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Introdu
tionGroup III-V nitrides are the most promising materials for produ
tion of photoni
devi
es as well as high-temperature/high-power ele
troni
 devi
es. The re
entyears they be
ame extremely popular due their unique properties su
h as a dire
tbandgap varying from 0.7 eV for InN to 6.2 eV for AlN, piezoele
tri
ity, high
hemi
al and thermal stability et
 [1℄. In our investigations, we fo
us mainly onwurtzite Gallium Nitride (GaN) heteroepitaxial layers and additionally 
onsiderAluminium Gallium Nitride (AlGaN) alloy. The main physi
al properties andappli
ations of GaN are brie�y dis
ussed in Se
. 1.GaN epitaxial layers have a lot of stru
tural defe
ts espe
ially threadingdislo
ations, whi
h 
ross the entire GaN layer and 
ome out perpendi
ularly onits surfa
e. Depending on the dislo
ation densities GaN 
an be used for variousappli
ations. Ex
eeding the maximum a

eptable value of dislo
ation densities(about 109 
m−2) the grown material be
omes unsuitable for parti
ular industrialuses. Sta
king faults are another type of defe
ts in GaN that o

ur mostly in�lms with non-polar orientation. The general des
ription of stru
tural defe
ts in
rystalline material as well as the 
hara
terization of the most typi
al defe
ts forGaN layers are given in Se
. 2.In our work, we study several series of samples of GaN and AlGaN with dif-ferent 
rystallographi
al orientations grown on foreign substrates by our partnersfrom University of Ulm. The growing te
hnique used to produ
e these samples isknown as metal-organi
 vapour phase epitaxy. This method 
onsists in epitaxialdeposition from gases on the hot substrate surfa
e. In Se
. 3 one 
an �nd thereview of various growth te
hniques and spe
i�
ation of the samples with di�erentorientations under study. The 
onne
tion between the growth pro
ess and desiredstru
ture on a nanos
ale is often non-obvious. One of the most important 
riterionto estimate the quality of the 
ertain growth te
hnique is to determine the densityof defe
ts in the layers. Therefore a reliable method for the determination of thedislo
ation and sta
king faults density is of a 
ru
ial importan
e.In order to solve the problem mentioned above, a large number of methodsbased on di�erent te
hniques has been already developed. They 
an be dividedon dire
t and indire
t depending on data, whi
h we analyse to obtain �nalinformation about the dislo
ation densities. The detailed overview of the mostwidely used methods, their advantages and disadvantages 
an be found in Se
.5. One of the most 
ommon methods to determine the density of threadingdislo
ations in thin �lms is to use non-destru
tive x-ray te
hnique (see Se
. 4).The analysis of di�use x-ray s
attering from imperfe
t 
rystals is usuallybased on the assumption that the di�ra
ted wave is averaged over the statisti
alensemble of all defe
t 
on�gurations. In this 
ase the 
al
ulation 
an be donemanually by means of well-known Krivoglaz theory [2℄. However very often wedeal with the obje
ts, whi
h do not obey the averaging prin
iples and require aspe
i�
 approa
h for their des
ription. Thin �lms of GaN or AlGaN are goodexamples of su
h kind of materials. Therefore we applied a numeri
al MonteCarlo method within the kinemati
al approximation and the far-�eld limit inthe s
attering theory. The result of our simulation is a set of re
ipro
al-spa
emaps 
al
ulated in 
oplanar and grazing-in
iden
e di�ra
tions. The results of4




al
ulations are 
ompared with experimental data obtained at laboratory x-raydi�ra
tometer as well as by use of syn
hrotron radiation sour
es.Our Monte Carlo te
hnique enables to determine the density of edge ands
rew threading dislo
ations in polar GaN layers and the density of basal sta
kingfaults in 
ase of non-polar �lms. We su

eeded to a
hieve high enough a

ura
yin our simulation (the error is estimated less than 15 %) 
omparable to advan
edmethod developed by V. Kaganer et al. [3℄ and results of transmission ele
tronmi
ros
opy. A detailed des
ription of our experimental te
hnique and theoreti
alapproa
h 
an be found in Se
. 6-9. The resulting densities are 
ompared toones obtained with another methods and the advantages and weaknesses of uorapproa
h are dis
ussed in 10Our theory is expounded to 
hara
terization of AlGaN bilayer system. We per-form simulations taking into a

ount two layers of AlGaN material with di�erentthi
knesses and densities of threading dislo
ations and obtain independently thedensity of s
rew dislo
ations in both layers. We demonstrate a good agreementbetween our simulations and experimental data in 
ase of more 
ompli
atedheteroepitaxial N-based 
ompounds.
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1. Des
ription of Gallium NitrideMaterial1.1 Basi
 parameters of GaNGallium nitride is nowadays the most important semi
ondu
tor material sin
eSili
on (Si). Its wide band gap of 3.4 eV along with the latest advan
ementsin GaN substrate manufa
turing te
hnology makes it useful for a variety ofappli
ations des
ribed in detail in Se
. 1.2. GaN based devi
es and produ
ts o�era wide variety of 
ompelling advantages and superior performan
e 
hara
teristi
sover the in
umbent options [1, 4, 5℄.Gallium nitride is a very hard, me
hani
ally stable material with high thermal
apa
ity. In its pure form it is able to resist 
ra
king and 
an be stored as a thin�lm on sapphire or sili
on 
arbide wafers, despite the mismat
h in their latti
e
onstants. GaN 
an be alloyed with sili
on or oxygen forming the N-type andmagnesium forming the P-type 
ondu
tivity. However, the atoms of sili
on andmagnesium alter the path of GaN 
rystal growth giving rise the stati
 tension,whi
h makes them brittle. As a rule, 
ompounds of GaN have large number of
rystallographi
 defe
ts.A favourable 
ombination of many 
hemi
al and physi
al properties opensup broad prospe
ts for gallium nitride appli
ation in various �elds of ele
troni
s.High 
hemi
al, thermal and radiation resistan
e of GaN makes it suitable for themanufa
ture of devi
es operating in adverse 
onditions. Good thermal 
ondu
-tivity removes many problems of 
ooling of the working area, and a 
ombinationof high saturation velo
ity of ele
trons and a large breakdown �eld makes itsuitable for the 
onstru
tion of high-power, high-frequen
y and high-temperaturetransistors. The interest in gallium nitride has in
reased signi�
antly be
ause ofthe su

ess in obtaining high quality epitaxial layers and their implementationon the basis of e�
ient light-emitting diodes for the blue and blue-green spe
-tral region, as well as the blue laser diode operating in 
ontinuous mode at atemperature of 20 oC.Gallium nitride 
an exist in either in wurtzite or in zin
-blende 
rystallograph-i
 modi�
ations. The primitive GaN unit 
ell 
ontains 4 atoms, in the 
ase ofthe wurtzite stru
ture (spa
e group P63mc), and 2 atoms, in the 
ase of the zin
-blende stru
ture (spa
e group F 4̄3m). For wurzite GaN the unit 
ell parametersin lateral and verti
al dire
tions at room temperature are a = 0.3186 nm and
c = 5.178 nm respe
tively. For zin
-blende GaN a = 0.452 nm. In our work, wefo
us on wurzite GaN and its 
ompounds.There are several equivalent ways to de�ne the unit 
ell. For the purposesof our investigation we will de�ne the stru
tures as follows. The shape of thewurtzite 
ell is a verti
ally oriented prism, with the base de�ned by the primitivelatti
e ve
tors a and b, whi
h are of equal lengths and are separated by an angleof 60o. The height of the 
ell is de�ned by the ve
tor c, whi
h is oriented verti
allyat 90 o to both a and b. In the "ideal" wurtzite stru
ture a = b, and c is related

6



Ga N

aa

c

Figure 1.1: The unit 
ell ofwurtzite GaN.to a as
c = 2

√
2

3
a. (1.1)To spe
ify the positions of atoms within the 
ell the fra
tional 
oordinatesare usually used for 
onvenien
e. If a point r has Cartesian 
oordinates (x, y, z),then its fra
tional 
oordinates [x′, y′, z′] are de�ned as

r = x′a+ y′b+ z′c (1.2)The Ga atoms are positioned that one is at the origin [0, 0, 0] and another is at
[
1

3
,
1

3
,
1

2
]. The N atoms are pla
ed dire
tly above the Ga atoms, namely at [0, 0, 3

8
]and [

1

3
,
1

3
,
7

8
]. A graphi
al representation of the wurtzite 
ell is shown in Figure1.1.The shape of the primitive two-atom zin
 blende 
ell is an equal-sided paral-lelepiped that 
an be most easily visualised by a larger 8-atom 
ubi
 
ell. This
ubi
 
ell has Ga-atoms at the origin and in the 
entre of ea
h of the three fa
esthat tou
h the origin. Ea
h N-atom is shifted with respe
t to Ga-atom at adispla
ement of [1

4
,
1

4
,
1

4
]. The latti
e ve
tors de�ning the primitive 
ell are thethree ve
tors going from the origin to the 
entre of the three fa
es where theGa-atoms are lo
ated. These ve
tors are of equal length and are separated fromea
h other by angles of 60o. The three Ga-atoms on the fa
es of the 
ube are notin the primitive 
ell as they are simply the periodi
 repetitions of the atom atthe origin. . The primitive 
ell thus 
ontains a Ga-atom at [0, 0, 0] and N-atomat [1

