaN. Following ion implantation at RT and at
elevated temperature, Mg is mostly found on substitutional Ga sites. We have
demonstrated that the majority of the substitutional Mg atoms is displaced
from the ideal substitutional Ga sites by less than 0.1 Å. Hence no indication
was found for any type of defect for which large displacements of Mg from the
ideal Ga site have been predicted by theoretical models. It can also be excluded
that large displacements resulting from other types of Mg-related defects play a
major role in our data. However, we have provided direct experimental evidence
for the existence of interstitial Mgi near octahedral sites. The interstitial Mg was
compared with Mg complexes described in the literature, for which MgGa-H2
appears as best candidate so far. Moreover, the activation energy for migration
of Mgi is estimated from its conversion to substitutional Mg above 600℃. At
the typical temperatures for growth of GaN layers (750-1100℃, depending on
growth method), interstitial Mg is hence quite mobile inside the host matrix.
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for Science and Technology (CERN/FP/123585/2011), the KU Leuven
(GOA/09/006 and GOA/14/007) and the European Commission through the
SPIRIT (Support of Public and Industrial Research using Ion beam Technology,
Contract 227012) and ENSAR (European Nuclear Science and Applications
Research, Contract 262010) projects. We thank the ISOLDE facility at CERN
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4.2.1 Supplementary discussion: Influence of high tempera-
ture during measurement and during implantation

The manuscript describes the lattice location of 27Mg studied after implanta-
tion:

i) at temperatures up to 600℃, followed by measurements close to RT;

ii) at RT, followed by RT measurements [after i) was performed];

iii) at RT, followed by high temperature measurements up to 600℃;

iv) at 800℃, followed by measurements at 800℃.

All measured angular emission yields were consistent with 27Mg in the Ga site
(MgGa), although at RT, for i) and ii), the angular emission patterns displayed
evidence of an additional 26% octahedral interstitial Mg (O site), similar to those
found in AlN. The lattice site was determined separately for high temperature
implantation i) and high temperature measurements iii), maintaining the 27Mg
high temperature in both during similar time intervals. In comparison, the
increase of temperature during implantation seems to be slightly more efficient
in the conversion of interstitial Mg than during the measurement, e.g., the 27Mg
implantation at 600℃ produced 10% octahedral Mg, while the measurement
at 600℃ resulted in 18% of interstitial O site Mg. This is likely due to the
vacancies created during the implantation process, that promote incorporation
of the implanted Mg in the cation site, however, due to the errors of ±7%
associated with the fractions, this can not be firmly concluded.

4.2.2 Supplementary discussion: GaN hydrogen contamina-
tion
(non-)contribution to the Mg occupation of the cation
site

P-type GaN is obtained by introducing 1019-1020 Mg.cm−3 followed by thermal
treatment, e.g. annealing at about 700℃ [22], or using the LEEBI [19,28] method.
Furthermore, the hydrogenation of the nitrides is the accepted explanation for
the passivation of Mg doped samples [74, 75], before performing any of these
thermal treatments. Moreover, a systematic study of the hydrogen role in the
GaN doping concluded that the presence of H in GaN samples results in an
increase of the Mg solubility in Ga sites after annealing [84].
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In this subsection we focus on two experimental conditions -i) and ii), indicated
in the previous subsection- in order to explore the contribution of H, a typical
contaminant of the nitrides, to the Mg lattice site. For i), a sample was put
in high vacuum and implanted at sequential temperatures from RT to 600℃,
during which angular emission yields were measured. It is generally accepted
that one of the main reasons for the low electrical activity of Mg in GaN, prior
to thermal annealing, is passivation by hydrogen [22,74,75]. Above 500℃, this
compensation is overcome by the dissociation of the Mg complexes and the
out-diffusion of H [84]. One can thus assume that the sample has typical H
contamination values during the initial implantation for i) at RT, and that
during the 600℃ implantation that took over 60 min most of the H should have
diffused out of the sample. Afterwards, the same sample was implanted at RT
without breaking the high vacuum, avoiding H absorption, the measurements
were then repeated at RT -this corresponds to the ii) experimental condition.
The latter resulted in 27Mg in similar lattice sites as those obtained for the first
implantation temperature in the procedure i), i.e. RT. An increase in the Mg
solubility in Ga sites due to the natural initial H presence in the sample, as
suggested by Ref. [84], was therefore not observed. In conclusion, there was no
evidence that H present in the sample contributes to either Ga substitution
by Mg, or Mg occupation of the O site. Also, the H complexes including
interstitial Mg that were predicted stable in GaN (Ref. [160]) are most probably
not responsible for the interstitial fraction measured during our experiments.

4.3 Mg lattice site and its contribution to electrical
properties of the nitrides

The nitrides are typically doped during growth at considerably high temperatures
(1000-1600℃). Even using the Na flux method that allows reducing the growth
temperatures, these are still well above 600℃ [179–181]. Thus, it is unlikely
that nitride samples doped with Mg during growth contain interstitial 27Mg.

Moreover, the p-type GaN and AlN are obtained by introducing 1019-1020 Mg.cm−3

during growth and applying post-growth thermal treatment, such as annealing
at about 700℃ [22], or LEEBI [19, 28]. In other words, the GaN or AlN are
subjected to a thermal treatment in order to activate Mg. This procedure not
only promotes the out-diffusion of H impurities -responsible for the nitrides
n-type background-, but according to our results can also migrate any existing
interstitial Mg to substitutional Mg, i.e. from where Mg is expected to
compensate p-type doping to where it can behave as an acceptor.
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In order to compare the electrical activation of dopants with their lattice site
in group-III nitrides ideally one would perform the measurement of electrical
properties in similar conditions -the method of doping (i.e. implantation) and
systematic measurement after thermal treatment- to those used in the lattice
location experiments. As a first approach, we gathered reported electrical
measurements that can be compared to our lattice location data, i.e. electrical
properties of Mg implanted samples as a function of annealing temperature.
Studies on electrical activation in group-III nitrides are mainly found for samples
doped with Mg during growth after a single high temperature “activation”
annealing. Nevertheless, few studies about thin film GaN grown on sapphire
and implanted with Mg (with energies in the range of 50 to 200 keV) could be
found, where electrical properties are measured as a function of the annealing
temperature [182, 183]. Reported data are insufficient to perform a similar
study for AlN and InN implanted with Mg. Note that several specifics of
the experiments (e.g. depth profile of the implanted Mg, and crystal quality
and purity of the grown sample) can be relevant to the measured electrical
properties, also the required doping concentrations are much higher than the
implantation fluences used in EC. To address this last issue, an EC study with
high concentration of Mg (supplementary discussion of Sec. 4.1) was performed
in AlN that suggests EC measurement results for low fluences of Mg are similar
to the ones for high fluences. Consequently, the comparison between electrical
activation studies with our lattice site location studies will be focused on the
case of GaN doped with Mg via implantation.

Our studies reveal that Mg is stable up to 600℃ in octahedral sites of GaN
and AlN; incidentally in these materials Mg displays shallow and deep acceptor
characteristics, while in InN, where it is a shallow acceptor, Mg occupies
only the cation (In) site. One can argue that the Mg stability in octahedral
sites are associated with its tendency to behave as a deep acceptor, however
more electrical and lattice site studies would be required to reach conclusive
correlations.

Using the results from the emission channeling experiments one can estimate
the fractions of interstitial and substitutional Mg that should be present in GaN
implanted with Mg samples used in electrical measurements. The correlation
between the estimated fractions and the measured carrier concentration was
investigated. Note that the electrical data presented in the plots of Fig. 4.7
and in the summary tables from App. C were extracted from the plots of the
publications referenced in the captions. The sheet carrier concentration of Mg
implanted GaN is plotted as a function of temperature used in isochronous 10 s
annealings for initially resistant n-type (a), initially conductive n-type (b) and
typical -unintentionally n-type doped- (c) GaN sample (Fig. 4.7). The difference
between samples (a) and (b) was presumed by the authors to be
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Figure 4.7: Sheet carrier concentration of typical [(c) Ref. [182]], resistant
[(a) Ref. [183]] and conductive [(b) Ref. [183]] GaN samples implanted with
Mg (displayed in the left axis) and the substitutional Mg fraction estimated
using the Arrhenius model (displayed in the right axis), for a migration energy
of 2.6 eV (green lines) and 1.6 eV (blue lines) as a function of 10 s annealing
temperature.
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due to the in-growth concentrations of deep-level defects and shallow autodoping
donors.

The substitutional Mg fraction as a function of the annealing temperature was
estimated using the Arrhenius model (with parameters obtained for the Mg
lattice location study in GaN [Sec. 4.2]) for 10 s annealings and was plotted
in Fig. 4.7 (right ordinate axis). In samples (a) and (b) the sheet electron
concentration is decreased after implantation. After annealing the samples do
not become p-type and the sheet electron concentration increases. The energy
required to migrate the Mg is not achieved as displayed in the plots Fig. 4.7
(a) and (b). The electron carrier concentration measured for the implanted (a)
and (b) samples is actually similar to the concentration measured following the
annealings on equivalent non-implanted samples [183]. The energy provided by
the annealing can thus be responsible for the recovery of implantation induced
damage rather than the introduction of holes. On the other hand, the sample
(c) becomes p-type after TA=1100℃, at the same annealing temperature as the
lattice site conversion, Fig. 4.7(c). Assuming that the Mg site conversion occurs
in all cases, i.e. (a), (b) and (c), at the same temperatures, then the migration
of interstitial Mg to substitutional sites was not achieved after annealing of
samples (a) and (b), while the annealing of (c) was sufficient to obtain p-type
character. Mg lattice location measurements in resistive and conductive GaN
are required for a more conclusive comparison. As an additional note, the sheet
carrier concentration of (c) drops significantly after a 10 s annealing at 1300℃,
which the authors attribute to Mg out-diffusion or increase of defects in the
sample. Moreover, this out-diffusion is not taken into account in the Arrhenius
model, hence these curves remain at their maximum value.

In the Art. I and Art. II we concluded that 27Mg occupies primarily the
cation site of the AlN and GaN lattices after implantation, and a significant
fraction of 27Mg, above 20%, was also found in near octahedral sites. Increasing
the implantation temperature above 600℃ resulted in the decrease of this
interstitial fraction. From the interstitial to substitutional conversion rate, using
an Arrhenius model, the migration energy of the octahedral Mg was estimated
between 1.1 eV and 1.7 eV in AlN and higher in GaN, between 1.6 eV and
2.6 eV. Finally, comparing the migration energy of Mg in GaN with free carrier
concentration measurements for implanted Mg as a function of the annealing
temperature we conclude that the energy provided to activate the samples
p-type is enough to migrate the interstitial Mg to substitutional sites. However
further studying of the lattice site of Mg in GaN and AlN along side respective
free carrier concentration measurements for the electrical doping regimes (high
fluences and similar annealing steps) should provide a better understanding of
the saturation of p-type doping of the nitrides with Mg.





Chapter 5

Lattice location of Na in GaN
and AlN

In the studies presented in the previous chapter (Chap. 4), it was found that
about 20% of Mg occupies the interstitial site of GaN and AlN. Mg is reported
as unstable in this site in several DFT studies. The lattice location of similar
impurities in the nitrides should provide further information about the physical
mechanism that allows Mg to occupy this site. For this reason, the lattice site
occupied by Na -a light element like Mg- in GaN and AlN was determined by
the emission channeling technique, as presented in this chapter based in Art. III
in preparation for submission.
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Lattice location of Na in GaN and AlN: Lattice site
changes of implanted Na and other light alkalis and
alkaline earths in GaN and AlN
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Universidade de Lisboa, 2686-953 Sacavém, Portugal
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The lattice location of implanted radioactive 24Na has been
determined in GaN and AlN using the emission channeling technique.
In the room temperature as-implanted state in both GaN and AlN,
sodium is found on interstitial sites near the octahedral position
as well as on cation substitutional sites. Following annealing at
900℃ the interstitial fraction is reduced while the substitutional
incorporation increases. The site changes are attributed to the
onset of migration of interstitial Na during annealing, for which an
activation energy of 2.0-3.4 eV is estimated in GaN and 2.1-2.7 eV
in AlN. Comparison of the lattice site change behaviour of Na in
GaN and AlN to Li, Be, and Mg shows that the onset of interstitial
migration correlates with the ionic radius of the light alkalis and
alkaline earths.

Introduction

The group-III nitrides can be used to create alloys with a band-gap ranging
from 0.68 eV to 6.1 eV which have wide applications in optoelectronics. In 1976
sodium implantation in GaN was found to introduce a broad photoluminescence
band around 2.05 eV [184], although, since similar bands were observed following
the implantation of other elements, this may also result from native defects
formed by the implantation damage [185]. The Na impurity in nitrides has not
been studied much afterwards. However, since 1997 liquid epitaxy using Na flux
growth has been used by several groups to produce bulk GaN single crystals, and
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comparisons of this technique to other GaN bulk growth methods can be found
in a number of recent reviews [186–189]. In the initial implementation [181]
NaN3 was thermally decomposed into liquid Na and gaseous N2, allowing N2 to
react with Ga dissolved in the liquid Na resulting in epitaxial growth of GaN on
GaN seed crystals. The Na metal was afterwards removed from the surface of
the GaN product by reaction with ethanol. In GaN samples produced with an
upgraded Na flux technique, traces of Na of the order of 4×1014 cm−3 could be
detected [190]. The potential effect of Na on the material’s electrical properties
will depend on its possible lattice site.

(i) Projection on the (1̄120) plane (ii) Projection on the (0110) plane

Figure 5.1: (1̄120) and (0110) planes of the wurtzite lattice -(i) and (ii)
respectively-, showing the substitutional cation A (Ga or Al) and anion B
(N) sites as well as the following interstitial sites: bond centre BC, anti-bonding
AB, tetrahedral T, hexagonal H and octahedral O. The addition of “A” or “B”
to the site name indicates non-equivalent sites closer to the anion A or the
cation B, respectively, e.g. the hexagonal sites HA and HB. On the other hand,
the interstitial O and hexagonal HAB sites are defined by having the same
distance from A and B sites. “(c)” indicates BC or AB sites located within
the atomic rows along the c-axis, while those indicated with “(a)” are basal to
it. The directions around which the β− angular emission yield from 24Na was
measured are represented by the coloured vectors. Note that the interstitial
sites shown in transparent, lighter shades in panel (b) are not part of the plane
containing the lattice atoms, but are located above or below it.

Ab initio simulations [148] predicted interstitial Naint and also Liint to exhibit
a lower energy of formation in GaN than substitutional NaGa and LiGa as long
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as the Fermi level is below 1.2 eV and 1.7 eV with respect to the valence
band, respectively. This would mean that in p-type GaN the incorporation
of Li and Na on interstitial sites, where they act as single donors, should be
more favourable than on the substitutional Ga site, where they represent double
acceptors. In contrast, in n-type GaN, the predominant Na and Li species
should be substitutional NaGa and LiGa. The interstitial positions considered
by theory were the octahedral (O) and tetrahedral (T) sites, whereby, the
octahedral site was found most favourable. As can be seen from Fig. 5.1, T
sites are interstitial sites aligned with the c-axis, while O sites are centred in
the wide open interstitial region of the wurtzite structure.

The lattice location of radioactive 24Na implanted in GaN and AlN was
investigated in 2000 by means of the β− emission channeling technique by
Ronning et al. [109]. Following 30 keV room temperature implantation of 24Na
to a fluence of 2×1013 cm−2 into GaN and AlN, in both cases 37-47% of Na
was found aligned with the c-axis rows while 40-61% was located on interstitial
sites off the c-axis. The interpretation was that all of the Na aligned with the
c-axis occupied substitutional cation sites, while the interstitial positions off the
c-axis were O sites, although no proof could be given for this site assignments
due to the limitations in measurements off the c-axis, as described below. In
AlN a 10 min annealing at 800℃ relocated part of the interstitial Na to sites
aligned with the c-axis, while the same annealing seemed to have no effect on
24Na in GaN. A shortcoming of this study was that experimental channeling
patterns off the c-axis were only measured along [1̄101] and, most importantly,
not compared to simulated yields for different lattice sites. Hence it was not
possible to assess the exact position of Na along the c-axis, which is required
for instance to properly distinguish between the cation and anion substitutional
sites and the interstitial T sites, or in order to pinpoint the Na location near O
sites.

In this article we report on precise measurements of the lattice location of
implanted 24Na in GaN and AlN, in the room temperature as-implanted state
and for annealing temperatures up to 900℃. Besides [0001] emission channeling
patterns along the c-axis, also [1̄101], [1̄102] and [1̄113] directions off the c-
axis were measured. Fitting all the experimentally observed electron yields to
theoretical patterns simulated for a variety of lattice sites aligned and off the
c-axis allows determining the location of interstitial Na with a precision better
than 0.2 Å. Then we compare lattice location of Na to results for Li, Be and
Mg from the literature, pointing out similarities but also some characteristic
differences.
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Experimental

Electron emission channeling is a nuclear technique that allows measuring the
precise lattice site location of a radioactive impurity implanted in a single-
crystal [123,151]. The β− particles emitted during the decay of the implanted
radioactive probe atoms travel inside the crystal with enough energy to perceive
the nuclei arranged along axes and planes as a positive continuum potential
that is formed by the average of individual, screened Coulomb potentials. Thus,
the negatively charged β− that are emitted within a critical angle around high
symmetry directions of the crystal are channelled, while others emitted outside
the critical angle are scattered randomly. Using a two-dimensional position-
sensitive detector oriented along the major axial directions of the single-crystal,
the angular emission yield around them is measured, which is characteristic of
the probe atom lattice location in the sample. The two-dimensional angular
emission yields are fitted with simulated patterns for combinations of emitter
atoms on different lattice sites. For lattice location of Na, we made use of the
same radioactive isotope 24Na (t1/2=14.96 h) as in Ref. [109]. The experimental
setup and the position-sensitive electron detection system used to measure the
emission channeling effects are described in Refs. [128] and [124], respectively.
The “manybeam” theoretical approach to calculate emission channeling patterns
from emitter atoms on different lattice sites has been discussed in Refs. [123,151],
and input parameters for the structural models of GaN and AlN are given in
Refs. [175] and Art. I. The fit routine for comparing experimental and theoretical
data are outlined in Refs. [123,124].

Emission channeling experiments with 24Na are particularly challenging due
to the relatively high energies of the emitted β− particles (endpoint energy
4.11 MeV, average β− energy 556 keV) and the intense γ radiation (γ particles
of 2.754 MeV and 1.369 MeV, each with a branching ratio of 100%) emitted
by this isotope. The γ radiation from 24Mg is quite penetrating so that the
detector cannot be shielded from it. However, its contribution can be estimated
from the residual count rate when closing a valve in front of the detector. For
24Na, about 16% of the overall count rate results from gamma background.
Additionally, the high electron energy causes a considerable fraction of electrons
to be backscattered from inside the sample, the sample holder, and from the
walls of the vacuum chamber towards the detector, which also contributes a flat
background to the patterns. This background can be estimated with the help
of GEANT Monte Carlo simulations [133] taking into account the β− energy
distribution and the geometry and materials of the sample and setup. In the
case of 24Na around 55% of detected electrons have been backscattered and
hence do not contribute to the channeling effect so that the overall background
amounts to 62% of all recorded events. The effects of backscatter and gamma
background can thus be quantitatively corrected, while they considerably add to
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the statistical counting error of the data. Then, the electron emission patterns
obtained from 24Na do not have the same “smooth” appearance as those from
many other isotopes. Also, while the substitutional and interstitial fractions
of 24Na can be determined relatively to each other with quite good accuracy,
the absolute error of the sum of both fractions amounts to 15-50% due to
uncertainties when assessing the exact contribution of background.

A commercial GaN sample, grown by MOCVD by Cree Inc., was implanted at
ISOLDE-CERN [191] with 4.8×1012 cm−2 of 50 keV 24Na (average range 535 Å,
straggling 257 Å, [Na]max=6.2×1017 cm−2 or 7 ppm) The angular emission yield
along the four high-symmetry directions [0001], [1̄102], [1̄101] and [2̄113] was
measured in the room temperature (RT) as-implanted state and following 10 min
vacuum annealing at TA=900℃. The AlN sample, grown by MOVPE [192],
consists of a 0.28 µm AlN thin film with a 0.55 µm GaN buffer layer on a
sapphire substrate. It was implanted at 60 keV with 5.3× 1012 cm−2 of 24Na
(average range ∼825 Å, straggling 300 Å, [Na]max=6.9× 1017 cm−2 or 7 ppm)
and the angular emission yields were measured as for GaN. In addition to the RT
study the AlN sample was also measured following TA=600℃ and TA=900℃.
For this sample, the tilt and twist values of the mosaic domain distributions
were determined by means of X ray diffraction using the method proposed by
Srikant et al. [153], because AlN is known to suffer from structural imperfections
and mosaicity, more than GaN. The values of Wtilt=0.20◦ and Wtwist=0.56◦
were found (in contrast, typical values for state of the art commercial GaN
samples are around Wtilt∼0.08◦ and Wtwist∼0.20◦). The tilt and twist values
were taken into account by adjusting the angular resolution during the fits, as
described in Ref. [125].

Results

The experimental emission channeling patterns measured after implantation into
GaN are plotted in Fig. 5.2 (a)-(d). The high yield along the [0001] axis [in the
centre of panel (a)] is a characteristic of substitutional or tetrahedral interstitial
probes, which are both aligned with the c-axis, the planar emission yields in
the same pattern show major channeling effects only along the set of three
(112̄0) planes, while the channeling yield from the set of three (011̄0) planes is
considerably reduced. In the wurtzite structure this combination of planar effects
is a strong indication that also a large fraction of probe atoms occupies sites
in the wide open interstitial region of the lattice off the c-axis. This is further
evidenced by the characteristics of the [2̄113] pattern: while substitutional 24Na
alone would create strong (011̄0) planar channeling, 24Na near the interstitial O
sites results in blocking along the same plane. In the case of [1̄102] and [1̄101]
directions the distinction between octahedral and substitutional 24Na is not
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Figure 5.2: (a)-(d), angular distribution of β− emission yields from 24Na in
GaN, measured as-implanted around the [0001], [1̄102], [1̄101] and [2̄113] axes.
(e)-(h), best fit of simulated patterns, corresponding to 37% of 24Na on SGa

Na
and 40% on octahedral interstitial O sites.

straightforward since the O sites are also approximately aligned with these axial
directions (cf. Fig. 5.1).
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Figure 5.3: (a)-(d), angular distributions of β− emission yields from as-
implanted 24Na in AlN measured around the [0001], [1̄102], [1̄101] and [2̄113]
axes. (e)-(h), best fit of simulated patterns, corresponding to and average of
47% of 24Na on SAl

Na and 60% on octahedral interstitial O sites.

The results of fitting theoretical patterns of a linear combination of 24Na probes
on different lattice sites fully confirmed these quantitative arguments: the best
fits [Figs. 5.2 (e)-(h)] were obtained for fractions of 37% of 24Na on SGa

Na and
40% near the octahedral interstitial O sites. The experimental patterns and
best fit results in the case of 24Na in AlN are shown in Fig. 5.3 and are quite
similar as in GaN. Following annealing of the samples at 900℃, in both cases
the interstitial fraction of 24Na was considerably reduced to 17-23%, in favour
of the substitutional fraction (Fig. 5.4). In AlN this process in fact started
already during the previous annealing step at 600℃, while for GaN no data
were measured in this temperature range. Note that in the AlN case the SAl

Na
and O fractions add over 100%, while in the case of GaN the fractions add
well below the 100%. As explained above, the contribution of γ particles and
scattered β− is estimated. However, in certain cases there can be an over
estimation, resulting in fractions above 100%. The overall error caused by over-
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Figure 5.4: Fractions of 24Na on substitutional cation (SGa
Na or SAl

Na) and near
octahedral interstitial O sites, as well as the sum of both, for GaN (a) and AlN
(b).

or underestimation of background is around ±10% in the sum fraction, while
this does not affect the relative fractions of substitutional and interstitial Na.

In order to determine as accurately as possible the position of interstitial 24Na
parallel to the c-axis, i.e. to distinguish between the octahedral (O) and various
hexagonal interstitial sites (HA , HB and HAB, schematically shown in Fig. 5.1),
we have applied the following procedure to the [1̄102], [1̄101] and [2̄113] patterns
(channeling effects measured along [0001] are not sensitive to displacements
parallel to the c-axis). In Figs. 5.5 and 5.6 the relative χ2 is plotted for two-site
fits where the position of the first site is kept fixed at the ideal substitutional
Ga or Al site, while the position of the second site (O) is varied parallel to
the c-axis in small steps of ∼0.05 Å. Note that χ2 is given relative to one-site
fits that include only the ideal substitutional site. For RT as-implanted 24Na
in GaN the relative χ2 of fit around the channeling axes [1̄102], [1̄101] and
[2̄113] shows minima for interstitial sites which are displaced 0.19 Å, 0.15 Å,
and 0.19 Å from ideal O sites towards the HA sites. The improvement of the
fits quality with this displacement is of 0.5%, 4.3% and 2.6%, around the [1̄102],
[1̄101] and [2̄113] directions, respectively. The best fits hence show that 24Na
is not located on ideal O sites, which are defined by having the same distance
from substitutional Ga and N sites, but ∼0.15-0.19 Å closer to the Ga than to
the N atoms. Following annealing at 900℃ the best fits for [1̄101] and [2̄113]
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Figure 5.5: Reduced χ2 of the fits to the experimental [1̄102], [1̄101], [2̄113]
patterns in GaN as function of displacement of the 27Mg atoms from the ideal
interstitial O sites along the c-axis. Each data point corresponds to the χ2 of
the best fit obtained using two given sites, with the corresponding two fractions
as free parameters. The site pairs are composed of a fixed SGa

Na site plus a second
site, which is shifted from the ideal interstitial O site along the c-axis. The
reduced χ2 was normalized to that of the one-site SGa

Na fit.

patterns shift somewhat further away, to 0.27-0.40 Å from ideal O to HA, while
the [1̄102] fits show no distinct minimum near the O sites any longer. This
could indicate a slight change in the location of interstitial Na, while one has to
take into account that the sensitivity to the exact location of this site is much
reduced following TA=900℃, since then less than 20% of 24Na occupy it. For
24Na in AlN, the scatter in the position of the interstitial site where the best
fits were reached is somewhat larger, between 0.06-0.49 Å from ideal O to HA
sites.
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Figure 5.6: Reduced χ2 of the fits as function of 27Mg displacement from the
ideal interstitial O sites along the c-axis in AlN. Normalization is as described
in the caption of Fig. 5.5.

Discussion

Our results fully prove the co-existence of 24Na near interstitial O and
substitutional cation positions following RT implantation into GaN and AlN,
as was suggested by Ronning et al. [109] on the basis of less detailed data and
no simulations. We also confirm the partial site change they reported for 24Na
in AlN following annealing at 800℃. In addition, we were able to show the
partial site change also in GaN following 900℃ annealing, which was probably
not obvious in the experiments of Ronning et al. since it is less pronounced
than in AlN.

We interpret the site changes as resulting from the onset of migration of
interstitial Na which then may combine with Ga or Al vacancies created during
the implantation process. Besides for Na in GaN and AlN, similar behaviour has
been previously observed in emission channeling lattice location experiments
following the implantation of the light alkali metal 8Li in a number of III-V
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and II-VI semiconductors including GaAs, GaP, InP, InSb, [193], GaN [110],
AlN [109], CdTe [194], ZnSe [195,196], and ZnTe [195]. In case of 8Li in GaN
and AlN the site changes from interstitial to substitutional cation sites took
place at a temperature around 700 K, corresponding to ∼427℃. As we have
recently reported, similar effects are also observed following the implantation of
27Mg in GaN (Art. II) and AlN (Art. I). Previous emission channeling studies
with 45Ca and 89Sr in GaN [121], however, identified only substitutional sites
while finding no indications of interstitial fractions for these heavier alkaline
earths.

By making some simple assumptions for the number of jumps which are needed
for the interstitial impurity until it combines with a vacancy, it is possible to
derive estimates for the activation energy of interstitial migration EM from the
temperatures where the site changes occur and the duration of the annealing.
The mathematical formula appropriate for the case of 24Na (simple Arrhenius
model, implantation of long-lived radioactive isotope at room temperature,
subsequent isochronous 10 min annealing steps) has been given e.g. in Ref. [129]
and Art. I (Sec. 4.1). We have assumed an attempt frequency of ν=1012 s−1,
and the number of jumps N to range from N=1 (cation vacancy and Na
interstitial are next neighbours) to N≈200000 (diffusion width corresponds to
mean implantation depth). Note that the migration energy does not change
significantly with the attempt frequency. This results in estimated values of
EM≈2.0-3.4 eV in GaN and EM≈2.1-2.7 eV in AlN.

In Table 5.1 we have compiled the experimentally observed temperatures
TO→S of the site changes for Li, Na and Mg in GaN and AlN and the
corresponding estimates for the migration energies EM and compared them to
available theoretical predictions for EM. In case of the alkaline earth Be in
GaN, preliminary, unpublished results (described in Ref. [100]) indicate the
co-existence of substitutional and interstitial 11Be (13.8 s) at room temperature,
with the site change at higher temperatures. As a general rule, in these materials
TO→S is lowest for Li, followed by Na and highest for Mg, with site changes in
AlN occurring at lower temperatures than in GaN. Since Na is a more volatile
metal than Mg, naively one might expect that bonds with Na are weaker than
with Mg and that Na changes sites at lower temperatures than Mg. However,
when comparing the ionic radii of Li+, Na+ and Mg2+ one observes that the
temperature of the site changes correlates with the ionic radius of likely charge
states of the interstitials, which is 1+ for alkalis and 2+ for alkaline earths. Since
Be2+ has the smallest ionic radius of all alkali and alkaline earth elements, one
hence expects its site changes to occur probably already below 400℃. Another
surprising fact is that the temperatures of the site changes are generally lower
in AlN than in GaN. Since AlN has a greater bond strength and more rigid
lattice than GaN, this observation has no simple explanation.
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Table 5.1: Comparison of the parameters for the site changes of light alkalis and alkaline earths in GaN and AlN.
TO→S is the temperature above which the site has changed from interstitial O to substitutional Ga or Al sites observed
in emission channeling experiments following the implantation of the radioactive isotopes 8Li (838 ms), 24Na (14.96
h) and 27Mg (9.45 min). The characteristic time scales for the site changes were the radioactive half-lives of 8Li (1.2
s) and 27Mg (13.6 min) in case of the short-lived isotopes, but a fixed annealing time of 10 min in the case of 24Na.
EM,exp are the experimental estimates for the activation energies for migration of the interstitial impurities derived
from TO→S , while EM,theo are values predicted by theory, with (⊥) indicating values for migration perpendicular and
(‖) parallel to the c-axis.

Material Interstitial Ion Ionic radius TO→S EM,exp [Ref.] EM,theo [Ref.]
[Å] [℃] [eV] [eV]

GaN

Li+ 0.59 ≈427 ≈1.7 [109,110] 1.4 (⊥) 1.55 (‖) [197]
Be2+ 0.27 > 20 [100] 1.2 (⊥) 2.9 (‖) [69]
Na+ 0.99 ≈900 2.0-3.4 this work
Mg2+ 0.57 ≈600 1.6-2.6 Art. II 0.15 (⊥) 0.68 (‖) [177,178]

AlN
Li+ 0.59 ≈427 ≈1.7 [109]
Na+ 0.99 600-900 2.1-2.7 this work
Mg2+ 0.57 300−400 1.1-1.7 Art. I
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Comparing the experimental estimates to the theoretical predictions for EM
in the two cases where both exist, one concludes that the values of 1.4 eV and
1.55 eV predicted as activation energies for migration of Li in GaN perpendicular
and parallel to the c-axis by Bernardini and Firorentini [197] correspond quite
well to the experimental estimate of 1.7 eV [110]. However, the values of 0.15 eV
and 0.68 eV predicted for migration of Mg in GaN perpendicular and parallel
to the c-axis by Harafuji et al. [177,178] are far too low to be compatible with
the experimental estimate of 1.6-2.6 eV of Art. II and do also not scale well
with the theoretical predictions for Li and Be.

Macroscopic diffusion studies for light alkali and alkaline earth elements in
nitrides at temperatures around 900-1500℃ give a somewhat diffuse picture. No
data are available for Li and Na, while for Be in GaN an activation energy for
macroscopic diffusion of ≈ 4 eV was reported [198]. In the case of the major p-
type dopant Mg in GaN, several studies found no or very little diffusion [182,199],
while others claim quite low activation energies, i.e. 1.3 eV [200] and 1.9
eV [201]. Low activation energies for Mg diffusion have often been associated
with diffusion along dislocation lines [202,203], while the emission channeling
results Art. II and Art. I -where interstitial Mg migrates above 600℃- suggest
that in the absence of traps such as vacancies also simple interstitial diffusion
should play a role. A recent, study came to the conclusion that Mg diffusion
in GaN occurs by an interstitial-substitutional mechanism with an activation
energy of 5.0 eV [204]. We note that an interstitial-substitutional mechanism is
also what one would expect taking into account the emission channeling results
for Li, Na and Mg. The activation energy for macroscopic diffusion is in this
case given by the activation energy for the dissociation of the substitutional
impurity, Ediss. However, it has not been possible to directly measure Ediss of
substitutional Li, Na and Mg in GaN and AlN because the dissociations occur
at quite high temperatures.

Conclusions

Emission channeling studies of the lattice location of implanted 24Na in GaN and
AlN clearly reveal the co-existence of octahedral interstitial and substitutional
Na on Ga or Al sites in the RT as-implanted state. The interstitial position
of Na could be determined with high accuracy and it was found to be slightly
shifted from the ideal O site towards the HA site (shift of 0.15-0.19 Å in GaN
and 0.06-0.21 Å in AlN). Annealing the implanted samples at 900℃ converted
a significant fraction of the interstitial Na to the cation substitutional sites, a
process which is explained by interstitial Na migration and combination with Ga
or Al vacancies created during implantation. We estimate activation energies
for Na migration as 2.0-3.4 eV in GaN and 2.1-2.7 eV in AlN. The behaviour of
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implanted Na in GaN and AlN shows great similarity to the cases of Li and
Mg, for which similar lattice site changes from interstitial to substitutional have
been reported in the literature, and comparable phenomena are also displayed
by preliminary results for Be. The lattice site change temperatures and hence
the activation energies for interstitial migration EM seem to be correlated
with the ionic radii of the alkalis and alkaline earths. Moreover, the emission
channeling results support that long-range diffusion of these elements occurs by
the interstitial-substitutional mechanism.
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Chapter 6

Alkaline earths (Ca, Sr and
Mg) lattice location in InN

Growth of high quality InN is still a challenge, although research groups have
been making significant progress in recent years. The fact that early InN
samples suffered from poor crystalline quality has considerably delayed the
characterization of this material, e.g. the currently accepted band gap value
(0.675 eV) dates only from 2009 [1]. Mg is widely used to achieve p-type
nitrides, however, electrical doping can only recently be investigated in the
newly available high quality crystalline samples. These samples have an electron
accumulation layer at the surface, a known technical issue when measuring
electrical properties of p-type doped InN, as explained in Sec. 1.3. As such, one
can find a smaller number of reported studies for this nitride when compared
with the others. All this makes the remaining group-II elements, Be, Ca, and
Sr, that are expected to behave as electrical dopants, interesting alternatives
to Mg that have not yet been thoroughly investigated. For this reason we
performed the studies described in this section. Note that the study for Be is
suggested as a valuable continuation to our investigation, but its feasibility was
not confirmed at the moment of the completion of this thesis.

Introduction and motivation

Alkaline earths are potential acceptors in the nitride semiconductors, compensat-
ing their natural n-type background, as they substitute the cation and introduce
holes to the material. In this work, several alkaline earth metals were implanted

101



102 Chap. 6 Alkaline earths (Ca, Sr and Mg) lattice location in InN

into InN, namely Mg, Ca and Sr, and their lattice site was directly determined
via the emission channeling technique. The measurements were performed after
the implantation of the respective radioactive probes (27Mg, 45Ca, 89Sr) at
room temperature and repeated after regular 10 min annealing steps up to
500℃. In the case of 27Mg, the probe’s short half-life constrains the experiment,
the high temperature is thus applied during implantation, to 300℃. At room
temperature the majority of the probe atoms occupy the substitutional site of In.
There are consistent evidences, throughout the study, of a small fraction (6%)
of 45Ca atoms occupying the substitutional site of N too. However the limited
impact of such a small fraction in the fits make these evidences ultimately
insufficient and the fraction of N substitutional 45Ca inconclusive. The increase
in annealing temperature does not yield significant change up to 500℃. The
emission channeling study of 111In implanted in InN was performed in order
to evaluate the implantation-induced damage and its recovery with annealing.
The 111In signal for In substitutional in InN increases up to 400℃. This can
be due to the re-location of the 111In with temperature, it is, however, more
likely related to the recovery of implantation-induced damage. Above 600℃ the
fraction of substitutional In emission channeling signal reduces drastically. Since
the implanted In is naturally stable in the In site of InN, the signal variation is
attributed to damage of the crystalline lattice.