4
,
1

4
,
1

4
].1.2 Te
hni
al appli
ations of GaN1.2.1 Light emitting diodesThe III-V nitride material system, whi
h in
ludes AlN, GaN, InN, and theiralloys, has been extensively investigated due to their appli
ations in light-emitting7



diodes (LED), laser diodes, and photodete
tors [6℄. LEDs are used in variouslighting appli
ations, in
luding �ash lights, automotive lighting, tra�
 signals,TVs and very large displays, and they are now widely 
ommer
ially available.The band gap of the InGaN material system now ranges from the infraredto the ultraviolet region. In addition to the wide band gap range, the nitridesalso demonstrate favourable photovoltai
 properties su
h as low e�e
tive mass of
arriers, high mobilities, high peak and saturation velo
ities, high absorption 
o-e�
ients, and radiation toleran
e. The III-V nitride te
hnology has demonstratedthe ability to grow high-quality 
rystalline stru
tures and fabri
ate optoele
troni
devi
es, whi
h 
on�rms its potential in high-e�
ien
y photovoltai
. While the
ommer
ially available violet and blue LEDs use high-band gap InGaN as thea
tive material, the relevant material for photovoltai
s is the lower band gapInGaN employed in re
ently emerging blue-green LEDs. However, due to thepresent te
hnologi
al 
hallenges in the epitaxy of low band gap optoele
troni
quality InGaN and additional requirements posed during solar 
ell fabri
ation,III-V nitride photovoltai
s still remain a promising but a largely unexploredappli
ation.1.2.2 Solar 
ellsThe dire
t and wide band gap range makes the InGaN material system use-ful for photovoltai
 appli
ations due to the possibility of fabri
ating not onlyhigh-e�
ien
y multijun
tion solar 
ells but also third-generation devi
es su
h asintermediate-band solar 
ells based solely on the nitride material system. Thes
hemati
 of a typi
ally fabri
ated solar 
ell is the following. Undoped lowerband gap test InGaN is sandwi
hed between the top p- and the supporting n-type GaN jun
tions to ensure fabri
ation due to the ease of growth and maturityof fabri
ation te
hnology for GaN 
ompared to InGaN [7℄.Initial spe
trometry of the grown GaN and high-band gap InGaN samples
on
ur with literature values measuring absorption 
oe�
ients of the order of 105
m−1 at the band edge at 3.2 eV. These high values indi
ate that more than 99%of the in
ident light with energy greater than the band gap is absorbed withinthe �rst 500 nm of the material, limiting the thi
kness requirement of the solar
ell to this value. The thi
kness of the InGaN region is typi
ally limited to 200nm.The primary 
hallenge at the epitaxial growth III-V nitride photovoltai
s is theredu
tion of phase separation, sin
e the lower band gap phase-separated materialenhan
es re
ombination de
reasing the photogenerated 
urrent. The quantume�
ien
y 
an be further enhan
ed by optimizing grid 
onta
ts for low resistan
eand be brought 
lose to unity as 
on�rmed by simulations. The e�
ien
y of theGaN/InGaN solar 
ells 
an generally be in
reased by lowering their band gapsand enhan
ing absorption for pra
ti
al appli
ations. However, phenomenon su
has polarization, whi
h tends to substantially in�uen
e the performan
e of III-Vnitride devi
es, and advan
e 
onta
ting s
hemes su
h as short-period superlatti
esare 
urrently investigated for the next step of enhan
ement.
8



1.2.3 Power ampli�ersChallenged with the demand to engineer higher-performing, more-e�
ient andlower-
ost systems in a shorter time-to-market, many designers have fo
used onpower ampli�ers. Power ampli�ers are a primary performan
e and 
ost fa
tor indesigning next-generation 
ommuni
ation systems, and an advan
ed transistor
an enable designers to meet their design goals.Improving the e�
ien
y of a power ampli�er 
an signi�
antly enhan
e a de-sign. In amplifying high peak- to average-power radio frequen
y signals, as mu
has 90% of the power 
onsumed is lost to heat. This heat results in high thermalmanagement demands, in
reasing heat sink 
osts (
apital expenses) as well asnode size and air-
onditioning 
osts (operating expenses). This double penaltyfor power-transistor e�
ien
y translates into a double bene�t when performan
eis improved.With the trend toward in
reasing data 
onsumption among mobile terminalsubs
ribers has 
ome the need for in
reased 
hannel and 
arrier bandwidth. Asengineers are asked to provide wider-bandwidth power ampli�ers up to 200 MHz,traditional te
hnologies su
h as Si laterally di�used metal oxide semi
ondu
tors(LDMOS) su�er signi�
ant e�
ien
y penalties. The adoption of GaN on Si allowsthe use of traditional pa
kaging te
hnologies 
ommon to Si LDMOS, eliminating
on
erns asso
iated with new pa
kage engineering.The relatively high input and output impedan
es of gallium nitride devi
esallow these bandwidths to be a
hieved while maintaining higher e�
ien
y thantraditional te
hnologies. This allows high-e�
ien
y ar
hite
tures to provide sub-stantial improvements while in
reasing ampli�er bandwidth.The primary problem with foreign sapphire or SiC substrates for GaN has beena
hieving low enough defe
t density on large enough wafers to make large-areatransistors 
ost-e�e
tive. As a result, 
ommer
ial su

ess for GaN has been largelylimited to LED appli
ations, whi
h have a high toleran
e for these defe
ts. Morere
ently, GaN has been su

essfully grown on traditional Si wafer substrates usingwell understood pro
essing te
hniques and equipment for III-V semi
ondu
tors.With high-quality Si wafers being 
ommonly available at very low 
osts, defe
tsand substrate 
osts are no longer an issue. Furthermore the ability to s
ale tohigh-volume manufa
turing is straightforward.Until re
ently, market a

eptan
e of GaN te
hnology has also been hinderedby the la
k of 
omprehensive reliability data. Pro
ess and produ
t quali�
ationdo
uments are now published that show reliability meeting or ex
eeding industrystandards.
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2. Stru
tural Defe
ts in Crystals2.1 General des
ription of 
rystallographi
 defe
tsCrystalline solids are 
hara
terized by periodi
 
rystal stru
ture. In ideal 
rystals,their atoms, ions or mole
ules (later only atoms) form the periodi
 
rystal latti
ewith the �xed unit 
ell parameters. However, real 
rystals 
ontain imperfe
tions
alled 
rystallographi
 defe
ts. They lo
ally disturb the regular arrangementof atoms that breaks the perfe
t translational symmetry in the 
rystal. Theseimperfe
tions 
an be 
lassi�ed a

ording to their dimensional extension as point,line, planar or surfa
e and bulk or volume defe
ts. The presen
e of defe
tsstrongly a�e
ts the properties of 
rystalline solids.2.1.1 Line defe
tsLinear or one-dimensional defe
ts are defe
ts in 
rystals, whi
h sizes in onedire
tion are mu
h larger than the latti
e parameter and in the other two are
omparable to it. Dislo
ations are linear defe
ts around whi
h some of the atomsof the 
rystal latti
e are misaligned. They represent the border areas of un�nishedshift in the 
rystal. Dislo
ations o

ur during 
rystal growth, with its plasti
deformation, and in many other 
ases. The dislo
ation theory was originallydeveloped by Vito Volterra in 1905 but the term 'dislo
ation' was introdu
edlater by Professor Sir Frederi
k Charles Frank [8, 9℄.In materials s
ien
e, dislo
ations are 
rystallographi
 defe
ts or irregularities,within a 
rystal stru
ture. Their presen
e, distribution and behaviour of externalin�uen
es determine the most important me
hani
al properties of the material.A detailed study of linear latti
e defe
ts is 
oupled with their strong in�uen
e onthe strength and plasti
ity of pra
ti
ally all 
onstru
tion of 
rystalline materials.Theory of strength of 
rystals, whi
h do not re
ognize this type of defe
ts, 
ouldnot even approximately explain the observed me
hani
al properties of both mono-and poly
rystalline materials. The quantitative des
ription of the dislo
ation isgiven by Burgers ve
tor. Its atomisti
 de�nition is derived from the Burgers loopin the deformed and ideal 
rystal latti
es. This is an arbitrary 
losed 
lo
kwise
ir
ulation around a dislo
ation as a ve
tor 
hain of the basis ve
tors of thelatti
e. The se
ond Burgers loop, plotted in the similar 
rystal latti
e withoutany dislo
ation, is 
ompared with the �rst loop. The di�eren
e between thestarting and ending points in the inta
t 
rystal is 
alled the Burgers ve
tor bthat des
ribes the magnitude and dire
tion of latti
e distortion. A graphi
aldetermination of the Burgers ve
tor of the edge dislo
ation is presented in Fig.2.1.Ex
ept the Burgers ve
tor, every dislo
ation is 
hara
terized by the dislo
ationline and the angle φ between the dislo
ation line and the Burgers ve
tor. When
φ = 0 this type of defe
t is 
alled a s
rew dislo
ation, with φ = 90o we speakabout an edge dislo
ation. A simple s
hemati
 diagram of an edge and a s
rewdislo
ation is illustrated in Fig. 2.2. In 
ase of other φ values the dislo
ation is
alled mixed and it 
an be de
omposed into pure s
rew and pure edge 
omponents.The dislo
ations found in real materials typi
ally are mixed, meaning that they10



Figure 2.1: The de�nition of the Burgers ve
tor of edge dislo
ation. TheBurgers loop is depi
ted with light violet dashed lines. The pi
ture is takenfrom Wikipedia.have 
hara
teristi
s of both [10℄.An edge dislo
ation is a defe
t where an extra half-plane of atoms is in-trodu
ed inside the 
rystal, distorting nearby planes of atoms. When enoughfor
e is applied from one side of the 
rystal stru
ture, this extra plane passesthrough planes of atoms breaking and joining bonds with them until it rea
hesthe grain boundary. An edge dislo
ation 
an be visualized as being 
aused bythe termination of a plane of atoms in the middle of a 
rystal. In su
h a 
ase,the surrounding planes are not straight, but instead bend around the edge of theterminating plane so that the 
rystal stru
ture is perfe
tly ordered on either side.Edge dislo
ations are 
onventionally divided into positive and negative. Posi-tive dislo
ations 
orrespond to the 
ase when the top is an extra atomi
 half-plane.

Figure 2.2: The s
hemeof edge and s
rew disl
a-tions with their dislo
a-tion lines.11
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Figure 2.3: The s
hemati
representations of a)positive-edge and b)negative-egde dislo
ation.The atoms above the dislo
ation line are squeezed together due to the extra half-plane that results in a 
ompressive stress �eld. Below the dislo
ation line theextra plane imposes a tensile stress on the latti
e. It is easy to see that thesetwo dislo
ations are distinguished only by turning by 180o as it is shown in Fig2.3. The for
es of the elasti
 intera
tion between dislo
ations depend on the signof the dislo
ation. Depending on 
ir
umstan
es they may 
an
el ea
h other out,attra
t, repel or be
ome entangled. When two dislo
ations with the same signon the same slip plane meet the intera
tion of their 
ompressive stress �elds will
ause them to repel ea
h other. If they have opposite signs however their tensileand 
ompressive �elds will attra
t. When they meet the two half-planes of atomswill join to be
ome one whole plane and the dislo
ations will 
an
el ea
h otherout.A s
rew dislo
ation is mu
h harder to be visualized. Let us 
onsider a 
ut ofa 
rystal along a plane and a slip of one half a
ross the other by a latti
e ve
tor,when the halves are �tted ba
k together without leaving a defe
t. If the 
ut onlygoes part way through the 
rystal, and then slipped, the boundary of the 
ut isa s
rew dislo
ation. It 
omprises a stru
ture in whi
h a heli
al path is tra
edaround the linear defe
t (dislo
ation line) by the atomi
 planes in the 
rystallatti
e as it is depi
ted in Fig. 2.2. S
rew dislo
ations 
an be right-handed andleft-handed, the dire
tion of rotation plays the same role as the sign of the edgedislo
ation. Two right- or two left-handed s
rew dislo
ations repel ea
h other,right and left - are 
ompensated. Thus, the s
rew and edge dislo
ation is theborder between the shifted and unmoved parts of the 
rystal, whereas the edgedislo
ation is perpendi
ular to the shear ve
tor, and the s
rew one is parallel tothis ve
tor.The dislo
ation in 
rystalline material 
an start to move under an appliedstress. There are two types of dislo
ation movements:
• Glide or 
onservative motion, when the dislo
ation moves in the plane whi
h
ontains both its line and its Burgers ve
tor. A dislo
ation able to move inthis way is termed glissile, one whi
h 
an not is termed sessile.
• Dislo
ation motion by 
limb o

urs when the dislo
ation moves out of theglide plane, and thus normal to the Burgers ve
tor.Glide of many dislo
ations results in slip whi
h is the most 
ommon manifestationof plasti
 deformation in 
rystalline solids. Due to the slip me
hanism the plasti
deformation of real 
rystalline materials 
an o

ur at a mu
h lower yield stressthan for a theoreti
al perfe
t 
rystal. The dislo
ation line 
an move through the
rystal in the dire
tion of the applied stress by breaking only one line of bonds at12



a time. This requires far less energy than breaking lots of bonds simultaneously,so the material 
an be deformed under a mu
h lower applied stress [11℄.The energy of deformation of 
rystal latti
e is asso
iated with the dislo
ation.This energy 
an be 
al
ulated due to the 
ontinuum approximation for the dis-lo
ation away from the sites of the 
rystal and the model of intera
ting atoms atsmall distan
es from the dislo
ation.The theory of elasti
ity 
an get approximate formulas for the line energy ofa dislo
ation typi
ally represented as an energy per unit length [12℄. The totalenergy of a dislo
ation 
omes from the elasti
 part that is 
ontained in the elasti
�eld Eel outside the radius the extension of the dislo
ation 
ore r0 and from theenergy stored in the 
ore Ecore, whi
h 
annot be des
ribed within the theory ofelasti
ity.
E = Eel + Ecore (2.1)The elasti
 energy is de�ned in the 
ylinder 
onstru
tion with the radius R
ontaining the dislo
ation. For s
rew and edge types of dislo
ations it is slightlydi�erent:

Escrew
el =

G× b2s
4p

ln
R

r0
(2.2)

Eedge
el =

G× b2e
4p(1− n)

ln
R

r0
(2.3)Here, G stands for the shear modulus, p is the pressure and n is the Poisson'sratio. The 
ore energy 
an be approximated with the value

Ecore =
Gb2

2p
(2.4)From Eq. 2.1-2.4 it follows that the line energy of an edge dislo
ation is alwayslarger than that of a s
rew dislo
ation. The elasti
 part of the energy dependslogarithmi
ally on the 
rystal (grain) size expressed in R. The radius of thedislo
ation 
ore 
an be evaluated as the magnitude of the Burgers ve
tor andthe logarithm 
an be negle
ted. Then it yields very general formula for the lineenergy of a dislo
ation:

E ∝ G× b2 (2.5)The tenden
y of energy to be minimal results in the smallest possible Burgersve
tor of an dislo
ation.Another type of linear defe
ts is a dis
lination being usually 
onsidered inliquid 
rystals. It is a defe
t in the orientation of dire
tor whereas a dislo
ationis a defe
t in positional order [13℄.2.1.2 Planar defe
tsPlanar or two-dimensional defe
ts are interfa
es between homogeneous regionsof the material. Planar defe
ts in
lude sta
king faults, grain boundaries, twinboundaries and external surfa
es.A sta
king fault (SF) is an interruption in the regular sta
king sequen
e ofatom 
lose-pa
ked planes, in whi
h the intera
tion between the atoms is thestrongest. The 
lose pa
ked stru
tures are fa
e-
entered 
ubi
 (f

) stru
turewith ABCABCABC sta
king order and hexagonal 
lose pa
ked (h
p) stru
tures13



with ABABABAB sta
king order. Two types of SFs referred in generally asintrinsi
 and extrinsi
 are possible in these stru
tures. They are des
ribed byremoval or introdu
tion of an extra layer respe
tively.SFs play an important role in the plasti
ity of 
rystals. The presen
e of SFsin the 
rystal leads to the formation of grain boundaries and thus prevents thesingle 
rystal growth. The intrinsi
 SFs 
an be easily produ
ed by a slidingpro
ess. The SFs are terminated either on the 
rystal and grains boundaries oron partial dislo
ation inside the single 
rystal. The destroy of perfe
tion of the
rystal by SFs is asso
iated with energy per unit area known as sta
king-faultenergy. Its typi
al value lies in the range between 1 and 1000 mJ/m2 [10℄. Theoverview of SFs arisen in hexagonal latti
e is given in Se
. 2.2.3.Crystalline solids usually 
onsist of a large number of randomly oriented grainsseparated by grain boundaries. Grains 
an range in size from nanometers tomillimeters a
ross. The size of the grains 
an be 
ontrolled by the 
ooling rateduring the material growth. Rapid 
ooling produ
es smaller grains whereas slow
ooling results in larger grains. Ea
h grain is usually rotated with respe
t toneighbouring grains. Depending on this angle of rotation, small-angle (subgrain)or large-angle grain boundaries are distinguished. A large-angle grain boundaryof the boundary region is referred to the randomly oriented 
rystal regions whoseorientation di�eren
e ex
eeds an angle of 15o. The grain boundaries produ
ea disturban
e within a grain, limit the lengths and motions of dislo
ations anda�e
t the grain boundaries of the neighbouring 
rystallites [14℄.Twinning is a pro
ess in whi
h a region of a 
rystal undergoes a homogeneousshear resulting in original 
rystal stru
ture in a new orientation known as a twin[15℄. The twin 
an be 
onsidered as a mirror image of the original (parent) 
rystalin the 
omposition plane. A twin boundary is the boundary surfa
e between thetwo parts of a twin 
rystal (see Fig. 2.4). Twinning usually o

urs in the earlystages of 
rystallization, during intergrowth of two or more 
rystalline parts.Their regular orientation with respe
t to the prin
ipal 
rystallographi
 dire
tionsare usually preserved. Sometimes deformation twinning 
an be indu
ed by plasti
deformation. Twins are typi
ally observed in b

 and h
p metals and non-metalli

rystals.A real 
rystal has a �nite size and thus a surfa
e. It 
auses an interruptionof the translational symmetry. Therefore the 
rystal surfa
es 
an be 
onsideredas an interfa
e between the homogeneous 
rystal and another phase. The atomi
stru
ture in the vi
inity of this interfa
e strongly depends on the state of matterof the 
hemi
al 
omposition and 
rystallographi
 orientation of the se
ond phase.2.1.3 Another defe
tsThe most important defe
ts studied in GaN and its are 
lassi�ed as to one- ortwo-dimensional. However, the 
rystalline solids 
an possess another types ofdefe
ts, whi
h short des
ription is given in this se
tion.Point or zero-dimensional defe
ts are defe
ts that have the extension of asingle atom and are formally limited to a single latti
e site. They o

ur duringheating, doping, plasti
 deformation, in the pro
ess of 
rystal growth and as aresult of radiation exposure. There are two types of point defe
ts in the 
rystallatti
e: intrinsi
 and extrinsi
 point defe
ts [16℄.14



Figure 2.4: The sket
h of thetwin stru
ture.In pure materials two types of point defe
ts are possible 
alled intrinsi
,namely a va
ant atomi
 site site or va
an
y, and a self-interstitial atom [10℄. Ava
an
y is a pla
e in the regular arrangement of atoms in the 
rystal latti
e, whi
his uno

upied i.e. va
ant. It is formed by the removal of an atom from an atomi
site. Self-interstitial defe
ts are atoms of the same type as the 
rystal latti
e thato

upy non-latti
e sites in the 
rystal stru
ture. Sin
e ioni
 
rystals are for
ed tobe 
harged neutrally, it 
an not 
ome to a single point defe
t in these stru
tures.The same atom thus 
reates both va
an
y and interstitial 
alled a Frenkel defe
t.Another possible defe
t 
on�guration arises when oppositely 
harged ions leavetheir latti
e sites, 
reating va
an
ies, known as S
hottky defe
t.Impurity atoms in a 
rystal 
an be 
onsidered as extrinsi
 point defe
ts.They play an important role in the me
hani
al properties and 
ondu
tivity ofthe materials. They 
an be also divided into two types: substitutional andinterstitial. Substitution atoms o

ur in latti
e sites whi
h are o

upied in aregular latti
e with a di�erent atom type. A spe
ial 
ase of substitutional defe
tis a 
olor 
enter, where an anion is repla
ed by an ele
tron. The only atoms withsimilar sizes and ele
troni
 properties 
an substitute ea
h other. The extrinsi
interstitial is the impurity atom at a non-latti
e site. The intersti
e sites betweenatoms have usually less volumes then one atomi
 volume and the impurities 
auselarge distortions among the surrounding atoms. They are generally high energeti

on�gurations and 
an in
rease the total volume of 
rystal [17℄.Antisite defe
ts o

ur in an ordered alloy or 
ompound when atoms of di�erenttype ex
hange positions. They do not belong to any type of defe
ts mentionedabove [18℄.Bulk defe
ts in a 
rystal, also known as volume defe
ts or three-dimensional,in
lude voids and pre
ipitates of extrinsi
 and intrinsi
 point defe
ts.Voids are regions where there are a large number of atoms missing from thelatti
e. They 
an o

ur for a number of reasons. When voids o

ur due toair bubbles be
oming trapped when a material solidi�es, it is 
ommonly 
alled15



porosity. When they o

ur due to the shrinkage of a material as it solidi�es, it is
alled 
avitation.Ea
h impurity introdu
ed into a 
rystal has a 
ertain level of solubility, whi
hde�nes the 
on
entration of the impurity that the solid solution of the host
rystal 
an a

ommodate. Impurity solubility usually de
reases with de
reas-ing temperature. If an impurity is introdu
ed into a 
rystal at the maximum
on
entration allowed by its solubility at a high temperature, the 
rystal willbe
ome supersaturated with that impurity on
e it is 
ooled down. A 
rystalunder su
h supersaturated 
onditions a
hieves equilibrium by pre
ipitating theex
ess impurity atoms into another phase of di�erent 
omposition or stru
ture.Pre
ipitates are 
onsidered undesirable be
ause they have been known to a
t assites for the generation of dislo
ations. Dislo
ations arise as a means of relievingstress generated by the strain exerted by pre
ipitates on the latti
e [19℄.2.2 Stru
tural defe
ts in GaN layersIn this se
tion, we make a review of the most typi
al stru
tural defe
ts presentedin 
-plane and a-plane GaN �lms, i.e. in the heteroepitaxial layers with [0001℄and [112̄0℄ surfa
e orientation respe
tively. Threading and mis�t dislo
ationsare two types of line defe
ts generally observed in polar layers, whereas sta
kingfaults and partial dislo
ations o

ur rarely and their densities are relatively low.In high-quality 
-plane GaN �lms, the sta
king disorder and partial dislo
ationsusually are lo
ated in the region in immediate adja
en
y to the substrate and areasso
iated with the growth of a disordered low-temperature nu
leation layer [20℄.However a-plane GaN layers 
ontain another extended defe
ts, namely sta
kingfaults (SFs) terminated by partial or stair-rod dislo
ations.2.2.1 Threading dislo
ations in 
-plane GaN[0001℄-oriented GaN layers 
ontain large number of threading dislo
ations (TDs)with dislo
ation lines along [0001℄ dire
tion. They originate at the interfa
e, prop-agate through the layer and rea
h the surfa
e ex
ept those that annihilate ea
hother. Threading dislo
ations 
an be the basis for the formation of nonradiativere
ombination and s
attering 
enters that a�e
t 
arrier mobility [21℄.TDs 
an be divided into 3 types the edge, the s
rew and the mixed dislo
ationswith Burgers ve
tors be = 1