The group-III nitrides are mostly used for electronic and optoelectronic
applications, which depend on the ability to dope the semiconductor both
n-type and p-type. The p-type doping represents a significant challenge, because
these compound samples are unintentionally n-type doped, especially in InN,
where there is electron accumulation in the surface and substrate interface
layers [205]. This is why, even though it is the only group-III nitride for
which Mg is a shallow acceptor [11], the first evidence of successful p-type
doping of InN was only presented in 2006 [45], with the usage of Mg. In the
group-III nitrides, the group-II elements from the periodic table have long been
considered the most promising acceptors, provided they are integrated in the
In site. Mg has been routinely used in GaN, AlN and InN to obtain p-type
doping, and with the exception of AlN for which the theoretical predictions are
divided between favouring Be and Mg, Mg is the shallowest and most efficient
acceptor. On the other hand, the remaining alkaline earths doping has been
partially studied. In particular in InN, only Mg doping has been thoroughly
investigated (by Hall-effect [205], current-voltage [205], capacitance-voltage [205],
photoluminescence [205], infrared-reflectance, and first principle calculations of
the surface structures [206]).
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sample elem. isotope half-life decay impl. E range fluence thermal treatment
type [keV] [Å] [cm−2] 10 min at [℃]

A Mg 27Mg 9.45 min β− 50 562±301 6.7× 1012 1h30 during implantation
and measurement at RT/300

B Ca 45Ca 162.61 d β− 50 329±173 1.9× 1012 100/200/.../500
C Sr 89Sr 50.5 d β− 40 172±88 1.5× 1013 100/150/200/.../500
D In 111In 2.8 d CE 60 194±94 5× 1012 300/600

Table 6.1: Parameters of the emission channeling experiments performed in InN.
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Experimental

The lattice location of Mg in InN was investigated by Blant et al. [99] via EXAFS.
It was found that it was impossible to fit the data to Mg in the substitutional
site of N, while there was already a good match of the emission yields with
Mg in the substitutional site of In. The experimental data are consistent with
an extra fraction of Mg in an interstitial site besides the In substitutional Mg.
In earlier studies of Mg lattice location in AlN Art. I and GaN Art. II it was
also found that while most of Mg occupies the cation site, a significant fraction
(about 20%) was found in the near octahedral site. However, both in the case of
GaN and AlN the cation is much smaller than the dopant, which is not the case
for InN. In this study we report the direct determination of the alkaline earth
metals Mg, Ca and Sr lattice site after being implanted into InN. Moreover the
In lattice location in InN after implantation was determined in a similar process
for comparison.

To investigate Mg, Ca, Sr and In, 27Mg, 45Ca, 89Sr and 111In probes were
used, respectively. The radioactive beams were produced at CERN’s on-line
isotope separator facility ISOLDE by means of bombarding targets with 1.4 GeV
protons, followed by ionization and acceleration. In the case of the Mg beam
the ionization requires the use of lasers as described in [127]. The implantation
and isotope specifics are described in Tab. 6.1. The 45Ca, 89Sr and 111In studies
were performed after implantation, while the short life of 27Mg required the
alteration of this typical procedure such that the measurement could be done
during implantation. The experimental on-line setup used for that purpose has
recently been described in Ref. [128]. All measurements were done around the
directions [0001], [1̄102], [1̄101] and [2̄113].

sample growth c [Å] a [Å] tilt [°] twist [°]
A HVPE 5.718±0.001 3.540±0.004 0.245±0.015 0.619±0.115

B, C MBE 5.717±0.001 3.524±0.002 0.225±0.03 0.577±0.02
D MBE 0.083±0.015 0.559±0.037

Table 6.2: Description of the InN samples. The tilt and twist values were
obtained via the XRD/RC method.

Four thin film samples were used, referred to as A, B, C and D, in the study
of 27Mg, 45Ca, 89Sr and 111In respectively. Sample A is from a commercial
InN wafer from TDI, Inc., sample B and C were grown by the group of Y.
Nanishi at the Department of Photonics at Ritsumeikan University-Japan and
sample D was grown by Wu at IMEC-Belgium. The growth method and lattice
parameters are compiled in Tab. 6.2. The InN mosaicity is quantified by the
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tilt and twist angles as described in Ref. [153]. These angles were estimated
by measuring the X-ray diffraction/rocking curve (XRD/RC) along several
planes, the tilt and twist obtained for these samples are included in Tab. 6.2.
Sample D composition and crystal quality was ascertained by the Rutherford
backscattering spectrometry (RBS) channeling technique. The sample has a
700Å thin layer of InN and the RBS channeling along the surface direction and
along [2̄113] show a relative minimum yield of 5.2% and 10%, respectively. After
implantation, as described in Table 6.1, the emission yield was measured around
four high symmetry directions. Then samples underwent successive isochronous
vacuum annealings up to 500℃, after each of which the measurements were
re-taken. Sample A is an exception: for the Mg lattice location the sample
temperature was increased and the implantation and simultaneous measurement
were repeated at high temperature.

Results and discussion

The experimental electron emission distributions are quantitatively analysed by
fitting to theoretical emission patterns for various lattice sites calculated using
the many beam formalism for electron channeling [123].

The angular emission yields measured and corresponding best fitted simulated
patterns, around the directions [0001], [1̄102], [1̄101] and [2̄113] are shown in
Figs. 6.1, 6.2 and 6.3. In Fig. 6.1 the 45Ca experimental β− angular emission
after 300℃ annealing [Fig. 6.1 (a)], is reproduced by [Fig. 6.1 (b)] a combination
of 70% emitter atoms on the In site [Fig. 6.1 (c)] and 15% in the N site
[Fig. 6.1 (d)] (using the expected u1=0.08). The N site is aligned with the In
site along [0001], making the measurements around this direction insensitive to
the distinction between the substitutional sites, while around [1̄102], [1̄101] and
[2̄113] several differences can be found between the CaIn and CaN. Still, the
CaN fraction is very small compared to the CaIn, particularly around [1̄102].
The simulated [1̄102] pattern exhibits very small anisotropy, which reduces the
influence CaN can have on the experimental patterns from this axis. Around
[1̄101] the axial channeling of the CaIn is characterized by a splitting along the
(112̄0) plane which is not observed in the corresponding measurement. The
45Ca located in the N site displays a broadening of the axial channeling along
the perpendicular direction. Therefore, a fraction of CaN is required to obtain
a good fit of the measured emission pattern. Around [2̄113] the measured
axial channeling does not exhibit any broadening along the (21̄1̄2), as shown
by the CaIn Fig. 6.1 (b). The CaN, however, produces a broadening of the
axial channeling along the (011̄0) plane which can compensate the CaIn axial
channeling anisotropy, allowing a better fit to the experimental emission pattern.
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Figure 6.1: β− emission patterns, around the [0001], [1̄102], [1̄101] and [2̄113]
directions, following RT implantation and annealing at 300℃ and simulated
patterns used in the fit: the angular emission patterns for 45Ca (a); the simulated
pattern used in the best fit (b); which corresponds to 70% of 45Ca emitter atoms
on the In site and 15% in the N site; the simulated pattern for 45Ca in the In
site (c); and the simulated pattern for 45Ca in the N site, with u1=0.08 Å (d).

Previous work on AlN and GaN proved that besides the expected 27Mg located
in the cation site, the lattice location of 27Mg also produced about 20% Mg
in a near octahedral site [Atr. I and Art. II]. For this reason and to optimize
the investigation of implanted 27Mg in InN near the octahedral site, the 27Mg
emission channeling experiment in InN was performed with a higher resolution,
i.e. the detector distance to the sample was doubled, to reduce the solid angle
and focus the angular emission yields measurement around the channeling axes.
The changes produced by the location in a second site are more relevant closer
to the channeling axes. The higher resolution around this area improves the
sensitivity of the experiment to 27Mg in a second site. In Fig. 6.2 the angle limits
in the axis are thus limited to a window of 3◦ × 3◦, as opposed to the typical
window of 6◦ × 6◦. The most characteristic effect of 27Mg in the octahedral
site of a wurtzite is the blocking along the set of (01̄10) planes, displaying a
reduced yield, while the channeling effect along set of (112̄0) planes and the
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Figure 6.2: β− emission patterns, around the [0001], [1̄102], [1̄101] and [2̄113]
directions, measured at 300℃ and fitted simulated patterns: the emission
patterns for 27Mg (a) and the fitted simulated pattern for 98% of 27Mg (b) in
the In sites of InN.

[1̄102] and [1̄101] axes are still prominent. This is not found in the experimental
patterns of Fig. 6.2 (a). Moreover, the angular emission yield measured at
300℃, Fig. 6.2 (a), is in very good agreement with the 98% of 27Mg in the In
substitutional site, Fig. 6.2 (b).

There is clearly a good fitting of the experimental data of Fig. 6.3 (a) and the
simulated patterns of Fig. 6.3 (b) in the 89Sr emission channeling. The angular
emission yield obtained after 300℃ annealing is consistent with 60% of the
89Sr in the In substitutional site represented by the patterns of column (b) of
Fig. 6.3.
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Figure 6.3: β− emission patterns, around the [0001], [1̄102], [1̄101] and
[2̄113] directions, following RT implantation and annealing at 300℃ and fitted
simulated patterns: the emission patterns for 89Sr (a) and the fitted simulated
pattern for 60% of 89Sr (b) in the In sites of InN with a slight displacement
towards the basal bond centre [BC(a)].

In Figs. 6.4, 6.5, 6.6 and 6.7 the χ2 of the fit is plotted as a function of probe
atom displacement from the ideal cation site, with the experimental angular
emission yields. Two displacements are considered, the displacement of about
±1 Å along the c-axis (a) and along the basal direction (b). For 27Mg, Fig. 6.4,
one can see that there is no improvement of the fits when these displacements
are considered. In Fig. 6.6 (i) the χ2 variation with the SrIn displacement
displays a consistent minimum in the ideal SrIn site. On the contrary, along the
basal direction, the fit’s χ2 show a remarkable reduction with a displacement of
about 0.2 Å towards the basal bond centre.

The case of 45Ca is more complicated. Firstly, 45Ca was found to occupy
simultaneously the CaIn and CaN sites of InN, therefore the χ2 plotted in
Fig. 6.5 (i) and 6.5 (ii) in dashed lines correspond to the fits with the ideal
N site plus the displaced CaIn site. Secondly, the χ2 obtained by fitting with
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Figure 6.4: (i) Reduced χ2 of the 27Mg fits to the experimental [1̄102], [1̄101],
and [2̄113] patterns as function of: 6.4 (i) about ±1.5 Å displacement of the
probe atoms from the ideal substitutional In sites along the c-axis direction; (ii)
about ±1.5 Å displacement of the probe atoms from the ideal substitutional In
sites along the basal direction. All values were normalized to the substitutional
In fit χ2.

the displaced CaIn simulations alone were also plotted, using continuous lines,
to allow the comparison with the composed fits. From Fig. 6.5 (i) it is clear
that the dashed lines show much lower minima, close to ideal In site for c-axis
displacements. On the other hand, it is difficult to distinguish the dashed and
continuous lines minima for Fig. 6.5 (ii), which displays a large variation of the
χ2 along the basal direction displacement for CaIn alone [Fig. 6.5 (ii) continuous
lines]. This is particularly significant for the results around [0001]. Still, one
can see that there is no significant variation of the χ2 for fits containing both
CaIn and CaN (dashed lines) as a function of the basal displacement of the
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(ii) basal displacement of 45Ca in In site.

Figure 6.5: (i) Reduced χ2 of the 45Ca fits to the experimental [1̄102], [1̄101],
and [2̄113] patterns as function of: 6.5 (i) about ±1.5 Å displacement of the
probe atoms from the ideal substitutional In sites along the c-axis direction; (ii)
about ±1.5 Å displacement of the probe atoms from the ideal substitutional
In sites along the basal direction. In 6.5 (i) and 6.5 (ii) the reduced χ2 of the
45Ca fits are also plotted for the best fit obtained using two given sites (dashed
lines), with the corresponding two fractions as free parameters. The site pairs
are composed of a fixed substitutional N site (CaN), plus a second site which is
shifted from the ideal substitutional In site along the c-axis (CaIn). All values
were normalized to the substitutional In fit χ2.

CaIn. Nevertheless, there is a significant hampering of the fit for CaIn-only
fits (continuous lines), as a function of the basal displacement. Moreover, as a
rule for each direction, the dashed lines show significantly lower minima than
the corresponding continuous lines. Altogether the difference between dashed
and continuous lines in Fig. 6.5 (i) is consistent with the CaN presence in the
experiment performed, although a χ2 fit improvement below 5% is, and therefore
the existence of CaN is not conclusive. Though for all measured temperatures the
fits improvement with the second fraction of Ca in the N site is consistent for the
measurements around [1̄101] and [2̄113], the limited χ2 reduction with a fairly
small second fraction renders its determination inconclusive. The majority of
45Ca clearly occupies the cation site and the data analysis consistently suggests
that there might also be a fraction of CaN.
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Figure 6.6: (i) Reduced χ2 of the 89Sr fits to the experimental [1̄102], [1̄101],
and [2̄113] patterns as function of: 6.6 (i) about ±1.5 Å displacement of the
probe atoms from the ideal substitutional In sites along the c-axis direction; (ii)
about ±1.5 Å displacement of the probe atoms from the ideal substitutional In
sites along the basal direction. All values were normalized to the substitutional
In fit χ2.

From Fig. 6.7 (i) one can easily conclude that, while there is a slight shift
after the 600℃ annealing, any small displacement from the In site along the
c-axis is not compatible with the measured angular emissions after annealing
steps up to 400℃. However, the measurements were done after successive
incremental temperature annealing steps, therefore the measurements done
after the 600℃ annealing were done when the sample activity was already
reduced, increasing the measurement time and thus reducing the channeling
yield to noise ratio. Furthermore, the damage of the crystal quality, after the
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Figure 6.7: (i) Reduced χ2 of the 111In fits to the experimental [1̄102], [1̄101],
and [2̄113] patterns as function of: 6.7 (i) about ±1.5 Å displacement of the
probe atoms from the ideal substitutional In sites along the c-axis direction; (ii)
about ±1.5 Å displacement of the probe atoms from the ideal substitutional In
sites along the basal direction. All values were normalized to the substitutional
In fit χ2.

600℃ annealing, reduced the channeling effect broadening the measured angular
patterns characteristics. For these reasons we conclude that the lattice location
sensitivity was reduced after the 600℃ annealing. On the other hand, along the
basal direction [Fig. 6.7 (ii)] the angular emission yields measured suggest that
111In occupies the ideal site of In, with the exception of the measurements around
[0001] which are repeatedly consistent with a small displacement. Nevertheless,
it is not expected that In should be stable in a lattice site displaced from the ideal
site. Therefore, the minima for the basal displacement around [0001] should be
associated with the experimental limitations rather than the lattice site of In in
InN. Furthermore, this could be related to the typical low crystalline quality
-high tilt and twist [125] between the sub-domains of the single-crystal with
respect to the substrate normal- of the InN, reducing the emission channeling
effect and increasing the χ2 minimum width as displayed in Fig. 6.7 (ii).

Fig. 6.8 displays the fractions of MgIn (a), CaIn and CaN (b), near-SrIn (c) and
InIn (d) plotted as a function of the annealing temperature, with the exception
of 27Mg for which the implantation and measurement temperature is used.
Overall there is no significant variation of the probes lattice site fractions with
temperature, although there is a consistent reduction of the random fraction
with temperature up to 450℃. This reduction of the fraction of probe atoms
fitted as being in random sites can be associated with an improvement of the
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Figure 6.8: (a), 27Mg fraction in the In substitutional sites (MgIn) and in random
sites of the lattice (Random), as a function of the implantation and measuring
temperature. (b), fractions of substitutional 45Ca in the site of In (CaIn), in the
site of N (CaN), the total substitutional fraction of 45Ca (sum) and the fraction
of In and N substitutional 45Ca measured around [0001] (CaIn+N[0001]) (that
does not distinguish between the substitutionals), as a function of the annealing
temperature. (c), 89Sr fraction in the near In substitutional site [SrIn− >BC(a)],
with a slight displacement along the basal bond centre [BC(a)], and the fraction
of 89Sr in random sites or InN, as a function of the annealing temperature. (d),
111In fraction obtained for In substitutional sites as a function of the annealing
temperature.

channelling effect, due to a reduction of the implantation-induced damage of
the InN, which is a well known sensitive crystal. Also, the random fraction is
higher for higher mass probe elements which supports the assumption that this
is a channelling effect related phenomena rather than a variation of the lattice
site occupied by the probe atoms. At 500℃, in Fig. 6.8 (c), there is an increase
of the random fraction of 89Sr and at 600℃, in Fig. 6.8 (d), the 111In fitted in
random sites of the InN increased drastically. These results suggest that the
InN lattice starts to show degradation above 500℃.
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Conclusions

In conclusion, the lattice location of 27Mg, 45Ca and 89Sr, after implantation
into InN, was successfully investigated via emission channeling. Overall,
after implantation, the majority of the alkaline earth probes occupy the In
substitutional site, up to 300℃ annealing there are signs of partial implantation-
induced damage recovery and above 400℃ of crystal lattice degradation. Firstly,
27Mg, which occupies not only the cation site, but is also found in the octahedral
site of GaN and AlN, was found only in the In substitutional site. The nitrides
have partially covalent and ionic bonds, and this can be attributed to the
difference in both covalent radius and ionic radius. Mg (1.41 Å covalent radius
and 2+ ionic radius 0.65 Å) is larger than Ga (1.23 Å covalent radius and 3+
ionic radius 0.62 Å) and Al (1.21 Å covalent radius and 3+ ionic radius 0.5 Å),
however Mg has smaller radii than In (1.42 Å covalent radius and 3+ ionic
radius 0.81 Å) allowing for an efficient solubility of Mg into the In sites of InN.
Secondly, the majority of 45Ca was also detected in the substitutional site of
In. There is suggestive signs of up to 15% of 45Ca in the N substitutional site.
Finally, 89Sr occupies the substitutional site of In with a small displacement
towards the basal bond centre [BC(a)]. The remaining fraction of 89Sr was
fitted for random sites of the InN, but comparing with results obtained for
the 111In emission channeling in InN, one can attribute this fraction to the
implantation-induced damage, which for 89Sr is higher than the remaining
investigated alkaline earths, due to its higher mass. As In is a heavier ion, the
random fraction is even higher for 111In, which is naturally expected to occupy
the In site of InN.