3
〈112̄0〉, bs = 〈0001〉 and bm =

1

3
〈112̄3〉 respe
tively.Any mixed dislo
ation 
an be easily de
omposed into pure edge and s
rew 
om-ponents, how is depi
ted in Fig. 7.1. In our work, we do not 
onsider mixed TDsseparately. The pure edge and pure s
rew dislo
ations are termed as a-type and
-type, both with dislo
ation lines in [0001℄ dire
tion.Ea
h dislo
ation type is asso
iated with a lo
al latti
e distortion [22℄. Thesedistortions are often approximated by the mosai
 model, whi
h assumes thatthe �lm 
onsists of perfe
t blo
ks whi
h are tilted or twisted with respe
t toea
h other [23℄. Ea
h blo
k is separated from the surrounding ones by faultsand 
ra
ks. Edge threading dislo
ations 
onform to a latti
e twist and s
rewthreading dislo
ations 
onform to a latti
e tilt.The density of TDs depends on the mis�t between the substrate material and16



GaN, growth te
hnique and 
onditions. It is typi
ally of order 108−1010 
m−2 buta lot of attempts have been made by growers to redu
e TDs density as mu
h aspossible. The systemati
 resear
h enables to report that the density of s
rew TDsis one to two orders of magnitude lower than the density of edge TDs [3, 24℄. Theratio of the elasti
 energies Escrew

Eedge

is about 1.66, whi
h 
on�rms the statementabove. Pure edge dislo
ations have a tenden
y to to bend and annihilate. Itmeans, their density near the surfa
e is mu
h lower than at the interfa
e [1℄. Thisfeature is pronoun
ed espe
ially in GaN 
ompounds (a good example 
ould befound in Se
. 7.4).The displa
ement �eld 
aused by both types of dislo
ations with Burgersve
tor bs and be 
an be estimated using expressions taken from [25℄. Theseformulae in
lude the surfa
e relaxation, however they are 
umbrous and requiresimpli�
ations, if the dislo
ation lines are perpendi
ular to the sample surfa
e.In this 
ase the parameter α is 
onsidered in the limit α → 0. For a pure s
rewthreading dislo
ation the 
omponents of displa
ement �eld are:
ux(r) =

bs
2π

y

R− z
,

uy(r) = − bs
2π

x

R − z
, (2.6)

uz(r) =
bs
2π

arctan
y

x
,where R2 = x2 + y2 + z2 and bs is the length of the Burgers ve
tor.The verti
al 
omponent of displa
ement produ
ed by an edge threading dis-lo
ation is simpli�ed to

uz(r) =
ν

1− ν

Rbe
2π

z + 2r(ν − 1)

R(R− z)
, (2.7)while expressions for the remaining 
omponents are mu
h more 
ompli
ated.Their expli
it values 
an be found in Appendix A in the text of our software.In Eq.(2.7), ν is Poisson ratio and be is the length of the Burgers ve
tor of edgedislo
ation.2.2.2 Mis�t dislo
ations in 
-plane GaNThe di�eren
e between latti
e parameters of GaN epitaxial layer and substrate
rystals gives rise to elasti
 strains. These 
an relax by formation of surfa
eundulations, of three-dimensional islands and of mis�t dislo
ations (MDs). The�rst two me
hanisms take pla
e during the initial stages of epitaxy while thelatter pro
ess is a dominant me
hanism for 
omparatively thi
k layers. Thedislo
ation densities vary from several dislo
ations per sample at initial stages ofthe relaxation pro
ess to a dislo
ation per 10-100 latti
e spa
ings in 
ompletelyrelaxed heteroepitaxial systems with large mismat
h [26℄.MDs are 
on�ned to the interfa
e between the GaN epitaxial layer and thesubstrate interfa
e. They are not supposed to thread up into the layer andare very e�
ient in relieving strain. However, threading dislo
ations 
an beinter
onne
ted to the mis�t dislo
ation network. As the mis�t in the in-plane17



Figure 2.5: Geometry of thenetwork of the mis�t dislo
ationsin a layered heteroepitaxial systemtaken from [26℄.latti
e 
onstant between the epitaxial �lm and the substrate in
reases, the spa
ingof mis�t dislo
ations de
reases, and for high values of mis�t the interfa
e isin
oherent. If the mis�t is not large, the interfa
ial area of GaN/substrate 
anexhibit zones without extended defe
ts [1℄.When dislo
ation densities ex
eed about 103 
m−1 the strain relaxation 
anbe 
al
ulated from the latti
e-parameter measurements. The presen
e of MDsgives rise to substantial broadening of the x-ray di�ra
tion peaks. With the �lmthi
kness in
rease the dominant 
ontribution to the peak width 
omes from TDs.Kaganer et al. developed the theory enabling to 
al
ulate the density ofMDs in zin
-blende GaAs material [26℄. The mis�t dislo
ations observed inheteroepitaxial GaAs layers belong mostly to 60o glide dislo
ations, i.e. theangle between their Burgers ve
tors and dislo
ation lines is 60o. They 
an bedivided into s
rew and edge ones. If the dislo
ation lines 
oin
ide with y axis (seeFig. 2.5), the Burgers ve
tor of pure s
rew mis�t dislo
ation 
an be represented as
b(s) = (0,±by, 0) in three-index Miller notation. The edge MDs 
an possess either
b(e) = (bx, 0,±bz) (glide dislo
ations) or b(e) = (bx, 0, 0) (sessile dislo
ations)Burgers ve
tors, where x- and z-
omponents refer to mis�t and tilt respe
tively.Any mixed mis�t dislo
ation 
an be de
omposed into pure s
rew and pure edgeone.It was found that the relaxation of polar GaN �lm on the substrate gives riseto only 60o edge sessile (or Lomer type) MDs that are able to glide along theinterfa
e and may order to redu
e the elasti
 energy. Experimental TEM datarevealed that their Burgers ve
tor is b =

1

3
〈112̄0〉 [27℄.The displa
ement �eld due to an edge dislo
ation with the Burgers ve
torparallel to the surfa
e b = (bx, 0, 0) 
an be represented as a sum of three items:displa
ement due to a dislo
ation in the in�nite medium (1), the image dislo
ation(2), and an additional term (3). The se
ond and the third items 
ompensatethe �rst one so that the 
ondition of stress-free surfa
e is ful�lled. Choosing the
oordinates system as shown in Fig. 2.5 the non-zero 
omponents of displa
ement�eld remain in x and z dire
tions. Then the displa
ement �eld 
aused by sessileedge dislo
ation in the isotropi
 half-spa
e on a given distan
e d from the surfa
e
an be written as follows [26, 28℄:

u1x = − bx
2π

[
arctan

z − d

x
+

αx(z − d)

x2 + (z − d)2

]
, (2.8)

u1z =
bx
2π

[
1− α

2
ln(x2 + (z − d)2) +

αx2

x2 + (z − d)2

]
, (2.9)

u2x =
bx
2π

[
arctan

z + d

x
+

αx(z + d)

x2 + (z + d)2

]
, (2.10)18



u2z = − bx
2π

[
1− α

2
ln(x2 + (z + d)2) +

αx2

x2 + (z + d)2

]
, (2.11)

u3x =
bxd

π

[
(1− α)x

x2 + (z + d)2
− 2αxz(z + d)

(x2 + (z + d)2)2

]
, (2.12)

u3z = −bxd
π

[
z + d

x2 + (z + d)2
+
αz((z + d)2 − x2)2

(x2 + (z + d)2)2

] (2.13)Here, α =
1

2(1− ν)
, where ν is the Poisson ratio.The total displa
ement produ
ed by an edge mis�t dislo
ation is then:

u = ux + uz =
3∑

i=1

uix +
3∑

i=1

uiz (2.14)Re
ently Kaganer et al. developed Monte Carlo simulation method of x-ray di�ra
tion and determined the density of MDs in polar GaN/SiC [29℄. Thedislo
ation with the linear dislo
ation density ρ were generated at the interfa
e asa stationary Markov 
hain. On
e the position of a dislo
ation xj was spe
i�ed, theposition of the next dislo
ation was sele
ted as xj+1 = xj + δx. The in
rement δxtaken from the gamma distribution (for γ = 1 they are 
onsidered un
orrelated)de�nes the density of MDs: 〈δx〉 = ρ−1. The displa
ement �eld 
aused by MDsis 
al
ulated as a sum of the 
ontributions of the individual dislo
ations:
U(x, z) =

∑

j

u(x− xj , z), (2.15)where u(x, z) is the displa
ement due to a dislo
ation lo
ated at (0,d). It isdetermined from the equations 2.8-2.13 modi�ed for four-index notation.2.2.3 Defe
ts in a-plane GaNAppli
ation of various growing methods enables to produ
e GaN �lms with sur-fa
e orientation di�erent from 
-plane. [112̄0℄-oriented a-plane GaN does notexhibit the quantum 
on�ned Stark e�e
t o

urring in polar [0001℄-oriented ma-terial [30℄.The hexagonal GaN is 
lose pa
ked in the [0001℄ dire
tion. The sta
kingsequen
e 
an be written as ...AaBbAaBb..., where the 
apital letters 
orrespondto Ga atoms and small letters to N atoms. The GaN mole
ule 
an be 
onsideredas a sta
king unit and the small letters 
an be then omitted. During the growthpro
ess the 
ubi
 phase in
lusions with the sta
king sequen
e ...ABCABC... o

urin the hexagonal matrix yielding violation of the sta
king rules in basal (0002)planes. These imperfe
tions are 
alled basal sta
king faults (BSFs). The energyof BSFs formation is proportional to the number of inserted 
ubi
 bilayers in thesta
king sequen
e. They 
an be divided into extrinsi
 (E) and three intrinsi
(I1-I3) types [31℄.The I1 type of BSFs is formed by insertion or removal of a basal plane withfurther 1/3 〈11̄00〉 slip of one part of a 
rystal with respe
t to the other to de
reasethe fault energy. It is surrounded by sessile Frank-Sho
kley dislo
ations. I1 BSF19



Sta
kingfault type R Sta
kingsequen
e Dislo
ation typeon SFs bounds bI1 1

6
〈202̄3〉 ABABCBCBC Frank-Sho
kleypartial 1

6
〈202̄3〉I2 1

3
〈11̄00〉 ABABCACAC Sho
kley partial 1

3
〈11̄00〉I3 none ABABCBABA none noneE 1

2
〈0001〉 ABABCABAB Frank partial 1

2
〈0001〉Prismati
 1

2
〈101̄1〉 along {1̄21̄0}planes Stair-rod 1

6
〈101̄0〉,

1

6
〈32̄1̄0〉Table 2.1: Sta
king faults with the displa
ement ve
tors R observed in a-planeGaN layers and linear defe
t with the Burgers ve
tors b 
onsidered as bounds ofSFs.