Chapter 7

The lattice location of Mn
and As in group-III nitrides

This chapter contains the studies of Mn lattice site in InN, Sec. 7.1, and As
lattice site in AlN and InN, Sec. 7.2 and Sec. 7.3. The particular relevance of
investigating the lattice site these impurities occupy in the nitrides and the
contribution it represents to the doping process and engineering of the nitrides
is explored within the respective sections. However setting aside this, both Mn
and As were found to be amphoteric in GaN, occupying both the Ga and N
sites of this material, and it is therefore extremely interesting to understand the
lattice site different impurities occupy in the group-III nitride semiconductors.

7.1 Mn in InN: a magnetic and candidate acceptor
dopant

The insertion of magnetic dopants in semiconductors, inducing in them
ferromagnetic properties, in order to create dilute magnetic semiconductors
(DMS) has attracted much interest in research [207–210]. This is particularly
relevant for the creation of spintronics, i.e. electronics that use the information
of the semiconductor carrier’s spin in magneto-electrical and magneto-optical
devices.

Mn is known to act as a magnetic dopant in various semiconductors, e.g. InAs,
GaAs, Mn is used to achieve ferromagnetic semiconductor layers for spin-based

115



116 Chap. 7 The lattice location of Mn and As in group-III nitrides

electronic devices. The magnetic dopant Mn is known to be an acceptor when
substituting the cation of InAs and GaAs. In this case (Mn2+) ions that replace
(Ga3+) ions act as ionized acceptors Mn−. The potential achievement of diluted
magnetic semiconductors inspired the study of its lattice location concluding that
Mn occupies both the Ga and N sites of GaN [111,211]. Recently, the electrical
properties of Mn doped InN were investigated by Chai et al. [95], in an attempt
to find a more efficient p-type dopant for InN than the typical Mg. In their study,
it was found that the resistivity of InN decreased with the Mn concentration and
at the same time the electron carrier concentration and mobility increased. The
measurement was hampered by the electron accumulation layer at the surface.
Determining the lattice site Mn occupies can provide the information needed
to understand the Mn behaviour that makes it a very interesting impurity in
InN, for its electrical and magnetic doping potential. The Mn lattice site was
for these reasons investigated via emission channeling and the experiment is
reported in this section.

Mn doping of InN is expected to produce diluted magnetic semiconductors with
a long lifetime and high Curie temperature [212]. Obviously this is limited by
Mn segregation and, in spite of the general assumption that it occupies the
cation site, the less probable incorporation of Mn in N or interstitial sites. In
this work 56Mn was implanted in InN and its lattice site was determined directly
by means of emission channeling. After implantation at room temperature
56Mn occupies mainly the In sites of InN. Nevertheless, a considerable fraction
of 56Mn is found in the N site.

Both substitutional fractions are mostly maintained up to 400℃, with a slight
increase that can be explained by a reduction of the implantation induced
damage. These results are consistent with reports of Mn occupying the cation
and anion sites of GaN [111].

The predicted Curie temperature for Mn-doped InN is relatively high, 400 K
for 5% Mn and 3.5×1020 holes.cm−3 [212]. The InN semiconductor has a very
small band gap, that can be engineered by alloying with GaN. Moreover, InN
has interesting electrical properties such as high Hall mobility and high carrier
drift velocity. For these reasons InN is a promising DMS system. However the
difficulty of growing high crystalline quality InN has delayed the study of the
material, compared with GaN.

Besides the difficulty in growing good quality InN, in general the main challenge
in producing III-V DMS is the solubility of magnetic elements in these materials.
Mn on its own results in paramagnetism, while the observation of ferromagnetism
depends on interactions between Mn-Mn via holes [211]. This evidences that
the Curie temperature and the magnetic properties of Mn depend on the Mn
substitution of the cation [212].



Mn in InN: a magnetic and candidate acceptor dopant 117

There have been no studies of the Mn lattice site in InN, although Mn was
assumed to occupy the In site in [213–216]. Recently, the electrical properties of
Mn doped InN were also tested, yielding an increase of the electron concentration
and mobility with the Mn concentration [95], however the compensation of
background electrons by Mn was not proven. Since Mn was expected to behave
as an acceptor in the In site, this suggests that the assumed lattice site of Mn
deserves a careful investigation.

On the other hand, in GaN the lattice location of Mn was investigated by
several methods: (i) theoretically by ab initio simulations [217], (ii) by extended
X-ray absorption fine structure (EXAFS) [218,219], (iii) by X-ray absorption
near edge structure spectroscopy (XANES) [220,221] (for zincblende GaN), (iv)
transmission electron microscopy (TEM) [222], (v) by Rutherford backscattering
channeling (RBS/C) and particle-induced X-ray emission (PIXE) around [0001]
and [101̄1] [223]. Overall the studies, covering a wide range of Mn concentrations
(0.01 % to 0.20 %) and measuring techniques, agree that most Mn is located in
Ga sites of GaN. Moreover, Mn implanted GaN was investigated by RBS/C
and PIXE along [0001] and [101̄1] [211] and by emission channeling [111,224]
along [0001], [1̄102], [1̄101] and [2̄113]. Again, after implantation Mn was found
predominantly in the Ga sites. However, this time, a second fraction of Mn was
found in N sites by emission channeling.

Nevertheless, Mn is assumed to occupy the cation site [213], since its ionic
radius (Mn2+ 0.75 Å, N3− 1.32 Å) is closer to and yet smaller than the In3+ ion
(0.81 Å). In this thesis we present the first lattice location study of implanted
56Mn in InN, via emission channeling.

An InN single crystal thin film, grown on (0001) sapphire with a GaN buffer,
was implanted with 30 keV 56Mn (t 1

2
=2.56 h) at 300℃, at ISOLDE-CERN.

The angular emission yield was measured after implantation at 300℃ and after
10 min vacuum annealing at 400℃. Thereafter the sample was re-implanted at
room temperature to a total fluence of 1×1013 Mn.cm−2, and the measurements
were repeated following implantation and after 10 min vacuum annealings up
to 300℃. The angular emission yield was simulated for 56Mn in several sites of
the InN lattice with several vibrations. These simulations were then fitted with
the measured angular emission yields providing a quantitative determination of
the 56Mn lattice location in InN.

As an illustration of the fits, the angular emission yields measured after the
300℃ annealing step and the best fitted simulations, a linear combination of
63±4% In-substitutional-Mn (MnIn) and 13±2% N-substitutional-Mn (MnN)
are plotted in Fig. 7.1 (i). From this figure it is easy to see the match between
the measured and MnIn+ MnN simulated angular emission yields along each of
the four directions. To promote a visual evaluation of the two components, the
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Figure 7.1: Angular emission yield measured (i), the simulations for
substitutional 56Mn in In and in N (MnIn+ MnN), substitutional 56Mn in
In (MnIn) and substitutional 56Mn in N (MnN) sites of InN (ii), along the
four orientations [0001], [1̄102], [1̄101] and [2̄113], respectively from the top to
bottom.

simulations of the best fit (MnIn and MnN), are plotted in Fig. 7.1 (ii).

Around the surface direction ([0001]), the two substitutional sites are aligned,
preventing their distinction in the channeling emission yield. The strong axial
channeling along [0001], revealed by the increased yield in the centre, and a
higher planar channelling along the (112̄0) than along (011̄0) planes suggests
that 56Mn is substitutional in InN.

The remaining measurements show a clear agreement with the MnIn simulations.
Nevertheless the MnN simulations present a lower anisotropy, implying that the
substitutional site of N has a reduced influence in the overall angular emission
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Figure 7.2: Fraction of 56Mn in each site and the uni-dimensional vibration
perpendicular to the measured four directions.

yield. If attention is paid to the measurements around [1̄102] and [1̄101] axes,
however, the MnIn simulation patterns display a higher planar channeling along
the left side of (112̄0) than the right side, while the opposite is found in the
experimental angular yield. The MnIn anisotropy is compensated by 56Mn in
the substitutional site of N, for which channelling along (112̄0) is considerably
higher on the right side. Also, for the planar channelling along the vertical
plane (2̄1̄1̄2), the yield found around the [1̄102] direction is reduced by the MnN,
in accordance with the measured angular emission yield.

Moreover, around the direction [2̄113] the measured angular emission yield
along (011̄0) is again higher at the right side. MnIn is once more unable to
reproduce such an asymmetry, while MnN can compensate the MnIn anisotropy
along this plane. Thus around all directions, the best fit is obtained for 56Mn
distributed through the In and N sites.

The MnIn and MnN fractions obtained from the fits along the several directions
were combined, for each annealing temperature, and plotted in Fig. 7.2. Overall
Mn is predominantly found in In sites, though a significant fraction of Mn also
occupies the N sites of InN. As-implanted the MnIn fraction is 54% and 12% of
the 56Mn is MnN. The remaining Mn is found in random sites of InN and after
annealing up to 400℃ the random fraction progressively decreases down to 10%,
while both the MnIn and MnN are increased to 69% and 21%, respectively.

The β− particles emitted from 56Mn occupying random sites and the β− particles
which are dechanneled -scattered due to defects of the crystal-, or scattered
in the setup, result in a background yield and it is not possible to distinguish
the three contributions. In this case, since the annealing keeps the proportion
between MnIn and MnN and reduces only the random 56Mn, one can deduce
that annealing up to 400℃ had no effect on the 56Mn lattice location, rather
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decreased the damage to the crystal and thus the dechanneling.

Two points are plotted in Fig. 7.2 for the 300℃ annealing temperature, the
first results from room temperature implantation and the second from 300℃
implantation measurements. The difference is well within the error bars, which
implies that implanting at 300℃ has the same effect as annealing at that
temperature, i.e. recovering induced implantation damage.

In conclusion, similarly to the 56Mn lattice location in GaN by Pereira et
al. [111, 224], 56Mn occupies mostly the cation site of InN, while a considerable
fraction of 56Mn is located in the N site. Mn was expected to occupy the In
site, since the ionic radii of Mn and In are much more similar than the N ionic
radius. This argument becomes stronger as the difference between the cation
and anion radii increases, therefore the existence of 56Mn in N sites in InN
is even more surprising than in GaN. Furthermore, we conclude that thermal
treatment up to 400℃ has no effect on the lattice site of 56Mn, although the
experiment demonstrates a significant recovery of the implantation induced
damage up to this temperature.
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7.2 Lattice location of 73As in AlN

The As element belongs to the same chemical group as N, therefore it is expected
that it would be stable replacing it in AlN. However, even though GaAs is a well
known and stable compound, there have been reports of amphoteric behaviour
of As in GaN [141]. In GaN, the As radius is closer to the Ga radius than the
N radius, which may have played the biggest role in GaN. The same is true
for AlN, the difference between the As and Al radii (+3 ionic radius 0.5 Å,
covalent radius 1.21 Å) is lower than the difference between As and N radius.
Therefore an amphoteric behaviour might be expected and, since there hasn’t
been any study on the subject, this represents an intriguing question. Like AlN,
AlAs has a wide band gap and can be used in extremely high performance high
electron mobility transistors (HEMT) and other quantum well devices. However
no studies were found of As doping or AlAsN ternary in the literature, that
could be used to gather suggestions of the lattice site occupied by As in AlN.

This dopant affects profoundly the nitrides. For example, it alters significantly
the growth kinetics, inducing different surface reconstructions during growth [58].
It also introduces a broad blue band around 2.6 eV in the photoluminescence
(PL) spectra [58] Theoretically, it is predicted that this element in Ga sites of
GaN, where it behaves as a deep donor [73], is stable under p-type conditions.
Additionally, this dopant is an important contaminant during molecular-beam
epitaxy, when arsenides were previously grown in the chamber -making the
knowledge about As doping of major practical value. This unintentional exposure
to As impurities results in a high As background contamination.

The sample used was a 1µm thin film grown by the company Kyma using
their proprietary physical vapour deposition process. The radioactive beam
of 73As is produced at the CERN’s isotope separator facility ISOLDE by
means of bombarding a yttrium oxide (YO) target with 1.4 GeV protons and
then using hot plasma ionization. The sample was implanted with 50 keV
5 × 1013 73As.cm−2, which has a half-life of 80.3 d. After implantation the
angular emission yield was measured around the [0001], [1̄101], [1̄102] and [2̄113]
axes. After the measurements the sample underwent several 10 min annealing
steps under vacuum, up to 900℃, and the measurements were repeated.

From the analysis of the collected data, one can observe a clear fraction of
73As in the N and in the Al sites. The fractions obtained are plotted in
Fig. 7.3. From the 73As implanted 65% occupy the substitutional N site (AsN),
while 34% are found on the substitutional Al site (AsAl). A part of the AsN
fraction is consecutively converted into AsAl after annealing. However, after an
annealing at 900℃, there is still 41% AsN and 58% AsAl. The sum of Al and
N substitutional As obtained for fits along the directions of [1̄101], [1̄102] and
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Figure 7.3: Fraction of 73As in the Al (AsAl), N (AsN) and substitutional along
[0001] (AsS) site as a function of the annealing temperature

[2̄113] should be equivalent to the substitutional fraction (AsS) obtained along
the [0001], since along this direction the N and Al substitutional sites are not
distinguished, as can be seen in Fig. 7.3 the difference is well within the error
and decreases with the annealing temperature. This is related to the recovery
of implantation induced damage and consequent improvement of the channeling
effect.

The fits were evaluated for the displacements of the Al substitutional 73As, while
the 73As in the N site is kept in its ideal position. The χ2 values normalized
to the χ2 of fits to 73As in the Al site are plotted in Fig. 7.4 as a function
of the displacement. Two displacement directions were investigated: i) along
the c-axis [Fig. 7.4 (i)], ii) along the direction of the Al-N bond off the c-axis
[Fig. 7.4 (ii)]. In this experiment the measurements around [1̄102] are not well
centred in the [1̄102] axis and the angular emission yield measured loses crucial
information. For this reason, there is a decrease of the sensitivity and resolution
of the fits around this specific direction. For completeness, the variation of the
relative χ2 to displacements from the ideal substitutional sites was investigated
around [1̄102], nevertheless the improvement of the fit with the displacement
is not taken into consideration for this study. Moreover, around [0001] the
measurement is not sensitive to c-axis displacements, therefore the fractions
obtained for this direction (AsS of Fig. 7.3) are also not taken into consideration.



Lattice location of 73As in AlN 123

73As in AlN AsN 

χ2 /[
χ2 (A

s A
l)]

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2  _
[1102]

           ABA(c) SA BC(c)        

plus displaced AsAl

χ2 /[
χ2 (A

s A
l)]

0

2

4

6

8

Displacement  [Å]
−1.5 −1 −0.5 0 0.5 1 1.5 2

 _
[1101]

           ABA(c) SA BC(c)        

χ2 /[
χ2 (A

s A
l)]

0

1

2

3

Displacement  [Å]
−2 −1.5 −1 −0.5 0 0.5 1 1.5 2

RT
300⁰C
600⁰C
800⁰C
900⁰C

 _
[2113]

(i) displacement in c-axis.

           ABA(a) SA BC(a)        

χ2 /[
χ2 (A

s A
l)]

0

0.5

1

1.5

2

2.5

Displacement  [Å]
−2 −1.5 −1 −0.5 0 0.5 1 1.5 2

 _
[2113]

χ2 /[
χ2 (A

s A
l)]

0.85

0.9

0.95

1

73As in AlN AsN 

 
[0001] χ2 /[

χ2 (A
s A

l)]
0.4

0.6

0.8

1

1.2

1.4

plus displaced AsAl

 _
[1102]

           ABA(a) SA BC(a)        

χ2 /[
χ2 (A

s A
l)]

0.5

1

1.5

2

Displacement  [Å]
−2 −1.5 −1 −0.5 0 0.5 1 1.5

RT 300⁰C 
 600⁰C  800⁰C
 900⁰C

 _
[1101]

(ii) displacement in bond axis.

Figure 7.4: (i) Reduced χ2 of the 73As fits to the experimental [1̄102], [1̄101],
and [2̄113] patterns as function of about ±2.0 Å displacement of the probe atoms
from the ideal substitutional Al sites along the c-axis direction. (ii) Reduced χ2

of the 73As fits to the experimental [0001], [1̄102], [1̄101], and [2̄113] patterns
as function of about ±2.0 Å displacement of the probe atoms from the ideal
substitutional Al sites along the basal direction. All values were normalized to
the fit χ2 for 73As occupying the ideal Al substitutional site.
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From both the displacement along c-axis [Fig. 7.4 (i)] and along the off c-axis
[Fig. 7.4 (ii)], one can see that there is good agreement of the simulation with
the measurements after different annealing temperatures up to 900℃, i.e. the
fit χ2 as a function of the displacement is not significantly altered with the
annealing temperatures. Firstly, for angular emission yields around [0001],
there is a displacement towards the BC(a) which results in a slightly smaller
χ2. However, one must keep in mind that, along this direction, the Al and N
substitutional As are indistinguishable and therefore the χ2 reduction of this
order is easily explained by the increase of the fit parameters. The increase in
degrees of freedom of the fit results naturally in a slight improvement of the
fit. Secondly, independently of the annealing temperature, a large variation of
χ2 is obtained for measurements around [2̄113] for both directions (c-axis and
off-c-axis), for which the best fit was obtained for a 0.05 Å displacement around
the Al site. Finally, along the c-axis the best fit for measurements around
[1̄101] is obtained for As in the N site and a displacement below 0.14 Å from
the Al site, while along the off-c-axis higher displacements are suggested up
to 0.33 Å. The Al substitutional As displacements that provide a lower χ2 are
plotted in Fig. 7.5. The displacements obtained around [0001] are plotted for the
sake of completion, but as mentioned above convey no significant information
considering the low χ2 variation around this direction and the simultaneous
displacement and increase of the freedom degrees during these fits.
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Figure 7.5: Displacements from the N site along the c-axis(c) and off the c-axis
(a).

In summary, the lattice site location of 73As in AlN was measured. As implanted
65% 73As occupies the N site, while 34% occupies the Al site. After annealing a
fraction of the 73As that is N substitutional is gradually incorporated in the Al
sites of AlN, such that after 900℃ only 41% of 73As remains in the N site and
58% occupies the Al site. The displacement of the Al fraction was investigated,
in addition to the N substitutional 73As. This study suggests that the 73As in
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the Al site is slightly displaced in the c-axis towards the bond centre less then
0.35 Å.

7.3 Lattice location of 73As in InN

The primary importance of the lattice location of As in InN is to investigate
the InAsN alloy growth with high N concentration. Besides representing one
of the endpoints of GaInAsN quaternary, which is promising for 1.55µm [225]
semiconductor lasers, the InAsN narrow-gap, lower than 0.36 eV (InAs) for
only small concentrations of N, makes it ideal for mid-infrared and infrared
applications [226]. Also the InAsN lattice match to Si makes InAsN a promising
direct band gap compound to grow on Si for the purpose of integrating III-V
device capabilities with mainstream microelectronics. The InAsN alloy was first
obtained by Naoi et al. [226], via MOCVD, in 1997. The minimum band gap
obtained was 0.12 eV for a concentration of 0.061% N, also all the grown samples
exhibited direct transition band structures. Beresford et al. [227] managed to
grow InAs1−xNx samples on GaAs by plasma-source MBE, finding that the
InAsN alloy phase is metastable between 450−500℃. It was also suggested that
As and N compete for anion sites, that As attachment is favoured and that
above 500℃ the InN and InAs segregate. Recently, Zhuang et al. [228] were
able to grow high quality InAsN with a nitrogen composition of 2.5% and to
measure a strong room temperature (RT) photoluminescence peak at 4.5µm.
The InAsN alloy studies are reviewed in Refs. [54, 225].

In GaN [141] and AlN (as shown in Sec. 7.2) the 73As was determined as
amphoteric after implantation. On the other hand, it was suggested in Ref. [227]
that the As and N atoms compete for the anion site and that the As attachment
is favored which would support a good solubility of the implanted As in N
substitutional sites. Moreover, for other dopants such as Mg and Ca the lattice
location obtained after implantation differs from GaN and AlN to InN. In this
section the lattice site of 73As implanted into InN is investigated via emission
channeling and it is found that while after implantation the majority of the
As atoms occupy the N site (35%) a significant fraction (21%) also occupies
the In site. The sample used was 1400 Å InN thin-film grown by MBE at
IMEC-Belgium (Inter-university microelectronics center) on sapphire. The
sample was implanted with 50 keV 1x1013 73As.cm−2, with a half-life of 80.3 d.
After implantation the angular emission yield was measured around the [0001],
[1̄101], [1̄102] and [2̄113] axes. Then the sample underwent several regular
10 min annealing steps, under high vacuum, up to 400℃, and the measurements
were repeated.
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Figure 7.6: Fraction of 73As in the In and N site as a function of the annealing
temperature

From the analysis of the collected data, one can observe a clear fraction of 73As
in the N and in the In sites. The fractions obtained for As in In and N sites
are plotted in Fig. 7.6. After implantation 35% of the 73As is located in the N
site (AsN) and 21% is substitutional of In (AsIn). Both fractions increase with
the annealing temperature, which is consistent with crystal recovery from the
implantation-induced damage. Around the [0001] direction, the measurement is
not sensitive to c-axis displacements, so the fractions obtained for this direction
are plotted separately. The total of AsIn and AsN fractions should be comparable
to the substitutional fraction obtained for the angular emission yield around
the [0001] direction.

The fits χ2 for displacements of 73As from the In site and 73As in the N site were
normalized to the χ2 of the fit to the 73As in the In site alone and were plotted
as a function of the displacement in Fig. 7.7. Two displacement directions were
investigated: i) along the c-axis, ii) along the direction of the off-c-axis In-N
bond.

The displacement along the c-axis [Fig. 7.7 (i)] from the AsIn does not improve
significantly the fits. Along the off-c-axis direction, the displacement of the
AsIn influences mostly the fits around the [1̄102] direction and the best fits
are found for a near ideal AsIn lattice site. Two χ2 minima are present for
the measurements around the directions [1̄101] and [2̄113], however the only
minimum which is consistent for all directions is in the near ideal In site. Also
the fit quality as a function of the displacement is not altered significantly with
the annealing temperatures.
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Figure 7.7: (i) Reduced χ2 of the 73As fits to the experimental [1̄102], [1̄101],
and [2̄113] patterns as function of about ±2.0 Å displacement of the probe atoms
from the ideal substitutional In sites along the c-axis direction. (ii) Reduced χ2

of the 73As fits to the experimental [0001], [1̄102], [1̄101], and [2̄113] patterns
as function of about ±2.0 Å displacement of the probe atoms from the ideal
substitutional In sites along the basal direction. All values were normalized to
the substitutional In fit χ2.

In conclusion, the lattice site location of 73As in InN was measured. After
implantation 35% of the 73As occupies the In site, while 21% is located in the
N site. After annealing both fractions increase. A 400℃ annealing results in
56% 73As in the N site, while 43% occupies the In site, suggesting that 73As
is both stable in the N and In sites up to 400℃ and that some implantation
induced damage is recovered with the annealing. The displacement of the In
substitutional fraction was investigated in addition to the N substitutional 73As.
The resulting fits suggest that the 73As is localized in the In and N sites with
no significant displacement.

In this chapter we show that As is amphoteric in AlN and InN, as is Mn in
InN. Mn occupies primarily the In site of InN, however the smaller fraction of
Mn in N sites increases together with the larger fraction of Mn that occupies
the In site after annealing steps up to 400℃, the highest annealing temperature
used since above that InN displays signs of crystal degradation (as was shown
in Chap. 6). In AlN, most of the As is found in N sites after implantation, this
is reverted after annealing above 600℃ when As begins to occupy more the
Al site than the N site. The same element occupies in comparable fractions
the In and N sites of InN. This remains true through all the annealing steps
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up to 400℃. In conclusion, As shows more thermal stability in the N site of
AlN than in the same site of InN, and As has a considerably higher fraction
in the N site of InN than Mn. Moreover, the results for InN are in very good
accordance with the previous studies that also showed that Mn is less prone to
occupy the N site than As though the N substitutional fraction is stable up to
hight temperature annealings.
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Discussion and conclusion

The main objectives of this thesis are: to study the lattice site occupied by
electrical dopants in the group-III nitrides; to correlate the lattice site with the
electrical activity of the impurities; to investigate the parameters that determine
the tendency of different impurities to occupy specific lattice sites in the nitrides.
The dopant lattice site measurements and comparison to the electrical activity
were discussed in detail in the previous chapters. This chapter focuses on
the discussion (Sec. 8.1) and final remarks (Sec. 8.2) of the overall lattice
sites occupied by impurities in the group-III nitrides and possible correlations
between the elements and the sites, devising empirical rules that govern the
impurities site preferences. Finally, we leave a number of suggestions for future
research, prospects based on our conclusions (Sec. 8.3).

8.1 Discussion

In this section the lattice site occupied by different impurities in the group-III
nitrides is summarized. Then, the results are compared with the element’s
electronegativity and radius, because they are suggested in several publications
as being correlated with the element’s solubility in a semiconductor, as is
discussed below. This comparison allows to estimate the influence of the
element electronegativity and radius in the results obtained for lattice site of
dopants in the nitrides.

In Ref. [66], the theoretical formation energy of Be, Mg and Ca in the Al sites
of AlN are compared with their atomic radii and with the electronegativity

129
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difference between the acceptor and Al. These DFT simulations suggest that
an impurity with similar atomic radius as an Al atom can be incorporated to
higher concentrations than one with a very different radius, while an impurity
with more electronegativity can produce a lower ionization energy. Furthermore,
the authors concluded that among Be, Mg and Ca, Be should be the best
candidate for producing p-type doped AlN. Moreover, in Ref. [229] Mössbauer
measurements were used to indicate that Sb occupies only the Ga site in GaN,
which contrasts with other III-V compounds and is explained by the difference
of electronegativity between the Sb impurity and the substituted Ga or N.
Similarly, the lattice site dependence on the electronegativity was also suggested
for Sn in several other III-V semiconductors [230].

Before anything else, we start by introducing the electronegativity concept due
to its relevance to this chapter.

8.1.1 The electronegativity concept

The electronegativity is defined as the power of an atom to attract electrons,
yet this still poses the questions of how to measure such a property and if
this does not depend on the chemical environment. Answering these questions
was the source of numerous steps of development to measure electronegativity
during the long history of the property study. Initially, in the late nineteenth
century, electronegativity was defined to qualitatively order the elements, quite
successfully. In 1932, Pauling [231] constructed the first relative scale for
electronegativity based on empirical rules involving the bond energy between
atoms in molecules. He observed that in molecules of two atoms (A and B) with
a purely covalent bond, the energy of dissociation (EA-B) equals the average
energy in the bonds of the corresponding homonuclear molecules (A-A and
B-B), i.e. EA-B = EA-A+EB-B

2 , where EA-A and EB-B are the bond energy of
dissociation of the diatomic molecules A-A and B-B, respectively. For non-pure
covalent bonds, he took the difference, ∆A-B, between the previous average and
the dissociation energy as a measure of the ionic character of the bond. He later
revised [232] this to account for asymmetries in the bond lengths resulting in

∆A-B ≡ EA-B −
√
EA-AEB-B . (8.1)

The difference in electronegativity between the atoms of the diatomic molecule
can be assigned to ∆A-B using the relation ∆A-B = 30 kcal/mole(χA − χB)2,
where the proportionality factor 30 kcal/mole is used as the unit of energy
that ensures electronegativity is dimensionless and that produces a convenient
range of electronegativity. This way, Eq. (8.1) was used to define a relative
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electronegativity scale with the Pauling’s equation for electronegativity

EA-B =
√
EA-AEB-B + 30 kcal/mole(χA − χB)2 , (8.2)

where χi is the electronegativity of the i-th element (i=A,B).

In literature there are several suggestions, Refs. [66,229,242], that the lattice
site of an impurity element in GaN and AlN is influenced by its electronegativity
in the material. In particular, we will focus mostly on studies of the electrical
dopants in these materials, since one of the greatest challenges using the nitride
semiconductors is still the efficient achievement of p-type doping. The ionization
energies were correlated (Ref. [242]) with the chemical nature of the host atoms
-quantified as electronegativity differences- for the case of GaN acceptors of
the column II elements from the periodic table. The conclusion was that the
decreasing electronegativity difference between an impurity and the host atom
it substitutes, results in an increase of the acceptor ionization energies, and this
semi-empirical rule holds well for GaN.

8.1.2 Compiled results of dopant lattice site in nitrides

In this section we summarise the lattice location of impurities in the nitrides to
help understanding and predicting the site an impurity occupies in a nitride
semiconductor. As was discussed in Chap. 1, since the beginning of this century
several impurity lattice sites were investigated and determined in the group-
III nitride semiconductors. All studied rare-earths were found to occupy the
cation site of GaN. A similar tendency was also obtained for AlN although its
investigation was comparatively limited. The majority of the research with InN
was dedicated to the improvement of the crystalline quality and growth and
very little was done in the study of impurities lattice site.

In Figs. 8.1, 8.2 and 8.3, the atomic radius and Pauling electronegativity are
displayed for each of the periodic table elements [243]. In the same figure the
elements which, after implantation, substitute the cation atom have a blue
background, the elements that also substitute the N have a green background,
and with an orange background are the elements that substitute the cation and
occupy interstitial octahedral sites, in GaN (Fig. 8.1), AlN (Fig. 8.2) and InN
(Fig. 8.3). The values obtained in lattice sites studies are summarised in the
App. D.
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Figure 8.1: Periodic table of the elements with the Pauling electronegativity on the left [243] and the covalent radius
[Å] [244] on the right with a background colour related to the GaN lattice site occupied.
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Figure 8.2: Periodic table of the elements with the Pauling electronegativity on the left [243] and the covalent radius
[Å] [244] on the right with a background colour related to the AlN lattice site occupied.
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Figure 8.3: Periodic table of the elements with the Pauling electronegativity on the left [243] and the covalent radius
[Å] [244] on the right with a background colour related to the InN lattice site occupied.
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8.1.3 Dopant lattice site parameter space analysis
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Figure 8.4: Parameter space of the Pauling electronegativity (in the abscissa)
and the covalent radius (in the ordinate), where the element lattice site after
implantation in GaN is plotted.
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In order to devise general trends, the sites occupied by the different elements
in GaN, AlN and InN are plotted in the parameter space of the Pauling
electronegativities and covalent radii, Figs. 8.4, 8.5 and 8.6. The first thing
noticed is that the rare-earths are consistently found only in cation substitutional
sites. Overall, the larger atoms display a tendency to occupy the cation sites of
the nitrides. One can also see that for smaller atoms with low electronegativity
values impurities occupy both cation sites and octahedral sites of GaN and AlN,
although these interstitials are not thermally stable. For high electronegativity
values, however, the impurities will preferentially occupy either only the cation
site or both the cation and the anion sites of GaN and AlN. Contrary to what
happens to the interstitial impurities, N substitutional impurities are stable up
to 900℃. This might be due to a higher difference in electronegativity between
N and the impurity than between the cation (Ga or Al) and the impurity. In
InN, it is harder to see any trends, firstly because the measurements in the
literature are limited, secondly because the higher mismatch between the In
and N radii is probably responsible for a higher solubility of impurities in the
cation site, compared to GaN and AlN.

All III-nitrides have partially covalent and partially ionic bonds. Phillips
ionicity quantifies the ionicity character of compound bonds, where a zero
value represents pure covalent compounds (the valence electrons are shared)
and a value one is associated with ionic compounds (the valence electrons are
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transferred creating cation and anion atoms). In the specific cases of GaN, AlN
and InN, the Phillips ionicities are 0.500, 0.449 and 0.578, respectively [59].
Moreover, impurities in these compounds may also be ionized due to their
doping character as donors or acceptors. It is therefore as relevant to investigate
the correlation between the impurities lattice sites with electronegativity and
ionic radius, as was previously with electronegativity and the covalent radius.
The resulting parameter space is displayed in Figs. 8.7, 8.8 and 8.9. These
together with the previous space parameter figures display a clear division
between the following trends/regimes:

i) Elements with small covalent radius and low electronegativity, e.g. Li, Be,
Mg and Na, may occupy both the substitutional cation and the octahedral
interstitial site. Here it is particularly relevant that the ionized species Li+,
Be2+, Mg2+ and Na+ have small ionic radii, since these are supposedly
their charge states as interstitials. While Sr2+ is clearly too large for an
interstitial impurity, Na and Ca seem to be borderline cases: although
Ca2+ has a similar ionic radius as Na+, it was, in contrast to Na, never
found on interstitial sites.

ii) The elements Sb and As, which combine high electronegativity with
moderate covalent radius but large radius as anions Sb3− and As3−.
These are amphoteric: they may replace both the large N3- ion (as anions
Sb3− and As3−) or, presumably covalently, also Ga, Al or In.

iii) Most other investigated elements were always found on substitutional
cation sites. This includes the rare earths, which are all characterized
by low electronegativity and intermediate ionic radii as RE3+, as well
as particularly a number of elements that are quite comparable in
electronegativity and size to Al and Ga, e.g. In, Sn, Fe, and Cu. The
two exceptions here are Mn and Co, of which, besides a majority on Ga
sites, a minority fraction was found on N sites. However, in these cases
the nature of the corresponding defect is not clear, it was speculated that
it might involve unusually high ionization states.
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Figure 8.7: Parameter space of the Pauling electronegativity (abscissa) and
the ionic radius (ordinate) where the element lattice site after implantation in
GaN is plotted.
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Nitrogen has the smallest covalent radius of all the elements plotted. In a closed
pack structure, such as wurtzite, the interstitial space is limited therefore the
incorporation of impurities in the anion site and in interstitial sites imply local



Discussion 139

Mg2+

Ca2+

In3+

Sr1+

Mn2+

As3+

As3-

N3-

Io
ni

c 
Ra

di
us

 [Å
]

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

Electronegativity 
1.0 1.5 2.0 2.5 3.0

SIn
SIn+SN
SN
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distortion with high heat of formation. Nitrides have partially ionic bonds and
N3− has a large ionic radius compared to the plotted impurities, comparable
only to the ionic radius of the anion Sb3− and As3−. The positive ionic states
of a given element have smaller radii than the neutral state, especially for
the nitride lattice cations (Ga, Al or In). Overall the impurity ionic radii
and electronegativity values are closer to those of the cation than those of N.
Naturally this similarity explains the preference of the dopants for the cation
site. When the electronegativity and ionic radius are high the dopants are more
prone to be amphoteric. The octahedral interstitial site is more easily occupied
by elements with small ionic radius in this close packed structure. Elements
with low electronegativity are more likely to ionise and seem to be more likely
to occupy this interstitial site than elements with an electronegativity similar
to the one of the cation.
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8.2 Conclusion

In this thesis the lattice location of several elements, after implantation in the
group-III nitrides, was investigated via the emission channeling (EC) technique,
using suited radioactive isotopes. This technique provides direct information,
with high precision, on the lattice site of the implanted radioactive isotopes.
The fractions of the probe atoms found in different sites and their variation
with increasing temperature (of implantation or measurement) also allow to
estimate the stability of these isotopes in the lattice sites. Detailed discussions
and the specific conclusions of each dedicated study were included in Chap. 4-7.
Additionally, in the Discussion, Sec. 8.1, these results were compared with
existing data from the literature and, in the case of Mg, with its electrical
properties as an acceptor. Also the tendency of impurities to occupy the cation,
anion or octahedral interstitial sites in the group-III nitrides was compared with
their radii and electronegativity, properties which are expected to be the most
influential for the impurity position in the lattice.

In this work we demonstrated that for the particularly interesting case of Mg -so
far the only consistently efficient p-type dopant of the group-III nitrides-, the
dopant is indeed more stable in the cation site. After implantation at room
temperature, a considerable quantity of Mg occupies the octahedral site in GaN
and AlN. The interstitial Mg is reduced after annealing or high temperature
implantation, being completely converted to cation substitutional Mg above
600℃, allowing to estimate the energy associated with this migration. Moreover,
the Mg substitutional site was measured with sufficient accuracy to provide
valuable insight into lively discussions about two contradicting theoretical
models. On the other hand, Mg was only found in the In sites of InN already
following the RT implantation. The discussion of these results in terms of the
electrical activation of Mg requires an extensive study of the electrical properties
of the nitrides, after Mg implantation and annealing steps up to 800℃ which is
not available in the literature.