Figure 2.6: Sket
h of the positions of Ga (blue) and N atoms (yellow) in varioustypes of basal sta
king faults. The fault plane is denoted by the dotted line. Thebla
k re
tangles denote the segments with f

-like sta
king. Grey spheres denotethe Ga positions in an ideal latti
e. The pi
ture is taken from [32℄.has the lowest energy of formation and it appears in the �lm during its growthpro
ess.The I2 BSF appears due to 1/3 〈11̄00〉 shear of one part of a 
rystal withrespe
t to the other or due to disso
iation of a perfe
t dislo
ation with b =
1/3 〈112̄0〉 into two Sho
kley partial dislo
ations with b = 1/3 〈11̄00〉. This typeof SFs 
an be formed either during the growth by stress or after it by movementof a glissile Sho
kley dislo
ation in the basal plane.The I3 BSF is 
hara
terized by o

upation of so 
alled "wrong" C positionwith A or B layers. It 
an be 
onsidered as a sum of two I1 SFs. However, theI3 sta
king faults have formation energy slightly less than twi
e the formation20



energy of the I1 defe
t [33℄.The extrinsi
 BSF 
an be observed when extra basal plane is inserted into thenormal sta
king sequen
e. This fault is bounded by Frank type partial dislo
ationwith b = 1/2[0001] 
reating a dislo
ation loop. The E type BSF is formed bypre
ipitation of point defe
ts on the basal plane and has the highest energy offormation besides all SFs, so it is generally not observed in experiments.The planar defe
ts are reported to exist not only in the basal planes ofnonpolar GaN layers. The prismati
 sta
king faults (PSFs) lie in prismati

{1̄21̄0} planes and terminate BSFs. Stair-rod dislo
ations are observed at theinterse
tions of PSFs and BSFs, sin
e the interse
ting faults had di�erent faultve
tors. A zigzag-like propagation from substrate toward the GaN layer surfa
eis exhibited by PSFs. It is believed that su
h zigzag-like behaviour de
reases thetotal energy of the PSFs [34℄.The sta
king of the (0001) basal planes with all types of BSFs is shown inFig. 2.6. Basal and prismati
 SFs with their bounds are summarized in Table2.1. The displa
ement ve
tors of SFs and the Burgers ve
tors of dislo
ations aregiven there as well [22℄.Nonpolar a-plane GaN �lms are 
ommonly reported with a BSFs density oforder 105 − 106 
m−1 and a dislo
ation density of 1010 
m−2. The density ofPSFs was observed less than 102 
m−1, so their presen
e in material 
an be oftennegle
ted.
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3. Growth of GaN ThinHeteroepitaxial Layers3.1 Types of GaN layersGaN is nowadays one of the most promising wide band gap semi
ondu
tors.However, a
hievement of its full potential has still been limited by a dramati
 la
kof suitable GaN bulk single 
rystals. GaN has a high melting temperature and avery high de
omposition pressure; therefore it 
annot be grown using 
onventionalmethods like Czo
hralski or Bridgman growths [35℄. GaN and is typi
ally grown inthe form of epitaxial layers on sapphire or 6H-SiC substrates. The main 
hallengefor growers of GaN is to a
hieve high quality materials i.e. to redu
e the densityof TDs o

urring due to the latti
e mismat
h and di�eren
e in thermal expansionbetween wafers and deposited �lms.GaN 
an be epitaxially grown in either hexagonal (wurtzite) or 
ubi
 (zin
-blende) stru
ture depending on the substrate symmetry and growth 
onditions[4℄. There is a small di�eren
e between the energies of their formation and dire
tband gaps.3.1.1 Cubi
 GaN �lmsZin
-blende stru
ture is usual for III-V semi
ondu
tors. Due to higher 
rystallo-graphi
 symmetry it possesses superior ele
troni
 properties for devi
e appli
a-tions. It 
an be easily doped by n- and p-type impurities, while in hexagonal GaNdoping is not a trivial pro
edure. The ele
trons have higher saturated velo
itiesbe
ause of redu
ed photon s
attering. Due to its 
entral symmetry the 
ubi
 GaNdoes not display spontaneous or piezoele
tri
 e�e
ts, whi
h makes these material
ompetitive to nonpolar and semipolar hexagonal GaN [22℄. The possibility of
leaving atomi
ally smooth surfa
es along the stable (100) fa
ets allows to use
ubi
 GaN for lasers [36℄.In 
ontrast to hexagonal phase of GaN the 
ubi
 one is metastable thatrequires for its growth nonequilibrium methods and appropriate substrates stableat the high growth temperature [37℄. The most 
ommon sapphire substratematerial has hexagonal stru
ture that results in growth of subsequent �lm inhexagonal phase. Typi
ally 
ubi
 phase epilayers in
lude a few volume per
ent ofhexagonal GaN, whi
h interferes with devi
e appli
ations. It yields developmentof new 
hallenging methods to obtain materials with the lowest possible in
lusionsof hexagonal phase [38℄.Another possible wafers for 
ubi
 GaN growth are GaAs and SiC. However,due to the large latti
e mismat
h, these substrates produ
e a strain within theepitaxial layers. The energy of 〈111〉 SFs formation is relatively low, so theyare the main me
hanism to relieve the strain in the �lm. There SFs 
an be
onsidered as hexagonal phase in
lusions. Besides 〈111〉 oriented SFs, threadingdislo
ations 
an also o

ur in 
ubi
 GaN. Their presen
e negatively a�e
t theworking 
hara
teristi
s of devi
es based on GaN material.A lot of works are devoted to study of 
ubi
 GaN material and improving of22



its growth pro
ess [39, 40℄. None the less in our resear
h, we fo
us on hexagonalepitaxial GaN layers and 
onsider their properties depending on their orientationon a substrate.3.1.2 Polar (
-plane) GaN �lmsHexagonal GaN is usually grown heteroepitaxially on foreign substrates su
h as(0001)-sapphire or SiC so that its (0001) planes make the surfa
e. This �lmorientation is 
alled 
-plane or polar (see Fig. 3.1 a).A large mismat
h in the lateral latti
e 
onstants (14% in 
ase of sapphire) giverise to a huge number of threading dislo
ations going perpendi
ular to the layer'ssurfa
e. The density of TDs depends on the growth te
hnique and parameters,layer thi
kness, mis
ut of the substrate et
. Ex
eeding 
riti
al value of 109
m−2 TSs make GaN-based materials useless for 
ertain industrial appli
ations.Furthermore arrays of mis�t dislo
ations emerge at the GaN/substrate interfa
erevealing the stress. Su
h 
rystal imperfe
tions negatively a�e
t the ele
tri
al andopti
al properties of GaN-based devi
es as they work as very e�e
tive nonradiativere
ombination 
entres.The usual way to improve the surfa
e morphology, 
rystallinity and the ele
-tri
al and lumines
ent properties of GaN layers is to deposit the nu
leation layer(NL) with its subsequent annealing on the top of the substrate. AlN NL is oneof the most powerful tool to de
rease GaN/substrate mismat
h. The optimalthi
kness of NL 
an be a

essed by varying growth pressure, temperature andtime [41℄.
Figure 3.1: Commonly used surfa
e orientations of GaN. Galium atoms areyellow, nitrogen atoms are blue. The sket
h is taken from [42℄.Polar GaN �lms are often used in optoele
troni
 devi
es. The spontaneouspolarization �elds arise along the [0001℄ dire
tion. The dis
ontinuity in totalpolarization in (0001)-oriented nitride-based interfa
es in heterostru
tures resultsin signi�
ant �xed 
harges at the interfa
es that may be bene�
ial or deleteriousdepending on the �nal devi
e te
hnology [43℄. However, sometimes the e�
ien
yof devi
es 
an be limited by a band bending known as the quantum 
on�nedStark e�e
t [30℄.3.1.3 Nonpolar (a-plane, m-plane) GaN �lms(112̄0)-oriented a-plane and (101̄0) m-plane GaN layers are generally 
alled non-polar (see Fig. 3.1 b and 
). This �lms do not 
ause the piezoele
tri
 �eld be
ause23



their polar axis is parallel to the quantum well region. Thus, they do not exhibitthe quantum-
on�ned Stark e�e
t.Nonpolar a-plane GaN is typi
ally grown on planar r-plane sapphire wafers.The major 
hallenges are still related to the limited 
rystalline quality of thematerial [44℄. Similar to 
-plane GaN the misorientation of the wafers play animportant role in the quality of a-plane GaN �lms. Besides r-plane sapphire, someother substrates for growth of a-plane GaN have been reported in the literature,namely a-plane SiC [45℄ and γ-LiAlO2 [46℄. However, GaN layers grown on su
hsubstrates do not reveal good surfa
e and 
rystalline properties.For non-polar and semipolar �lms, the thermal expansion 
oe�
ients andelasti
 