The use of Mg as acceptor in nitrides is crucial for applications and the lattice
site this dopant occupies is fundamentally interesting because it influences
its behaviour as a dopant. Therefore the understanding of this impurity
introduction and its location in the lattice was explored by comparison to
similar elements, either by the study of other group-II elements such as Be, Ca
and Sr, or by the study of similarly light elements such as Na. We concluded
that Mg, Ca and Sr after implantation in InN, with the exception of subtle yet
constant indications of a small fraction of Ca in N sites, are consistent with
In substitution. The same way, in previous studies, Sr and Ca were found in
cation sites of GaN and AlN. Similar results to the Mg lattice location were
obtained for Na in GaN and AlN, although the stability of Na in octahedral
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sites is higher.

These results prompted the discussion, in the previous chapter, how the dopant
electronegativity and radius influences its lattice site, in close-packed wurtzite
structures such as InN, GaN and AlN. The majority of the impurities considered
in this thesis tend to occupy the cation site, however small covalent radius
atoms show some stability after implantation at RT in other sites of GaN and
AlN.

More specifically, low electronegativity impurities are also found in octahedral
sites, while elements with high electronegativity occupy either the cation or
both the cation and anion sites depending on their ionic radius. The ionic radius
hence displays a significant correlation with the lattice location in cases where
the impurities are expected to be ionized. The two most prominent examples are
interstitial Be, Mg, Li, and Na, which are supposedly ionized as small cations
Be2+, Mg2+, Li+, and Na+; and the elements of high electronegativity As and
Sb, which should form the large anions As3− and Sb3− when substituting for
N. InN, on the other hand, shows an overall higher solubility of the dopants in
the cation site than GaN and AlN.

In conclusion, we provided new relevant insight on the lattice site location
of electrical dopants in the group-III nitrides. For many interesting elements,
the lattice location in nitrides is not known. In addition to previous studies,
the work that is presented in this thesis allowed to devise empirical rules of
the lattice sites occupied by electrical dopants in nitrides and their relations
to fundamental characteristics of these materials, namely the covalent radius
and electronegativity. Additionally, the experimental studies, due to their high
precision, settle recent disputes between DFT theoretical predictions on the
local structure of Mg in the nitrides. The experimental relation between lattice
site and electrical activation of Mg in nitrides can not be derived conclusively,
due to the lack of systematic electrical measurements, in the same experimental
conditions as the lattice location studies. Our studies have determined that
an interstitial fraction of Mg (as well as Na and probably Be) is found after
RT implantation, the occupation of this site hinders the electrical activation of
the dopant. Publications using DFT studies found that Mg in the interstitial
position of the lattice has a very high formation energy, unless the lattice is
locally altered, i.e. within a defect complex. We provide experimental evidence
of the presence and importance of Mg complex defects in the nitride lattices
that can be probed into greater extent by new EC measurements and other
techniques, representing a step forward into the microscopic understanding of
the Mg behaviour in these materials.
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8.3 Outlook

To quote the known statement of Carl Sagan (1971):
“I think it is a kind of intellectual chauvinism to assume that all the laws of
physics have been discovered by the year of our meeting. Had we held this
meeting twenty or forty years ago, we would perhaps have erroneously drawn
the same conclusion.”
I also come to the conclusion that more work is required to completely
understand the physics behind the preferential lattice site occupied by the
different impurities in the group-III nitride semiconductors. Thus, a few ideas
for future prospects are included below.

High resolution Mg lattice location

The emission channeling experiments performed have determined that in GaN
and AlN samples implanted with Mg, this dopant occupies the cation and the
interstitial lattice sites at RT. It was concluded from DFT calculations that
Mg cannot occupy the interstitial site without any local deformation, which
implies a high formation energy. For that reason we consider that the first and
foremost important step in understanding the electrical activation of Mg, at the
microscopic level, is the measurement of emission channeling yields produced
by 27Mg in AlN and GaN with higher resolution than the measurements carried
out in the work leading to this thesis. This can be achieved by increasing the
detector-to-sample distance in our on-line setup.

Increasing the distance between the detector and the sample allows measuring
channeling effects with higher angular resolution. However, decreasing the
detector solid angle also means reduced angular range and lower fraction of
detected decays. A smaller angular range requires a higher degree of precision
in orienting the sample towards the detector. This can be handled, though,
by the high-precision 3-axis Panmure goniometer, that is currently used for
the on-line experiments, and by careful experimenting. However, the lower
detection probability means that either lower statistics/pattern need to be used,
or that the implanted fluence needs to be increased in order to compensate for
the lower solid angle. While the 27Mg beams from Ti targets at ISOLDE are of
high enough intensity to provide enough counting statistics also for e.g. 1/4 of
the solid angle used for the studies in this work, the price to pay is the increase
in beam fluence in the sample.

So far we determined that the structure models suggested by Lany [149,150]
or Lyons [11], in which one of the Mg-N bonds is elongated (for neutral Mg),
result in a displacement smaller than 0.1 Å of Mg in GaN and AlN. High
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resolution emission channeling -focusing the detector into a smaller solid angle
as explained above- enables to determine the location of the substitutional
Mg with high precision down to the order of the vibration amplitudes, and
obtain a more accurate distinction between the angular emission yields of
substitutional Mg and any slightly displaced position. Furthermore, the lattice
site of octahedral interstitial Mg, Na and Li in GaN and AlN could be measured
with higher precision than was done in the present studies. The results could
also be combined with DFT simulations, in which the impurity is fixed in the
octahedral site and the supercell (which can include H atoms, and vacancies)
is relaxed into equilibrium. This way, the local defect structures where these
dopants are embedded could be determined, thus providing information of major
importance to understand electrical activation processes at microscopic level.

Lattice location of Be

Mg, followed by Be, have always been the best candidates for p-type doping of
the nitrides. Recently it has been proposed that Be should behave as a shallower
acceptor in AlN than Mg [47,48,65–67]. Moreover, in Refs. [69, 70], theoretical
studies predict a good solubility of Be into the Ga sites of GaN, although it
is generally expected to partially occupy interstitial sites where it introduces
compensation. Emission channeling could determine experimentally whether
Be is stable in non-cation sites.

In 2010 we successfully performed, for the first time, to measure, the angular
emission yield along the surface direction of 11Be implanted in GaN, in order
to test the feasibility of such a study using our setup. In 2012, the 11Be isotope
was implanted into GaN and the measurement was repeated along the four high
symmetry directions [0001], [1̄102], [1̄101] and [2̄113]. Clear characteristics of the
obtained patterns demonstrated that the β− decay of the isotope, with a half-life
of 13.81 s and end point energy of 7 MeV, can be used in EC experiments. This
represents the lowest half-life and highest energy decay isotope ever measured
in our setups for emission channeling studies. Now, a systematic study of the
11Be lattice location in GaN and AlN is required to answer whether Be should
compensate due to occupying non-cation sites. As an example, one can measure
the 11Be angular emission yield after implantations at temperatures ranging
from RT up to 800℃, and after a stable Be implantation with high fluence
reaching the typical efficient doping concentration.
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Diffusion rate of Mg

The group of J. Räisänen [245,246], in Helsinki-Finland, proposed a collaboration
to correlate the lattice location of Mg in the group-III nitrides with the diffusion
rate of this impurity as a function of temperature. They implant the radioactive
isotope into a sample at the IGISOL facility in the University of Jyväskylä,
then measure the activity of the sample as a function of depth, by sputtering it
with an Ar beam into a tape. The tape continuously transports the sputtered
material to a Ge detector, where the activity is measured. This process is
repeated for samples treated at different temperature, consequently the depth
profile changes with the diffusion. There is a new on-line setup mounted at
ISOLDE-CERN since 2011. The fact that it is mounted on-line with the
ISOLDE beam line allows the use of short-lived isotopes. Before the diffusion
experiments were limited to isotopes with half-lives longer than 1 h [246] with
a resolution of about 0.4 nm, now new limits must be tested. 27Mg has a
longer half-life than 8Li (T1/2 = 0.84 s), the shortest half-life isotope used in
diffusion experiments [246]. In such an experiment the probe atom is implanted
followed by sample annealing and then the sputtered ions are collected to
the activity of 27Mg. In a similar time-line way the 27Mg probe was used in
the emission channeling experiments, where GaN was first implanted at high
temperature followed by sample cool down to about RT and finally the decay
electrons were detected. As the annealing is increased past the migration energy
of the interstitial Mg, the diffusion rate should increase. The substitutional
Mg, according to theoretical predictions [177], has a higher heat of formation
and should only contribute to the diffusion rate once a higher temperature is
reached. The existence of two distinct slope variations in the diffusion rate
would corroborate the diffusion of interstitial Mg and contribute to the estimate
of Mg stability in this site.

The diffusion studies are done in bulk samples, while emission channeling is
performed in thin films. This way, the verification of interstitial Mg in bulk
samples is complementary and would shed light into the nature of the octahedral
Mg. Also the implantation for diffusion measurements needs to be considerably
deeper, which is associated with higher energies of implantation. Moreover,
even up to 1450℃ annealing there is no indication of long-range diffusion
(≤ 2x10−13 cm2.s−1) after implantation of 150 keV 24Mg via secondary ion mass
spectrometry(SIMS) [247], this trace diffusion method is more sensitive but
can also only detect µm-range diffusion while the migration of interstitial to
substitutional Mg is a short-range diffusion (Å). Therefore the success of such
an experiment is not guaranteed, although the diffusion of interstitial Mg is
predicted to be substantially higher than the diffusion of substitutional Mg [177].
On the other hand, achieving the measurement of Mg diffusion with two distinct
ratios would allow to characterise the thermal stability of interstitial Mg with
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higher resolution than the emission channeling studies.

Local environment in the vicinity of Mg

To know the local structure in the vicinity of Mg is fundamental for the
understanding of the interstitial Mg formation, and the process of electrical
activation of substitutional Mg. Moreover, the local lattice structure of the
substitutional Mg-N bond has not been experimentally ascertained and there
is still dispute between theoretical models [11,149,150]. As mentioned in the
introduction, the use of extended X-ray absorption fine structure (EXAFS)
spectroscopy and X-ray Absorption Near Edge Spectroscopy (XANES) to
investigate the Mg local environment is difficult in typical experimental setups.
Nevertheless, some groups are attempting to use the European synchrotron
radiation facility (ESRF) to reach a high photon flux and high energy resolution
in order to perform EXAFS experiments on the Mg absorption edge in Mg-doped
nitride samples. If this experiment is successful it will be able to determine
the local crystal properties, namely, the number of first-neighbours, the types
of ligands, the first-neighbour distances to Mg and the coordination numbers.
In these experiments, the bonds of substitutional Mg with N can be measured
and the localized electrons can be detected, testing the predictions reported in
Refs. [11,149,150]. The interstitial Mg is expected to be part of a complex defect
and this planned experiment has the potential to identify its first-neighbours
and the distance to them, determining which defects are actually responsible
for the about 20% interstitial Mg found in our EC experiments. This way it
can provide further knowledge on the microscopic details of the dopant in its
interstitial and substitutional sites.

Mg influence on Eu photoluminescence

The location of Eu in GaN has been established via RBS/C and EC
measurements, that all agree that Eu is substitutional in the Ga site [97]. Also,
recently the group of O’Donnell implanted a Mg-doped GaN sample with Eu
and, after high-pressure and high-temperature annealing, the photoluminescence
was measured as the temperature was lowered to 5 K and subsequently brought
back to RT [248]. For Eu-doped GaN, a peak in luminescence is usually found
at 620 nm. Nevertheless, in these co-doped samples, the luminescence peak
is found at 619 nm (referred to as Eu0). This luminescence peak decreases
drastically below 20 K, while a new peak at 621.7 nm Eu1(Mg) appears and
increases just as fast as Eu0 decreases. This trend continues until the Eu0 peak
is completely replaced by E1. When the temperature is increased, this process
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is reversed only above 170 K. The similarity between the peak measured for
the Eu-doped GaN and for the Eu-doped GaN co-doped with Mg, according to
the authors, suggests that the Mg presence is only influential at temperatures
above 50 K or 150 K depending on the hysteresis direction. It is considered
that the Mg-N bond [11, 149, 150] is elongated where the neutral Mg has a
neighbouring N with a localised hole, and that, probably, this lattice distortion
influences a neighbouring Eu at low temperatures. From 150 K to 200 K, the
mobile hole concentration increases drastically reducing the perturbation in the
neighbouring Eu.

The online EC setup is now equipped with a two stage He cycle cooling system
which allows to perform implantations and emission channeling measurements
at temperatures down to 45 K. This setup was recently used in a successful
measurement of 111In EC at low temperature, therefore we could implant 27Mg
in GaN to investigate the lattice site location as a function of temperature.
If below 50 K the Mg neighbouring N atom has a hole “frozen”, and the
ionic radius of the N increases producing the distortions suggested by Lany et
al. [149,150] or Lyons et al. [11], we should be able to ascertain the displacement
of Mg this implies by measuring the lattice site of 27Mg at 45 K. The low
temperature implantation produces a higher number of defects than the RT
implantation, this must be taken into account. Comparing with the experiments
performed at RT temperature, one could try to measure the Mg displacement
with temperature. In a similar way, implanting 153Eu on an undoped and on a
Mg-doped GaN samples and finding the lattice site at RT and 45 K we might
establish whether the Mg displacement is resulting in Eu displacement. In the
PL study the temperature at which significant changes (between the Eu0 and
E1 peaks) occurs is below 45 K and the temperature is rapidly increased in
short steps of 10 s, therefore a direct correlation between the results obtained
by low temperature emission channeling with the PL study is not possible. One
can also implant an Eu PAC probe to investigate the magnetic and electrical
environment of Eu in GaN and Mg-doped GaN samples, via PAC (147Eu and
149Eu probes were used with success before [249]) at as low as 10 K. Combining
the results obtained from both EC and PAC with DFT simulations one would
enable a deep insight to the nature of the Mg influence in the Eu luminescence.

At a time when special attention is given to the nitride semiconductors with
innumerous interesting behaviours associated with the wide range of band gap
values obtained by alloying and the extreme band gap values of InN and AlN,
we find these proposals the most suitable extensions to the work presented
in this thesis, not only by complementing it with the investigation of other
dopants lattice site, but also taking into account the conclusions of this work
(see previous section, Sec. 8.2) as foundation to continue researching the physics
of the electrical dopants in the nitrides.
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Sample and Wafer description

A.1 Description of the experimental samples

The most relevant parameters of each emission channeling experiment referred
to in this thesis are summarised in the Table A.1. The pad is the name of the
detector used in the setups with about 30 cm distance to the sample holder,
where the pad 6 is mounted on-line with the ISOLDE beam line and allows
the extension of the detector-sample distance to about 60 cm. Any other
relevant particularities are discussed within the specific experiments’ chapter 3.
The radioactive ion implantations were all performed at ISOLDE, under high
vacuum, in 1 mm spots, and with the exception of the 27Mg experiments, the
ion beam impinged the sample with an angle of 10 ° from the surface normal
(to avoid ion beam channeling which would distort the depth profile).

Table A.2 contains information of the depth profiles simulated with the
SRIM code for the various experiments. The maximum concentration, before
normalization with the total implanted fluence, is simulated, and the obtained
values are also included in the table, after normalization to the implanted fluence
these are included in Tab. 3.1.

Since the electron conversion energy spectra are not continuous, the background
corrections for electron conversion emitting isotopes are extrapolated from the
measurements energy spectra. The well defined energy lines in the energy
spectrum, associated with channeling, are graphically distinguishable from
the background signal. By fitting these peaks with Gaussian distributions we
estimate the fraction of the yield related to electrons that were scattered before
detection. For the experiments involving 111In and 73As, the values in the table
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Experiment Year Sample Wafer E Fluence setup
isotope [keV] [cm−2]

24Na in AlN 2002 #SLA32 LA30 60 5.3x1012 Pad 2
24Na in GaN 2002 #SLA88 LA34 50 4.8x1012 Pad 4
56Mn in InN 2010 #SLA86 LA29 30 1x1013 Pad 6
27Mg in GaN 2009 #SLA84 LA26 50 2.9x1012 Pad 6
27Mg in AlN 2009 #SLA31 LA32 50 1.5x1012 Pad 6
27Mg in InN 2010 #SLA85 LA33 50 6.7x1012 Pad 6 60 cm
27Mg in GaN 2011 #SLA83 LA34 50 5.6x1012 Pad 6
27Mg in AlN 2011 #SLA31 LA32 50 5x1012 Pad 6
27Mg in AlN 2012 #SLA71 LA24 50 9x1012 Pad 6

24Mg and 2012 #SLA71 LA24 50 1x1015 Pad 6
27Mg in AlN 1x1012 Pad 6
45Ca in InN 2011 #SLA42 LA29 50 1.9x1012 Pad 1
73As in AlN 2012 #SLA69 LA24 50 5x1013 Pad 4
73As in InN 2011 #SLA37 LA8 50 1x1013 Pad 5
89Sr in InN 2011 #SLA43 LA29 40 1.5x1013 Pad 1
111In in InN 2006 #SLA87 LA6 60 5x1012 Pad 1

Table A.1: List of samples and implantation parameters.

were not used and are only given for the sake of completion. In the case of β
emission the background correction is calculated using the simulation software
based on the GEANT4 libraries. The background correction simulated with
the GEANT4 code are listed in Tab. A.3. Besides the setup scattering related
“Correction factor”, for experiments in which there is γ radiation, an extra
background correction factor is estimated by comparing the yield measured
with, or without, a closed valve between the sample and the detector. In the
end the correction factor is applied to the fractions obtained during the EC fits.
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Implantation depth profile
Experiment year ρmaximum Range Straggling Vacancies

[cm−1] [Å] [Å] [ vacanciesatom ]
24Na in AlN 2002 1.2x105 822 299 629
24Na in GaN 2002 1x105 638 302 747
56Mn in InN 2010 3.5x105 183 99 457
27Mg in GaN 2009 1.4x105 496 243 686
27Mg in AlN 2009 1.4x105 645 250 595
27Mg in InN 2010 1x105 562 301 651
45Ca in InN 2011 2x105 329 173 689
73As in AlN 2012 4x105 273 89 693
73As in InN 2011 3x105 224 117 755
89Sr in InN 2011 4x105 172 88 627
111In in InN 2006 4x105 194 94 1072

Table A.2: SRIM simulations maximum density per ion bombardment dose,
range and straggling of the implanted ions and number of generated vacancies
per impinging ion.

Experiment year setup Correction
factor

24Na in AlN 2002 pad2 2.087057
24Na in GaN 2002 pad4 2.247679
56Mn in InN 2010 pad6 2.070269
27Mg in GaN 2009 pad6 1.554651
27Mg in AlN 2009 pad6 1.579244
27Mg in InN 2010 pad6 1.606168
45Ca in InN 2011 pad1 1.70116
73As in AlN 2012 pad4 1.455922
73As in InN 2011 pad1 1.897627
89Sr in InN 2011 pad5 1.654509
111In in InN 2006 pad1 1.657261

Table A.3: Background correction factors for the various experiments discussed
in this thesis, as estimated using the GEANT4 package. The experimentally
measured anisotropy (χ - 1) or the fitted fractions are multiplied by this
correction factor, which accounts for beta particles emitted by the sample that
reach the detector only after being scattered in the setup, thus losing their
initial angular information.
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A.2 Wafer description and characterization

The samples often display long range crystal disorder where crystal domains are
slightly misoriented, or mosaicity, which results in a decrease of accuracy when
using the emission channeling technique. This effect is described in detail in Ref.
[97,125]. In summary, any defect of the crystal lattice has the potential to scatter
an otherwise channeling β− particle from its trajectory, losing the correlation
with its original emission lattice site. This hampers the angular resolution of the
collected spectra, contributing to the random homogeneous background -ideally
associated with probe atoms located in random sites of the lattice and scattering
in the experimental setup previous to detection. An evaluation of the sample
mosaicity is hence necessary, to supplement the emission channeling experiment
data allowing an appropriate analysis. For this the crystalline quality of the
samples used is studied using Rutherford backscattering spectroscopy channeling
(RBS/C) and the X-ray diffraction rocking curve (XRD/RC) methods.

The common commercial GaN wafers are nowadays of high crystalline quality,
and the commercial AlN are also of good quality, for this reason the
characterisation on the commercial GaN and AlN wafers was limited. Several
other wafers were characterised, but the crystalline quality was not enough to
use in emission channeling experiments, so the results are not included in the
Table A.5. The XRD characterisation is described in Ref. [102,125].
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Wafer (#) Provenience Compound Thickness Substrate Buffer Layers Growth
LA6 IMEC InN 700Å GaN
LA8 IMEC InN 1400Å sapphire
LA23 Kymatech GaN 5µm sapphire
LA24 Kymatech AlN 1µm sapphire
LA26 Montpellier GaN > 1.2µm sapphire MOCVD
LA29 Nanishi Ritsumeikan University InN sapphire MBE
LA30 Montpellier AlN 0.28µm sapphire 0.55µmAl0.2Ga0.8N MOCVD
LA31 Montpellier AlN 0.35µm sapphire 0.56µmAl0.2Ga0.8N MOCVD
LA32 TDI AlN 3µm sapphire HVPE
LA33 TDI InN sapphire HVPE
LA34 Cree Inc. GaN

Table A.4: List of wafers and properties.
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Wafer (#) Mat. RBS XRD
χmin tilt twist σFDD

LA6 InN 5.2% 0.1° 0.6°
LA8 InN 4.5% 0.1° 0.6°
LA23 GaN 0.077° 0.182° 2.1; 2.3; 2.4; 2.3
LA24 AlN 0.212° 0.618° 2.7; 4.0; 4.8; 4.2
LA26 GaN 2% 0.081° 0.19° 2.2; 4.5; 5.0; 4.7
LA29 InN 0.2253 0.5767 [1]
LA30 AlN 21% 0.20° 0.56° [2]
LA31 AlN 5.5% 0.25° 1.48° [2]
LA32 AlN -
LA33 InN 0.245° 0.619° [1]
LA34 GaN -

Table A.5: List of wafers and characterisation results. RBS/C was used to
measure the xmin. XRD was used to calculate the Wtilt and Wtwist (given
as FWHM values). Then the expected σ values, associated with the EC
experiments, were calculated from the Wtilt and Wtwist and displayed in
the format σEC = [0001]; [1̄102]; [1̄101]; [211̄3] for the four high symmetry
directions. [1]- XRD characterisation performed by V. Darakchieva [2]- XRD
characterisation performed by B. de Vries and described in his thesis [102]
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Description of the isotopes
used

Isotope Mode t 1
2

Emax (keV) <E> (keV) Scheme Decay
24Na β 14.95 h 4150 556 B.1 (i) B.1 (ii)
27Mg β 9.45 min 1800 703 B.2 (i) B.2 (ii)
45Ca β 162.6 d 257 78 B.3 (i) B.3 (ii)
56Mn β 2.58 h 2849 832 B.4 (i) B.4 (ii)
73As EC 80.3 d (I = 75)42.4 (I = 60)11.8 B.5 (i) B.5 (ii)

(I = 28)2.3 (I = 11)52
89Sr β 50.53 d 1495 586 B.7 (i) B.7 (ii)
111In EC 2.8 d (I = 10.3)143.3 (I = 5.3)217.46 B.8 (i) B.8 (ii)

(I = 2.2)167.0 (I = 0.8)241.2

Table B.1: List of isotopes and decay modes.

All information about the isotopes was taken from Ref. [250], the intensities and
energies of the EC decays were calculated from the γ energies from Ref. [250]
and the L and K electron shell energies from Ref. [251]. These values were used
in the background correction simulations.

Schemes of the isotopes used

153
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(i) 24 mass scheme.

(ii) 24Na decay.

Figure B.1: Scheme decay of 24Na and mass 24.
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(i) 27 mass scheme.

(ii) 27Mg decay.

Figure B.2: Scheme decay of 27Mg and mass 27.
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(i) 45 mass scheme.

(ii) 45Ca decay.

Figure B.3: Scheme decay of 45Ca and mass 45.



App. B Description of the isotopes used 157

(i) 56 mass scheme.

(ii) 56Mn decay.

Figure B.4: Scheme decay of 56Mn and mass 56.
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(i) 73 mass scheme.

(ii) 73As decay.

Figure B.5: Scheme decay of 73As and mass 73.
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(i) 75 mass scheme.

(ii) 75Se decay.

Figure B.6: Scheme decay of 75Se and mass 75.
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(i) 89 mass scheme.

(ii) 89Sr decay.

Figure B.7: Scheme decay of 89Sr and mass 89.
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(i) 111 mass scheme.

(ii) 111In decay.

Figure B.8: Scheme decay of 111In and mass 111.





Appendix C

Tables of nitrides electrical
doping in the literature

In this appendix, the results found in the literature about electrical doping
of the group-III nitrides are compiled. The doping of GaN, AlN and InN is
displayed in different sections. Note that most of the values are taken from
plots, and are therefore approximate values.

In GaN

The table C.1 compiles the published work on electrical doping of GaN during
growth. The table C.2 compiles the published work on electrical co-doping
of GaN during growth. Tables C.3 and C.4 compiles the published work on
GaN electrical doping by implantation. These tables display: the reference
of the original work; implantation energy(when applicable), the element and
concentration used; the annealing temperature and details; the sign of the
free carriers measured; the density of the free carriers; and the mobility(when
applicable).
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Element Technique Annealing Sign Carrier Mobility
[cm−3] [℃] [cm−3] [cm2/Vs]

doping during growth

[19] MOVPE 1040℃ 2-3 µm GaN on 50 nm AlN buffer layer on sapphire
[19] 2x1020Mg I-V and Hall - resistive
[19] 2x1020Mg I-V and Hall LEEBI p 2x1016 8

[22]
[22] 700℃ N2 - 3x1017 10

[252] low-p. MOCVD
[252] - n 1x1017 400
[252] Mg C-V 20 min 650℃ in N2 p 7x1017

[81] MBE GaN on 150 ÅAlN buffer layer on α(6H)-SiC
[81] - I-V - - < 1016 > 100
[81] Mg I-V - p 1x1018 10

[253] MOVPE 800℃1 µm GaN/Si(111)
[253] 1x1020Mg p 6.1x1017 1.5
[253] 7x1019Mg p 6x1017 1.6
[253] 5x1019Mg p 5x1017 6
[253] 4x1019Mg p 3x1017

Table C.1: List of GaN samples with electrical doping during growth and
properties taken from scientific bibliographic references.
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Element Technique Annealing Sign Carrier Mobility
[cm−3] [℃] [cm−3] [cm2/Vs]

co-doping

[254] 1100℃ 0.2 µm GaN/AlGaN/AlN/sapphire
[254] Mg/Si alt. 50 p 2x1019 1
[254] Mg/Si alt. 100 p 2.8x1019 0.85
[254] Mg/Si alt. 200 p 3x1019 0.8
[254] Mg+Si 50 p 1x1018 1.3
[254] Mg+Si 100 p 2x1018 1.1
[254] Mg+Si 200 p 1x1019 1

[12] ab initio simulations
[12] Mg at 250℃ 1.2x1017

[12] Mg at 300℃ 2.1x1017

[12] Mg at 350℃ 3.2x1017

[12] Mg at 400℃ 1.1x1018

[12] Mg+Si at 250℃ 5.3x1017

[12] Mg+Si at 300℃ 8.2x1017

[12] Mg+Si at 350℃ 1.2x1018

[12] Mg+Si at 400℃ 8.9x1019

[12] Be at 250℃ 1.2x1017

[12] Be at 300℃ 2.1x1017

[12] Be at 350℃ 3.5x1017

[12] Be at 400℃ 1.0x1018

[12] Be+Si at 250℃ 5.2x1017

[12] Be+Si at 300℃ 8.6x1017

[12] Be+Si at 350℃ 1.2x1018

[12] Be+Si at 400℃ 9.5x1019

[255] Gas- MBE
[255] 1-2x1020Mg p
[255] Mg+0.05O p 4x1017

[255] Mg+O.0025O p 2x1018 40
[255] Mg+0.016O p 2x1018 40

[256] MOVPE 20µm GaN:Mg/sapphire
[256] Mg 5 min 950 n-p 1x1016-18

[256] MOVPE 0.7µm GaN:Mg+O/20µm GaN:Mg/sapphire
[256] Mg+O 5 min 950 n-p 7x1016-19

[257] MOCVD 1080℃ 1-2µm
[257] Mg RTA in N2 6x1017

[257] Mg+Zn RTA in N2 8.5x1017

Table C.2: List of GaN samples with electrical co-doping and properties taken
from scientific bibliographic references.



166 App. C Tables of nitrides electrical doping in the literature

Element Technique Annealing Sign Carrier
[cm−2] [℃] [cm−3]

[77] MBE 650-750℃ 0.5µm/530℃ 0.01µm on sapphire resistive
[77] 200 keV 2x1013 Si VTHE 690 in N2 1 h n 1.5x1015

[77] 70 keV 5x1012 Si VTHE 790 in N2 1 h n 2x1016

[77] 70 keV 5x1012 Si VTHE 850 in N2 1 h n 8x1016

[77] 40 keV 1x1014 Mg VTHE 690 in N2 1 h 1x1014

[77] 40 keV 1x1014 Mg VTHE 790 in N2 1 h 1x1015

[77] 40 keV 1x1014 Mg VTHE 850 in N2 1 h 1x1015

[77] MBE 650-750℃ 0.5µm/530℃ 0.01µm on sapphire conductive
[77] 200 keV 2x1013 Si VTHE 690 in N2 1 h n 1x1017

[77] 70 keV 5x1012 Si VTHE 790 in N2 1 h n 5x1017

[77] 70 keV 5x1012 Si VTHE 850 in N2 1 h n 5x1018

[77] 40 keV 1x1014 Mg VTHE 690 in N2 1 h 1x1014

[77] 40 keV 1x1014 Mg VTHE 790 in N2 1 h 1x1018

[77] 40 keV 1x1014 Mg VTHE 850 in N2 1 h 1x1018

[258] MOCVD GaN:Mg on 3µm GaN
[258] - Hall - 5.5x1016

[258] 150 keV x1014 Be Hall up to 1100 60 s in N2 2.3x1018

[258] 50 keV x1014 Be Hall up to 1100 60 s in N2 2.3x1019

[258] MOCVD GaN:Mg on 3µm GaN +700℃ 40 min
[258] 50 keV x1014 Be Hall 900 60 s in N2 2x1018

[258] 50 keV x1014 Be Hall 1000 60 s in N2 2x1018

[258] 50 keV x1014 Be Hall 1100 60 s in N2 8.1x1019

[258] 50 keV x1013 Be Hall 1100 60 s in N2 1.8x1019

[258] 150 keV x1013 Be Hall 1100 60 s in N2 3.1x1019

[258] 150 keV x1014 Be Hall 1100 60 s in N2 2x1018

Table C.3: List of GaN samples implanted with electrical dopants and carrier
density taken from scientific bibliographic references.

Element Technique Annealing Sign Sheet carrier
[cm−2] [℃] [cm−2]

[182] MOCVD at 1040℃ on sapphire
[182] 80 keV 5x1014 C VTHE 1000 in N2 10 s n 4x1012

[182] 80 keV 5x1014 C VTHE 1200 in N2 10 s n 5.5x1012

[182] 150 keV 5x1014 Mg VTHE 1000 in N2 10 s n 3.2x1012

[182] 150 keV 5x1014 Mg VTHE 1300 in N2 10 s p 7x1012

[182] 150 keV 5x1014 Mg VTHE 1400 in N2 10 s n 3.5x1012

[182] 200 keV 5x1014 S VTHE 1000 in N2 10 s n 1x1012

[182] 200 keV 5x1014 S VTHE 1200 in N2 10 s n 7x1012

[182] 600 keV 3-5x1014 Te VTHE 1000 in N2 10 s n 1x1012
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Element Technique Annealing Sign Sheet carrier
[cm−2] [℃] [cm−2]

[182] 600 keV 3-5x1014 Te VTHE 1400 in N2 10 s n 2x1013 sat.

[259] MOCVD 1040℃ 1.5-2µm/530℃ 20 nm on sapphire
[259] 100 keV 1x1014 Mg

+ 130 keV P Hall 1100 in N2 15-30 s n 1x1010

[259] 100 keV 1x1015 Mg
+ 130 keV P Hall 1100 in N2 15-30 s n 5x1011

[259] 100 keV 1x1016 Mg
+ 130 keV P Hall 1100 in N2 15-30 s n 5x1012

[15] MOCVD 1040℃ 0.5-3µm on sapphire
[15] 180 keV 5x1014 Mg VTHE 700 in N2 10 s n
[15] 180 keV 5x1014 Mg VTHE 900 in N2 10 s n
[15] 180 keV 5x1014 Mg VTHE 1000 in N2 10 s n
[15] 180 keV 5x1014 Mg VTHE 1100 in N2 10 s n
[15] 180 keV 5x1014 Mg

+250 keV 5x1014 P VTHE 1050 in N2 10 s p
[15] 180 keV 5x1014 Mg

+250 keV 5x1014 P VTHE 1100 in N2 10 s p 9.5x1011

[13] MOCVD 1040℃ 1.5-2µm/530℃ 20 nm on sapphire
[13] 180 keV 5x1014 Ca VTHE 1100 in N2 10 s p
[13] 180 keV 5x1014 Ca VTHE 1150 in N2 10 s p
[13] 180 keV 5x1014 Ca

+130 keV 5x1014 P VTHE 1100 in N2 10 s p 1.14x1012

[13] 180 keV 5x1014 Ca
+130 keV 5x1014 P VTHE 1150 in N2 10 s p 1.57x1012

[13] 70 keV 5x1014 O VTHE 1100 in N2 10 s n 5.9x1012

Table C.4: List of GaN samples implanted with electrical dopants and sheet
carrier density taken from scientific bibliographic references.

In AlN

The table C.5 compiles the published work on electrical doping and co-doping of
AlN during growth. The table C.6 compiles the published work on AlN electrical
doping by implantation. These tables display: the reference of the original work;
implantation energy(when applicable), the element and concentration used; the
annealing temperature and details; the sign of the free carriers measured; the
density of the free carriers.
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Element Technique Annealing Sign Carrier
[cm−3] [℃] [cm−3]

[254] 1100℃ 0.2µm AlxGa1−xN x=0.4/0.4µm AlGaN/ 3 mm AlN on sapphire
[254] 4x1018 Mg /

1x1019Si alternated p 6.3x1018

[255] Gas- MBE AlxGa1−xN x=0.08/ on sapphire
[255] 1.6x1020 Mg /

4x1018 O Hall CV 2x1018

[255] 1.3x1020 Mg /
3.4x1018 O Hall CV p 1x1018

[147] MOCVD 0.5µm AlN on sapphire
[147] 1x1021 Mg Hall 1200 p 2.5x1015

[76] MOVPE AlN on 4H-SiC (0001)
[76] 4.1x1018 Si Hall n 1.75x1015

[76] 8.8x1018 Si Hall n 3.23x1015

[44] MOVPE AlN on 4H-SiC (0001)
[44] 3.5x1017 Si Hall n 7.3x1014

[44] 2x1019 Mg Hall 800℃ 10 min N2 p 1x1011

[44] 200℃ 2x1019 Mg Hall p 3x1014

Table C.5: List of AlN samples with electrical doping during growth and
properties taken from scientific bibliographic references.

Element Technique Annealing Sign Carrier
[cm−2] [℃] [cm−3]

[12] MOCVD and MBE
[12] 2C+O ab initio p

[78] MOVPE 1µm AlN on sapphire
[78] ∼5x1015 90 keV Si Hall
[78] ∼5x1016 90 keV Si Hall n 8.8x1015

Table C.6: List of AlN samples implanted with electrical dopants and properties
taken from scientific bibliographic references.
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In InN

The table C.7 compiles the published work on electrical doping and co-doping of
InN during growth. The table C.8 compiles the published work on InN electrical
doping by implantation. These tables display: the reference of the original work;
implantation energy(when applicable), the element and concentration used; the
annealing temperature and details; the sign of the free carriers measured; the
density of the free carriers.

Element Technique Annealing Sign Carrier Mobility
[cm−3] [℃] [cm−3] [cm2/Vs]

[77] MBE 650-750℃ 0.5µm/530℃ 0.01µm on sapphire conductive

[45] MBE 500 nm InN on 200 nm GaN buffer on sapphire
[45] 2x1020 Mg EC-V Hall n surface 2x1014 42
[45] 2x1020 Mg EC-V Hall p 5x1013 15
[45] 1x1021 Mg EC-V Hall p 7x1014 90

[205] MBE 0.5µm InxGa1−xN x = 0.19 on AlN and GaN buffer on sapphire
[205] 1020 Mg EC-V p estimated 6x1019

[205] MBE 0.5µm InxGa1−xN x = 0.67 on AlN and GaN buffer on sapphire
[205] 1020 Mg EC-V p estimated 4x1019

[205] MBE 0.5µm InxGa1−xN x = 0.95 on AlN and GaN buffer on sapphire
[205] 1020 Mg EC-V p estimated 1x1019

[205]
[260] n 3 − 800x1017 16-2200
[260] Mg Hall 3 − 10x1018 27-57
[260] Mg Hall 2 MeV He+ 1 − 30x1020 40-1100

Table C.7: List of InN samples with electrical doping during growth and
properties taken from scientific bibliographic references.