onstants of the �lm and the substrate are usually anisotropi
 in plane.For example, the thermal expansion 
oe�
ients of both GaN and sapphire arelarger parallel to the a-axis than parallel to the 
-axis. Non-polar �lms often showa higher wafer 
urvature parallel to [0001℄ dire
tion than perpendi
ular to it andare often orthorhombi
ally distorted [22℄.Ex
ept large densities of dislo
ation (above 109 
m−2), a-plane GaN possessesdi�erent types of sta
king faults with total density ex
eeding 5 × 105 
m−1 (fordetails see Se
. 2.2.3). These densities 
an be slightly redu
ed by in-situ SiNor ex-situ S
N interlayer deposition. The epitaxial lateral overgrowth methodsigni�
antly helps to improve the layer quality [47℄.Even optimized growth of a-plane GaN results in non-smooth surfa
es be
ausefreely growing GaN 
rystals usually do not develop a-plane fa
ets, while m-planeand related semipolar fa
ets are observed. This fa
t makes m-plane GaN moreattra
tive for industrial appli
ations. It is typi
ally grown on m-plane SiC or
γ-LiAlO2. The average density of SFs are estimated as around 106 
m−1, whi
his extremely high [48℄ but it 
an be de
reased by epitaxial lateral overgrowthby one order of magnitude [49℄. SiC material is very expensive and the use ofsapphire wafers is of great importan
e. Nevertheless, only few attempts resultedin su

essful growth of m-plane GaN on m-plane sapphire [50℄.3.1.4 Semipolar (r-plane) GaN �lmsSemipolar GaN layers in
lude (101̄2) r-plane , (101̄1), (101̄3), (112̄2) and anotherorientations 
hara
terizing with non-zero last Miller index [51℄. Some of themare shown in Fig. 3.1 d and e. The growth in one of possible dire
tions dependson the substrate orientation, temperature and pressure during the growth. Forinstan
e, (101̄2) stru
ture is preferable at nu
leation layer growth temperatureof 1080oC, while at higher temperatures (101̄3) �lm orientation is dominant [44℄.However, r-plane GaN is 
onsidered as the most promising nonpolar exampledue to its higher 
rystalline quality and favourable growth 
onditions. The most
ommon wafer for r-plane GaN is m-plane sapphire; pure sili
one or MgAl2O4 areused as well [52℄.As it was mentioned in the previous se
tion, non-polar GaN �lms have a lotof sta
king faults. This problem is not revealed for 
-plane epitaxy. ThereforeSFs emergen
e 
an be over
ome, if semipolar layers 
an be grown epitaxially inthe 
-dire
tion. Several te
hniques are developed to obtain the improved GaNsemipolar layers with redu
ed density of SFs. The growth of semipolar side-fa
etson 
-plane GaN stru
tures is the following. An ordinary 
-plane epitaxial GaN24



layer is 
overed by SiO2 stripe-shape mask. Then the sample is given ba
k tothe subsequent growth, whi
h o

urs in the regions where is no deposited mask.Above the SiO2 mask the growth 
ontinues laterally and 
oales
es into a planarsurfa
e. The mask 
an be either one- or two-dimensional grown on 
-plane GaNor dire
tly in the et
hed tren
hes of the sapphire substrate. The appropriate
hose of the mask type and geometry yields the growth of di�erently orientedsemipolar layers [44℄.The density of SFs in su
h layers is less than in non-polar GaN by severalorders [53℄. It enables their wide appli
ation for optoele
troni
 devi
es. However,the reliable methods for SFs density determination are still needed.3.2 Methods of GaN epitaxial growthIn this se
tion, we demonstrate the most widely used te
hniques of GaN growthand analyse their advantages and disadvantages. We make an emphasis on 
-plane GaN layers, nevertheless the growth of material with another orientationis mentioned as well.3.2.1 Metalorgani
 vapour phase epitaxyMetalorgani
 vapour phase epitaxy (MOVPE) is a 
hemi
al vapour depositionmethod of epitaxial growth of materials from the surfa
e rea
tion of organi

ompounds or metalorgani
s and metal hydrides 
ontaining the required 
hemi
alelements. In 
ontrast to mole
ular beam epitaxy (see Se
. 3.2.4) the growth of
rystals is by 
hemi
al rea
tion and not physi
al deposition. There are variantsof the basi
 phase te
hnique su
h as hydride vapour phase epitaxy or liquid phaseepitaxy (see Se
. 3.2.2 and 3.2.3). However MOVPE is the most 
ommon methodto grow GaN and related 
ompounds. Most of the 
urrent 
ommer
ial devi
estru
tures are fabri
ated using MOVPE [35℄.The Ga sour
es are generally trimethylgallium (Ga(CH3)3) or triethylgallium(Ga(C2H5)3) with the high purity of 99.9999%. Ammonia gas (NH3) under thehigh pressure is the most widely used pre
ursor. H2 or N2 is traditionally 
hosenas a 
arrier gas to transport volatile pre
ursor mole
ules. The rea
tion betweensour
e and pre
ursor 
an be written as (CH3)3 +NH3 → GaN(solid) +3CH4(gas).It does not requires high va
uum and 
an be performed at moderate pressure(2-100kPa). The temperature of MOVPE growth normally ex
eeds 1100oC.The basi
 s
heme of MOVPE rea
tor is shown in Fig. 3.2. One 
onsiders twoorientation of rea
tors: horizontal and verti
al. It depends on the dire
tion of thegas �owing inside the devi
e (parallel or perpendi
ular to horizontally mountedsample). Every rea
tor 
onsists of four prin
ipal 
omponents:
• Rea
tor 
hamber.
• Gas inlet and swit
hing system.
• Pressure maintenan
e system.
• Gas exhaust and 
leaning system.25



Figure 3.2: A s
hemeof horizontal MOVPErea
tor system takenfrom Wikipedia.The detailed des
ription of all parts mentioned above 
an be found elsewhere[54�56℄.The epitaxial growth of GaN on foreign substrates usually starts with thermal
leaning and deposition of a nu
leation layer (NL) at lower temperature. Thislayer serves to redu
e the latti
e mismat
h and in turn the density of TDs inGaN. Due to its appropriate latti
e parameters AlN is often used as a materialfor bu�er layer [57, 58℄. 2D and 3D nu
leation pro
esses are distinguished inliterature [59℄. Thermal annealing and subsequent MOVPE growth of GaN layerare followed the NL [60℄.Epitaxial lateral overgrowth (ELO) is widespread te
hnique for improvingthe 
rystalline quality [61, 62℄. ELO 
onsists in lo
al epitaxial growth of thediale
ti
 nanomask (typi
ally SiO2 or SiNX) with et
hed openings, whi
h initiallyo

urs in the dire
tion normal to the surfa
e of the substrate but then pro
eedspreferentially in the dire
tion parallel to it. The upper GaN layer is depositedabove the nanomask. The propagation of TDs is stopped by this mask so thatthey 
an rea
h the upper GaN layer only through the et
hed regions [63℄. It resultsin dislo
ation bending and their drasti
 de
rease in the top layer. Appli
ationELO to MOVPE growth enables to obtain the GaN layers with total density ofTDs of order 106 − 107 
m−2.Laser re�e
tometry (LR) is a powerful tool for in-situ real time monitoring ofthe heteroepitaxial growth [64℄. The information provided by LR is the 
hangeof refra
tive index of an epitaxial layer during its growth. It represents periodi
os
illations damping due to absorption or s
attering on the surfa
e roughening.Ex
ept the high quality of grown material MOVPE te
hnique has a big numberof advantages. A noteworthy fa
tor in the widespread take-up of the te
hniqueis the high degree of �exibility in the design of pre
ursor mole
ules. Sin
e thegrowth pro
esses are far from equilibrium, stable and metastable 
ompounds 
anbe grown. Almost any 
ombination of layers and layer sequen
es 
an be depositedon almost any 
rystalline substrate. Nowadays MOVPE is the the prin
ipal enginefor development and produ
tion of wide band gap semi
ondu
tors [4℄.The weak points of MOVPE are environmental damage produ
ed by gasexhaust and high demands to waver materials that should stay stable under thehigh temperature of epitaxial deposition. Due to the low growth rate, a thi
kbulk GaN �lm is not possible to be produ
ed by MOVPE method.26
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3.2.2 Hydride vapour phase epitaxyHydride vapour phase epitaxy (HVPE) is an epitaxial growth te
hnique oftenemployed to produ
e III-V semi
ondu
tors. In general, HVPE is related toMOVPE method but there are a number of basi
 di�eren
es. HVPE pro
essis usually hold at atmospheri
 pressure and 
lose to thermodynami
 equilibriumwhereas MOVPE growth is non-equilibrium. It yield higher e�
ien
y of grownmaterial usage. The high growth rate ( 1 µm/min) in HVPE does not allow to
ontrol the growth pro
ess. Nevertheless it is a reason for substantial de
reaseof material 
ra
king grown on foreign substrates. It makes possible to grow low-defe
t and low-
ost thi
k �lms of GaN or its 
ompounds [65℄.

Figure 3.3: S
hemati
 view of theinverted verti
al HVPE growth rea
tortaken from [66℄. Figure 3.4: S
hemati
 view of the LPEgrowth rea
tor system taken from [67℄.For GaN HVPE, GaCl is typi
ally used as pre
ursor, ammonia (NH3) ornitrogen halide (NCl3) as nitrogen sour
es and HCl, N2 or H2 as 
arrier gases[66℄. The most 
ommon way to obtain GaN is GaCl+NH3 → GaN +HCl+H2.Another 
hemi
al rea
tions to produ
e GaN are dis
ussed elsewhere [68℄.The s
hemati
 drawing of the verti
al growth rea
tor is shown in Fig. 3.3.Here, the GaCl is synthesized within the rea
tor in a Ga-boat by rea
ting HClwith Ga at 850�900 oC. The growth is done at atmospheri
 pressure in thetemperature range 1000�1100oC. Su
h temperatures are typi
al for HPVE growthof GaN [69℄. The walls of rea
tor are heated to keep the 
onstant temperature27



inside the growing 
hamber. Some di�
ulties during the growth pro
ess arelinked to the strong thermodynami
 propensity for GaN to form undesirable gasphase rea
tions and wall deposition problems. Another problem is asso
iatedwith destru
tion rea
tor equipment by highly 
orrosive HCl gas if leaks to air arenot avoided.The density of TDs in the GaN with 
-plane orientation are strongly dependenton the layer thi
kness varying from 109 to 104 
m−2 [70℄. However, ex
ept ofTDs these layers possess a large number of sta
king faults o

urring due to veryhigh speed of growth. Re
ently su

essful nu
leation of GaN layers on sapphiresubstrates at intermediate temperature of 750-900oC has been reported [71℄.HVPE te
hnique is often 
ombined with epitaxial overgrowth by MBE andMOVPE. The layers grown in su
h way are shown 
omparatively low defe
tdensities.3.2.3 Liquid phase epitaxyLiquid phase epitaxy (LPE) is a method of 
rystal layers growth from the melt on
rystalline oriented substrates [72℄. It is mainly used for the growth of 
ompoundsemi
ondu
tors resulting in very thin, uniform and high quality layers. Thetemperatures of the pro
ess has to be below the melting point of the depositedmaterial. The solvent element 
an be either a 
onstituent of the growing solid orsome other low-melting metal like Sn, Bi or Pb, whi
h is in
orporated into thesolid only as a dopant. The slow and uniform growth requires 
onditions 
loseto equilibrium between dissolution and deposition, whi
h is very sensitive to thetemperature and the 
on
entration of the dissolved material in the melt as wellas to the substrate orientation. The growth of the layer from the liquid phase
an be 
ontrolled by a for
ed 
ooling of the melt.The growth of GaN and its 
ompounds is less 
ommon by LPE than byanother methods. However among the di�erent te
hniques used to grow thi
kGaN �lms and 
rystals, LPE is the most promising. GaN �lms are grown ontypi
al sapphire or SiC substrates as well as on 
hallenging LiGaO2, LiAlO2 orAlN materials[67, 73℄.An example of LPE verti
al rea
tor system used for single 
rystalline GaNgrowth is shown in Fig. 3.4. The GaN LPE layers are grown from pure Gaor Ga + metalli
 additive solutions. The additives signi�
antly in
rease thegrowth rate of GaN [74℄. Ammonia is used as a sour
e and H2 or N2 as a 
arriergas. The 
hemi
al rea
tion of GaN formation 
an be represented as follows:
Ga + NH3 → GaN +

3

2
H2. After thermal and 
hemi
al rea
tor 
leaning, Gasolution is introdu
ed into the 
ru
ible from the top of the rea
tor through anairlo
k system. The 
hamber is heated up to a temperature above Tsaturation inorder to obtain a homogeneous mixture of the solution 
onstituents. Then it is
ooled down to the growth temperature (about 900-1050oC), and the substrate�xed on the substrate holder is dipped into the solution and rotated. Growth isstopped by removal of the substrate, and the rea
tor is subsequently 
ooled downqui
kly to avoid thermal degradation of the grown layer. Several �lms 
an besu

essively grown, the limitation being the formation of gallium oxide or other
ontaminants[67℄.The typi
al density of TDs in 
-plane LPE grown GaN ex
eeds 109 
m−2.28



LPE te
hnique is often 
ombined with MOVPE and HPVE to a
hieve the bestmaterial 
hara
teristi
s. For example, MOCVD sapphire/GaN and HVPE free-standing GaN substrates gives material with ex
ellent quality [75℄. Non-polarm-plane and a-plane MOVPE GaN samples grown on LPE-GaN substrates bythe Na �ux method were shown redu
ed to 107 
m−2 dislo
ation densities [76℄.An alternative to 
onventional LPE te
hnique is low-pressure solution growth(LPSG) performed at ambient pressure. With this method the density of TDs in
-plane GaN are reported to be redu
ed to 5× 108 
m−2 [77℄.Among the drawba
ks of LPE te
hnique it is worth to mention that growthof thin epitaxial layers (less than 100 nm) is very di�
ult to 
ontrol. The growthrate is not 
onstant during the whole pro
ess and is maximal in the beginning.The surfa
e �atness of LPE materials strongly depends on the misorientation,supersaturation and dopant used. In 
ontra
t to another methods, an in-situ
hara
terization of the growing layer is impossible in LPE, be
ause the epilayeris hidden by the metalli
 solution [72℄.3.2.4 Mole
ular beam epitaxyMole
ular beam epitaxy (MBE) is a te
hnique for epitaxial growth via the inter-a
tion of one or several mole
ular or atomi
 beams that o

urs on a surfa
e of aheated 
rystalline substrate [78, 79℄. The general prin
iples of this te
hnique issimilar to MOVPE (more detailed in Se
. 3.2.1). The major di�eren
es betweenthem are the more kineti
, non-equilibrium growth me
hanism of MBE andsuperior in-situ measurement 
apabilities, whi
h have made the growth pro
esssimpler to understand and provided superior 
ontrol of interfa
es and atomi
 layerstru
tures.A mole
ular beam is de�ned as a dire
ted ray of neutral mole
ules or atoms ina va
uum system produ
ed by heating a solid substan
e 
ontained in an e�usion
ell [80℄. It is guided by a set of slits and shutters onto a substrate. Underthe 
ertain 
onditions, governed mainly by kineti
s, the beam would 
ondenseresulting in nu
leation and growth [81℄. Despite a simpli
ity of this method, itrequires spe
ial 
onditions for su

essful growth of heteroepitaxial layers:
• The ultra high va
uum (UHV) of about 10−8 Pa is the essential environmentfor MBE. Therefore the rate of gas evolution from the materials to the
hamber has to be as low as possible.
• The sour
e materials should possess the purity of 99.999999%.
• The mole
ular sour
e has to evaporate refra
tory materials (su
h as metals)and adjust the �ux density of the substan
e.The typi
al s
heme of MBE system is depi
ted in Fig. 3.5. The solid sour
esmaterials are pla
ed in evaporation 
ells to form an angular distribution of atomsor mole
ules in a beam. The substrate is heated to the ne
essary temperatureand 
ontinuously rotated to improve the growth homogeneity. A spe
tral massanalyzer [82℄ is used to monitor the environment inside the 
hamber. For the
ru
ibles of the MBE ma
hine pyrolyti
 boron nitride (PBN) is often 
hosen. Itgives low rate of gas evolution and 
hemi
al stability up to 1400 oC. Molybdenum29



Figure 3.5: A typi
al MBEsystem taken from [79℄.and tantalum with ex
ellent refra
tory properties are widely used for shutters,heaters and other 
omponents of the devi
e. A 
ryogeni
 s
reening around thesubstrate is required to minimize spurious �uxes of mole
ules and atoms from thewalls of the 
hamber.The 
ontrol of 
omposition and doping of the growing material at monolayerlevel is performed by opening and 
losing me
hani
al shutters. Their typi
aloperation time is about 0.1 s that is mu
h shorted than time needed to 
reateone monolayer (about 5s). The �ux of every 
omponent is 
ontrolled by variationof the 
ells temperature.Due to UHV inside the 
hamber many in-situ 
hara
terization tools are usedin su
h systems, for instan
e re�e
tion high energy ele
tron di�ra
tion (RHEED)[83℄, s
anning ele
tron mi
ros
opy (SEM) [84℄ or Auger spe
tros
opy [85℄.GaN layers are 
ommonly grown by MBE te
hnique. Ex
ept Ga e�usion 
ellthe MBE 
hambers 
an be equipped with Si and Mg 
ells for n- a p-type doping,as well as In or Al for growth of InGaN and AlGaN 
ompounds [86℄. The densityof threading dislo
ations in GaN �lms grown with MBE method on SiC poroustemplate is estimated of order 1010 
m−2 [87℄. With re�ned pro
edures, however,dislo
ation densities of 108 order 
an be obtained when grown dire
tly on sapphiresubstrates with AlN or GaN bu�er layers. The MBE templates is often used forthe subsequent MOVPE or HPVE overgrowth improving the material quality andredu
ing the TDs densities by one-two orders [88℄.However, the major disadvantage of MBE te
hnique is a relatively low tem-perature of GaN growth ( 700-800 oC). It yields de
omposition of GaN �lm intoGa and N2 be
ause of thermodynami
 instability of GaN under UHV. Low tem-perature of the substrate redu
es surfa
e atom mobility leading to high densitiesof TDs in GaN epilayer [89℄. This problem 
an be avoided for ternary materialsby in
rease the surfa
e adatom mobility with surfa
tant impurities (In, Al, Ase.g.).MBE te
hnique is used in the fabri
ation of 
ertain optoele
troni
 devi
esbased on GaN, su
h as laser diodes for CD player opti
al pi
k-ups. Nowadays theusage of this method is mu
h less 
ommon than LPE, MOVPE and other te
h-niques. However, MBE is espe
ially appropriate for the fabri
ation of ele
troni
30



devi
es and it is a key tool in the mass produ
tion of transistors and diodes forappli
ations su
h as mobile phones and satellite re
eivers [4℄.3.3 Series of samples grown for our investigationThe goal of our study is to determine the density of defe
ts (threading dislo
ationsin 
ase of 
-plane and basal sta
king faults in 
ase of a-plane GaN) in heteroepitax-ial layers. Our 
ollaboration with Institute of Optoele
troni
 in Ulm University(Germany) gave us an opportunity to obtain the series of samples appropriate toour investigations. A model system for our resear
h 
onsisted of three series ofsamples, namely 
-plane GaN, a-plane GaN and 
-plane Al0.2Ga0.8N. Ea
h samplefrom all series di�ered from another ones in growing mode that led to di�erentdefe
t densities.3.3.1 
-plane GaNA series of four 
-oriented GaN thin �lms with di�erent dislo
ation densitieswas grown by metal-organi
 vapor phase epitaxy in an AIXTRON 200/RF-Shorizontal �ow rea
tor. All layers were grown on 2in 
-plane (0001) epi-readysapphire wafers slightly mis
ut by about 0.3o toward the a-plane. This mis
uthas been shown to improve the optoele
troni
 properties of the layers[90, 91℄.All samples were grown in four steps (Fig. 3.6). The growth of GaN �lms was
arried out with trimethyl-aluminum (TMAl), trimethyl-gallium (TMGa) andhigh purity ammonia (NH3) pre
ursors and Pd-di�used hydrogen (H2) 
arriergas [57℄.After thermal 
leaning the rea
tor was 
ooled down to 950 oC and the nu-
leation was started. On top of the substrate, an oxygen doped 20 nm AlNnu
leation layer was deposited. The optimized parameters for the nu
leationwere sele
ted based on an analyses of the observed full width at half maximum(FWHM) of x-ray ro
king 
urves in symmetri
 (0004) and asymmetri
 (101̄4)di�ra
tions. The best reprodu
ibility was demonstrated with a temperature of920 oC, 10 s