170
App.C

Tables
ofnitrides

electricaldoping
in

the
literature

Element Technique Annealing Sign Sheet car. Mobility
[cm−2] [℃] [cm−2] [cm2/Vs]

[261] PAMBE InN on GaN buffer on sapphire
[261] Hall n 2x1018 600
[261] Hall 500℃ n 8x1018 900
[261] Hall 650℃ n 1x1022 10
[261] 5x1014 C 100 keV Hall n 4x1019 100
[261] 5x1014 C 100 keV Hall 45 s 500-650℃ N2 n 1-9x1020 70-150
[261] 2.5x1015 C 100 keV 45 s 500-650℃ N2 n 1-80x1020 10-100
[261] 1.2x1016 C 100 keV 45 s 500-650℃ N2 n 1-3x1022 4-8
[261] 2x1014 Zn 400 keV n 2x1020 20
[261] 2x1014 Zn 400 keV 45 s 500-650℃ N2 n 5-8x1021 30
[261] 1x1015 Zn 400 keV n 1x1021 18
[261] 1x1015 Zn 400 keV 45 s 500-650℃ N2 n 1x1022 4-10
[261] 5x1015 Zn 400 keV Hall 45 s 500-650℃ N2 n 1-8x1022 2-8
[261] 2x1014 Cd 650 keV 45 s 500-650℃ N2 n 2-100x1020 4-70
[261] 1x1015 Cd 650 keV 45 s 500-650℃ N2 n 8-11x1021 7-20
[261] 5x1015 Cd 650 keV Hall 45 s 500-650℃ N2 n 1-2x1022 4-10

Table C.8: List of InN samples implanted with electrical dopants and properties taken from scientific bibliographic
references.
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Results of impurity lattice
location in the nitrides found
in the literature

In this appendix, the lattice location of impurities results published so far are
compiled in the table D.1, for GaN, and in the table D.2, for AlN. The hexagonal
(near octahedral) sites of the crystal lattice are identified as “H”, the octahedral
sites are identified as “O”, “R” is used to address the impurities (A) fraction
that occupy random sites and the substitutional sites of Ga and Al are identified
as AGa and AAl, respectively.
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el. technique Fluence implant. annealing conclusion
[cm−2] [keV ] [℃]

[97] Pr RBS/C 7x1014 2min 1000 100% PrGa,
+30% R

[97] Pr RBS/C 7x1014 160 RT 2 min 1000℃ 81% PrGa
[97] Ce RBS/C 1.2x1015 160 RT 2 min 1000℃ 97% CeGa
[97] Eu RBS/C 1.5x1015 160 RT 2 min 1000℃ 100% EuGa
[97] Dy RBS/C 8x1014 160 RT 2 min 1000℃ 96% DyGa
[97] Er RBS/C 5x1014 160 RT 2 min 1000℃ 78% ErGa
[97, 262] Tm RBS/C 7x1014 160 RT 2 min 1000℃ 83% TmGa
[97] Lu RBS/C 9x1014 160 RT 2 min 1000℃ 82% LuGa

[97] 151Eu Mössbauer 7x1014 120 RT 2 doublets ascribed,
to EuGa +near EuGa

[97] 111In EC+PAC
[109] 111In EC+PAC 3x1013 100 10 min up to 800℃ 90% InGa
[109] 111In EC+PAC 3x1013 400 10 min up to 800℃ 90% InGa
[109] 111In EC+PAC 3x1013 285 10 min up to 800℃ 90% InGa
[109,110] 8Li EC 2x1013 60 < 40% LiGa +> 60% H
[109,110] 8Li EC 2x1013 60 10-30min 500℃ > 60% LiGa +< 40% H
[109] 24Na EC 2x1013 30 44% NaGa +56% H
[109] 24Na EC 2x1013 30 10-30min 800℃ 44% NaGa +56% H
[109] 89Sr EC 2x1013 60 10 min 800℃ 70% SrGa
[263] 59Fe EC 1x1013 60 10 min up to 900℃ 80% FeGa
[102] 89Sr EC
[97] Pr RBS/C 7x1014 100% PrGa +30% R
[175] 142Ce(Pr) 1x1013 60 10 min up to 900℃ 80% PrGa
[102] 141Ce EC 1.4x1013 60 10 min up to 900℃ 50% CeGa
[102] 141Ce(Pr) EC 1.4x1013 60 10 min up to 900℃ 50% PrGa
[102] 147Nd EC 1x1013 60 10 min up to 900℃ 65-70% NdGa
[102] 147Nd(Pm) EC 1x1013 60 10 min up to 900℃ 65-68% PmGa
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el. technique Fluence implant. annealing conclusion
[cm−2] [keV ] [℃]

[102] 149Pm EC 1x1013 60 10 min up to 900℃ 45-50% PmGa
[102] 149Gd EC 2x1013 60 60% GdGa
[102] 149Gd(Eu) EC 2x1013 60 10 min up to 900℃ 65% EuGa
[102] 153Sm EC 2x1013 60 10 min up to 900℃ 80% SmGa
[102] 153Sm(Eu) EC 2x1013 60 10 min up to 900℃ 85% EuGa
[102] 167Tm(Er) EC 2.9x1013 60 10 min up to 900℃ 90% ErGa
[102] 167Tm(Er) EC 1.8x1013 60 10 min up to 900℃ 88-92% ErGa

[102]
16O + 5x1014 11 10 min up to 900℃

167Tm(Er) EC 1.9x1013 60 10 min up to 900℃ 88-98% ErGa

[102]
12C + 5x1014 8 10 min up to 900℃

167Tm(Er) EC 2x1013 60 10 min up to 900℃ 87% ErGa

[102]
166Er+ 5x1014 60 10 min up to 900℃
167Tm EC 1.9x1013 60 10 min up to 900℃ 89% TmGa

[102] 170Lu(Yb) EC 1.6x1013 60 10 min up to 900℃ 80-90% YbGa
[102] 197Hg(Hg) EC - 60 38% HgGa
[102] 153Hg(Au) EC - 60 39% AuGa
[102] 153Sm(Eu) EC 2x1013 60 85% EuGa
[102] 153Sm(Eu) EC 2x1013 60 10 min up to 900℃ 85% EuGa
[102] 24Na EC 4.80x1012 60 50% NaGa + 50% H
[102] 24Na EC 4.80x1012 60 10 min 900℃ 70% NaGa + 20% H
[102] 45Ca EC 8-15x1012 60 95% CaGa
[102] 45Ca EC 8-15x1012 60 10 min up to 1300℃ 60-95% CaGa
[111,112] 56Mn EC 2x1013 50 10 min up to 900℃ 80% MnGa +20% MnN
[112] 61Mn(Co) EC 2x1013 60 10 min up to 900℃ 80% CoGa +20% CoN
[112] 65Ni EC NiGa
[102] 67Cu EC 1x1014 60 45% CuGa
[102] 67Cu EC 1x1014 60 10 min up to 900℃ 50-60% CuGa
[102] 72Ga EC 5x1012 60 10 min up to 900℃ 90-95% GaGa
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el. technique Fluence implant. annealing conclusion
[cm−2] [keV ] [℃]

[102] 89Sr EC 1.8x1013 60 10 min up to 900℃ 60% SrGa
[102] 121Sn EC 1x1013 60 10 min up to 850℃ 40% SnGa

[141] 73As EC 8-70x1012 60 10 min up to 850℃ 55-65% AsGa +
40-45% AsN

[229] 119Sb Möss. 4x1013 23.9 20 min up to 1000℃ in N2 15% SbGa +85% SbN

Table D.1: Lattice site occupied by dopants in GaN and experimental conditions.
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Appendix E

X-ray diffraction procedure

The easiest way to calculate the angles for your XRD measurements is to:

• Define the lattice structure

• Define the lattice vectors

• Define the reciprocal lattice

• Define the necessary functions to calculate the angles

• Use the angles to find the planes and axis to measure

I used WXmaxima, but Mathematica or any other similar document based
interface for the computer algebra can be used in a similar way, provided the
necessary adjustments are made.

Define the lattice structure

The lattice parameters a1,a2 and a3, and angles alpha, beta and gamma are
used to define the lattice structure. The structures used in this work are always
wurtzite, however for completion I will include the definition of the cubic. In
order to obtain the angles, one can define these parameters in a general way.

Cubic:

a2:a1;
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a3:a1;
alpha:%pi/2;
gamma:alpha;
beta:alpha;

Wurtzite:

a1:a2;
a3:a2*sqrt(8/3);
gamma:120*%pi/180;
alpha:%pi/2;
beta:%pi/2;

On the other hand, to calculate the values of the angles, rather than the
expression, one must define the specific structure. For instance, for InN the
parameters are defined as follows.

InN:

a2:a1;
a1:3.5377;
a3:5.704;
gamma:120*%pi/180;
alpha:%pi/2;
beta:%pi/2;

The basis parameters for the different compounds are in table E.1.

Compound a1 a2 a3 α β γ

wurtzite a1 a1 a2
√

( 8
3 ) α β γ

AlN 3.11 a1 4.98 2π
3

π
2

π
2

GaN 3.16 a1 5.12 2π
3

π
2

π
2

InN 3.54 a1 5.70 2π
3

π
2

π
2

Table E.1: Lattice parameters of the wurtzite nitride compounds.
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Define the lattice vectors

Describe the lattice vectors of the lattice system A1, A2, A3, considering the
angles done between them, using the “vector” library. The vectors are defined
as Ai = (aix,aiy,aiz), where i is a natural number between 1 and three.

load("vect");

A1:[a1,0,0];
A2:[a2*cos(gamma),a2*sin(gamma),0];
A3:[a3x,a3y,a3z];
f1:A3.A1=a3*a1*cos(beta);
f2:A3.A3=a3*a3;
f3:A3.A2=a3*a2*cos(alpha);
R:(solve ([f1, f2, f3],[a3x,a3y,a3z]))[1];

The software solves the equation system in function of A3:

[a3x = a3 cos (β) ,

a3y = −a3 cos (β) cos (γ)− a3 cos (α)
sin (γ) ,

a3z = (a3
√

(− cos (β)2 sin (γ)2 + sin (γ)2 − cos (β)2

cos (γ)2 + 2 cos (α) cos (β) cos (γ)− cos (α)2))/ sin (γ) ]

Define A3 with the obtained solution:

A3:[a3*cos(beta),
-(a3*cos(beta)*cos(gamma)-a3*cos(alpha))/sin(gamma),
a3/sin(gamma)*sqrt(sin(gamma)*sin(gamma)+
2*cos(alpha)*cos(beta)*cos(gamma)+
sin(beta)*sin(beta)+sin(alpha)*sin(alpha)-2)];

The defined lattice vectors for the different compounds are in table E.2.
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Compound A1 A2 A3

wurtzite [a1, 0, 0] [−a2
2 ,
√

3 a2
2 , 0] [0, 0, 2

3
2
√

3 a2
3 ]

AlN [3.11, 0, 0] [−1.56, 1.56
√

3, 0] [0, 0, 4.98]
GaN
InN [3.54, 0, 0] [−1.77, 1.77

√
3, 0] [0, 0, 5.70]

Table E.2: Primitive lattice vectors of the wurtzite nitride compounds.

Define the reciprocal lattice

The reciprocal lattice is defined from the vector basis as:

B1 = 2π A2×A3
A1.(A2×A3) , B2 = 2π A3×A1

A2.(A3×A1) , B3 = 2π A1×A2
A3.(A1×A2)

a2a3:express(A2~A3);
B1:2*%pi*a2a3/(A1.a2a3);
a3a1:express(A3~A1);
B2:2*%pi*a3a1/(A2.a3a1);
a1a2:express(A1~A2);
B3:2*%pi*a1a2/(A3.a1a2);

This automatically results, respectively, in:

[ 2π
a1 ,−

2π cos (γ)
a1 sin (γ) ,

2π
(
a2 cos(γ) (a3 cos(α)−a3 cos(β) cos(γ))

sin(γ) − a2 a3 cos (β) sin (γ)
)

a1 a2 a3
√

sin (γ)2 + 2 cos (α) cos (β) cos (γ) + sin (β)2 + sin (α)2 − 2
]

[0, 2π
a2 sin (γ) ,

− 2π (a3 cos (α)− a3 cos (β) cos (γ))

a2 a3 sin (γ)
√

sin (γ)2 + 2 cos (α) cos (β) cos (γ) + sin (β)2 + sin (α)2 − 2
]

[0, 0, 2π sin (γ)

a3
√

sin (γ)2 + 2 cos (α) cos (β) cos (γ) + sin (β)2 + sin (α)2 − 2
]

The reciprocal lattice vectors for the different compounds are in table E.3.
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Compound B1 B2 B3

wurtzite [ 2π
a2 ,

2π√
3 a2 , 0] [0, 4 3−

1
2 π

a2 , 0] [0, 0,
√

3π√
2 a2 ]

AlN [0.643π, 0.643π√
3 , 0] [0, 1.29π√

3 , 0] [0, 0, 0.402π]
GaN
InN [0.57π, 0.57π√

3 , 0] [0, 1.13π√
3 , 0] [0, 0, 0.35π]

Table E.3: Reciprocal lattice vectors of the wurtzite nitride compounds.

Define the necessary functions to calculate the
angles

Angle between directions in the real basis:

Considering the vector v and w, the angle made between them is given by:
angle(v, w) = 180

π acos
(

v.w
|v||w|

)
v:vx*A1+vy*A2+vz*A3;
w:wx*A1+wy*A2+wz*A3;
rangle(v,w):= acos(v.w/(sqrt(v.v)*sqrt(w.w)))*180/%pi;

As a result, the angles obtained for the different compounds, between the surface
direction ([0001]) and several orientations used in EC (typically called the M1
angle in the EC setup), are compiled in table E.4.

Compound [0001] [1̄102] [1̄101] [2̄113]
wurtzite 0 27.94 46.69 28.37
AlN 0 28.41 47.25 28.84
GaN 0 28.12 46.91 28.56
InN 0 28.24 47.05 28.68

Table E.4: Angles between the surface direction and the axes of various
orientations used for the group-III nitride compounds EC experiments.
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Angle between a plane and the surface direction:

The angle between a direction and a plane Ghkl is obtained, from the angle
between the direction and the plane’s normal [h, k, l]. In the case of the vector
being the surface normal v0001 it is simplified and the previous function can be
re-used.

v001:1*B3;
G:h*B1+k*B2+l*B3;
pangle(G):=float(rangle(G,v001));

The angles of several planes with the surface direction, obtained for the different
compounds, are compiled in table E.5. These values are used in the XRD
measurements as the inclination angles (χ).

Compound (1̄102) (1̄101) (2̄113) (101̄5) (101̄3) (101̄2) (101̄1) (303̄2)
Wurtzite 43.31 62.06 47.43 20.66 32.15 43.31 58.52 70.53

AlN 42.75 61.59 46.87 20.29 31.65 42.75 58 70.17
GaN 43.09 61.88 47.21 20.51 31.95 43.09 58.32 70.39
InN 42.95 61.76 47.07 20.42 31.82 42.95 58.19 70.30

Table E.5: Inclination angles obtained for the various planes for the III-nitride
compounds.

Distance between planes along the surface and Bragg reflection
angle:

The Bragg reflection angle θ is calculated and from the Bragg equation (nλ =
2d sin θ, where n is a natural number called the index of diffraction and lambda
is the Bragg reflection for Cuα) the planes distance d (d = 2π

|Ghkl| ) is obtained.

Gv:h*B1+k*B2+l*B3;
lamda:1.54;
theta(d,n):=asin(n*lamda/(2*d))*180/%pi;
d(G):=2*%pi/(sqrt(G.G));

The Bragg diffraction angle (θ) obtained for the different compounds are
compiled in tables E.6, E.7 and E.8. Where w is 0.4715.
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Compound (0001) (0002) (1̄102) (1̄101) (2̄113)
Wurtzite
57.295 asin

(
w
|a1|

)
asin

(
2w
|a2|

)
asin

(
1.30
|a2|

)
asin

(
1.01
|a2|

)
asin

(
2.09
|a2|

)
AlN 8.89 18.01 24.91 18.97 42.73
GaN 8.65 17.50 24.32 18.60 41.62
InN 7.76 15.66 21.65 16.58 36.48

Table E.6: Diffraction angles obtained for the various planes for the group-III
nitride compounds.

Compound (101̄5) (101̄3) (101̄2) (101̄1) (303̄2)
Wurtzite
57.295 asin

(
2.52
|a2|

)
asin

(
1.67
|a2|

)
asin

(
1.30
|a2|

)
asin

(
1.01
|a2|

)
asin

(
2.83
|a2|

)
AlN 55.51 33.01 24.91 18.96 65.74
GaN 53.41 32.12 24.32 18.60 63.65
InN 46.07 28.47 21.65 16.58 53.21

Table E.7: Diffraction angles obtained for the various planes for the group-III
nitride compounds.

Compound (112̄2)
Wurtzite
57.295 asin

(
1.30
|a2|

)
AlN 24.91
GaN 24.32
InN 21.65

Table E.8: Diffraction angles obtained for the various planes for the group-III
nitride compounds.

Use the angles to find the planes and axis to measure

The XRD setup has usually several degrees of freedom: the θ angle, between
the incoming X-ray beam and the sample; the Ω angle, between the detector
and the X-ray incoming beam; the χ angle, the inclination of the sample holder;
and the φ angle, of the sample holder rotation.

When looking for the diffraction from a certain plane of a single-crystal, the
first thing to do is to find the optimum conditions at which there is diffraction.
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For that, one looks for the diffraction of the (0002) plane. The diffraction will
occur when the θ has the angle of diffraction from the plane and Ω about twice
as much. Once the θ and Ω are optimised for the (0002) the angles are reset for
the diffraction of the plane to measure, including the inclination angle. Then a
long scan over the rotation angle will allow to find the diffraction. The long
scan must include the diffraction plane, so if the crystal symmetry will have it
repeated every 60 or 90 °, a larger angle than that is required to be scanned.
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