m oxygen �ow and 10 min deposition time, so these parameterswere used to grow the series of samples.The next step was a 360s annealing under hydrogen atmosphere and 
onstantammonia �ow at 1140 oC. The optimized annealing 
onditions yield a redu
ednumber of s
rew TDs whereas the formation of edge dislo
ations is not stronglya�e
ted [92℄. The annealed AlN NL was followed by a 300 nm thi
k GaN bu�erlayer. The de
rease of the rea
tor pressure (from 200 to 100 mbar) yieldedin
rease of the GaN growth rate. It a�e
ted the quality of 
rystals so that surfa
esmoothing by AFM and redu
e of FWHM by x-ray measurements were observed.The bu�er layer was nominally undoped and showed semi-insulating behaviourin resistivity measurements.The large latti
e mismat
h between the GaN epitaxial layer and the substrateyields high dislo
ation densities up to the order of 109 
m−2 even in optimizedsamples. An in-situ deposited intermediate SiNX layer with a submonolayerthi
kness redu
es the density of edge threading dislo
ations, while the densityof s
rew TDs remains almost un
hanged[62℄. In addition, the redu
ed edge TDsdensity lead to a smoothing of the sample surfa
e. One disadvantage of the SiN31
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Figure 3.6: Temperature 
y
les duringthe four-step growth pro
ess (takenfrom [57℄). Figure 3.7: Transmission ele
tronmi
rograph of the 
ross-se
tion of thesample S1 (taken from [93℄).Sample GaN thi
kness,(µm) SiNx depositiontime, (s) Total TDs den-sity, (108cm−2)S1 1.8 180 2.6S2 1.8 150 4.8S3 1.8 120 7.6S4 2.4 0 20Table 3.1: Chara
teristi
s of samples S1-S4 and total densities of TDs determinedfrom EPD te
hnique.layer is the ba
k-ground doping 
on
entration (n = 6 × 1017cm−3) that has notin�uen
e on the opti
al properties but makes material not useful in high ele
tronmobility transistors[93, 94℄.The SiNX layer deposition was a

ompanied with de
rease of ammonia �owto 500 s

m, stop of the Ga �ow and opening the silane sour
e. The dislo
ationdensity in the top GaN layer has been systemati
ally varied by tuning the SiNXinterlayer deposition time between 0 and 180 s. The total thi
kness of the GaN�lm was 1.8 µm and 2.4 µm for samples with (S1-S3) and without (S4) the SiNXlayer, respe
tively (listed in Table 3.1).TEM revealed that most of the threading dislo
ations are pinned at the SiNXinterfa
e (Fig. 3.7) so that the dislo
ation density in the upper GaN layer issubstantially redu
ed. From EPD studies (see Se
. 5), it has been found thatthe densities of threading dislo
ations in the upper layer de
rease indeed within
reasing SiNX interlayer deposition time and vary between 2.6×108 and 20×108
m2 (see Table 3.1). These values 
an be 
ompared with ones obtained fromsimulations and help us to estimate the a

ura
y of our approa
h.3.3.2 a-plane GaNThe obje
t of our further investigation is a series of four a-plane GaN samplesdenoted M1 to M4 grown heteroepitaxially on r-oriented sapphire substrates bymetalorgani
 vapor-phase epitaxy (MOVPE) in an AIXTRON 200/RF-S horizon-32



tal �ow rea
tor [95℄. TMGa, TMAl and ammonia (NH3) have been used as Ga, Al,and N pre
ursors and Pd-di�used hydrogen as a 
arrier gas. Before starting thegrowth, the substrate was heated up to 1200◦C for 10 min in hydrogen atmospherefor a desorption of surfa
e impurities. Then, the growth of all samples wasinitiated with an about 20 nm thi
k high temperature AlN nu
leation layer. Thislayer signi�
antly improved the morphology of a-plane GaN �lms and de
reasedthe a
tual number of defe
ts arisen due to mismat
h in latti
e 
onstants between�lm and its substrate [96, 97℄.We have 
hosen a series of samples with di�erent growth 
onditions anddi�erent densities of defe
ts. For sample M1, the AlN NL was followed by aGaN �lm deposited at the same temperature of 1120◦C and a NH3 to TMGamolar �ow ratio (V/III ratio) of about 1100 to a total thi
kness of approximately2.2 µm.In order to optimize the GaN layer quality, a two-step pro
edure was appliedto sample M3 where the V/III ratio was in
reased in the �rst step to a value ofabout 2200 for the growth of the �rst 1µm owing to a
hieve best "bulk" 
rystalquality. Then, this parameter was redu
ed to about 540 for the growth of the toplayer (2.3µm) in order to minimize the surfa
e roughness.For sample M2, the �rst 1µm thi
k GaN layer was grown applying an in
reasedV/III ratio of about 2200, where a defe
t-redu
ing in-situ deposited SiNX layerwas integrated after 300 nm, similar as des
ribed in [62℄. Then, the se
ond SiNXlayer was deposited before about 2.3µm GaN grown with redu
ed V/III ratio ofabout 540. Finally, an about 1µm thi
k GaN top layer was grown at slightlyin
reased temperature (∆T = 20K).For sample M4, a template a

ording to M3 was additionally overgrown byhydride vapor phase epitaxy to a total thi
kness of approx. 9µm. This overgrowthwas performed on horizontal �ow Aixtron single-wafer system with high purityNH3 and GaCl pre
ursors. The 
arrier gas was a mixture of nitrogen and Pd-di�used hydrogen. The growing temperature was approximately 900◦C and V/IIIratio was about 18. The optimized HVPE overgrowth predi
ted the better qualityof GaN �lm that has been proven by our simulations.3.3.3 
-plane Al0.2Ga0.8NOne of the most important tasks of our study was to apply our method of TDsdensity determination developed for 
-plane GaN layers to another materials. Agood example of su
h material is AlGaN layers grown on sapphire exhibiting alarge number of threading dislo
ations.We investigated a series of 5 samples denoted A1 to A5 with di�erent thi
k-nesses (from 0.5 to 3.5 µm) of AlGaN top layer grown by MOVPE te
hnique on(0001) sapphire substrates with a mis
ut of 0.3◦ towards the a-plane, in a low-pressure horizontal rea
tor (Aixtron AIX-200/4 RF-S) [98℄. TMGa and TMAlwere used as group-III pre
ursors, and ammonia as group-V pre
ursor. The Al
ontent in the samples was 
on�rmed by photolumines
en
e of about 20% [99℄.For higher quality of AlGaN layer after the �rst nu
leation layer of oxygen dopedAlN with a thi
kness of about 60 nm followed the 150 nm interlayer of AlGaNgrown at temperature of 1200◦C.An additional sample 
alled A0 was studied in order to resolve 
ompli
ated33



Figure 3.8: TEM from 
ross-se
tion ofthe sample A2 taken from [98℄. EdgeTDs 
an rea
h the surfa
e mostly inform of bundles.di�ra
tion patterns o

urred in symmetri
al di�ra
tion (see Se
. 6.2). Thissample has the same stru
ture as the series A1-A5, however the thi
kness ofAlGaN top overgrown layer is estimated to be about 90 nm, whi
h is less thatthe 150 nm interlayer of AlGaN.A 
ommon method to redu
e the TD density in GaN layers is the use theSiNX intermediated layers [57℄. However, this te
hnique does not reveal anyvisible improvements in 
rystal quality of AlGaN layers, sin
e this material doesnot grow as sele
tive as GaN [100℄. Nevertheless the SiNX masks deposited in-situwere re
ently su

essfully implemented to Al0.2Ga0.8N [101℄. Ea
h of our sampleshas SiNX mask with a submonolayer thi
kness produ
ed in-situ from silane sour
eduring 4 minute of deposition time. Finally, the main layer of AlGaN was grownabove the mask. The roughness of the samples was estimated by atomi
 for
emi
ros
ope (AFM) as about 6 nm.The investigations performed by beam dark �eld transmission ele
tron mi-
ros
opy showed that the high number of edge TDs were stopped by the SiNXinterlayer, while the density of s
rew TDs remained almost un
hanged (see Fig.3.8). However, s
rew TDs do not hamper the ele
troni
 devi
e performan
e basedon AlGaN as strongly as edge TDs [102℄, so the presen
e of SiNX mask made realimprovement of the material. From TEM image in Fig. 3.8 we 
an observe theregions with dislo
ation bundles yielding large defe
t- free areas in the �lm. TDsrea
hes the surfa
e rather in the form of bundles then separately that leads tode
rease of their averaged density.
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4. Basi
s of X-ray S
atteringThe x-ray s
attering is one of the most important methods for 
hara
terizationof thin �lms and nanostru
tures. By means of the x-ray s
attering, the stru
tureof thin �lms, morphology, strain in the material, ele
tron density and many otherproperties 
an be determined. The x-rays 
an di�erently intera
t with matter,they 
an be absorbed and elasti
ally or inelasti
ally s
attered. In this 
hapter,we will fo
us on the basi
 prin
iples of elasti
 x-ray s
attering.4.1 X-ray di�ra
tionThe wavelength of the x-rays is of order 10−9-10−10m that 
orresponds to dimen-sions of atomi
 plane interspa
ing in the 
rystals. It gives rise to examine the
rystalline stru
ture by use of x-rays [103, 104℄. In this work, we 
onsider thex-rays to be elasti
ally s
attered from the solid stru
ture i.e. the wavelengths ofthe in
iden
e and outgoing beams are equal.4.1.1 Intera
tion of x-rays with the 
rystalline materialThe in
oming x-ray beam 
an be absorbed by material resulting with the weakeroutgoing beam. This pro
ess is des
ribed by exponential redu
tion of in
identintensity I0 while propagating through the sample with the thi
kness z:
I(z) = I0 exp(−µz), (4.1)where µ is absorption 
oe�
ient of the sample material at 
ertain energy of x-rays.Ex
ept being absorbed the in
oming beam 
an be refra
ted or re�e
ted. Everymaterial possesses its own refra
tive index. For x-rays the 
omplex refra
tiveindex is less then unity and it 
an presented as follows: n = 1 − δ + iβ, where

δ and β are related to the ele
tron density and to the absorption of materialrespe
tively. X-rays 
an undergo total external re�e
tion if the in
ident angle issmaller than the 
riti
al one given as αc =
√
2δ that is often used in surfa
e andnear-surfa
e regions investigation.Finally, the in
ident x-ray beam 
an be di�ra
ted from ordered 
rystallinestru
ture. In general, di�ra
tion of X-rays from a 
rystal latti
e obeys the Bragg'sLaw:

nλ = 2d sinΘ, (4.2)where λ is the wavelength, d is the latti
e spa
ing, Θ is the Bragg angle and nmeans integer.4.1.2 Classi�
ation of s
attering approa
hesThere are two general approa
hes to des
ribe the x-ray di�ra
tion, namely thedynami
al and kinemati
al s
attering theories [105℄. Dynami
al theory 
an beapplied to highly prefe
t semi-in�nite single 
rystal systems evolving the narrowBragg peaks. It takes into a

ount multiple s
attering pro
esses. The exa
ttheoreti
al treatment of x-ray di�use s
attering from GaN epitaxial layers withinthe dynami
al theory is pra
ti
ally impossible.35



The kinemati
al approa
h known as the �rst Born approximation is su
-
essfully applied to des
ribe the di�ra
tion from rather imperfe
t systems andsmall s
attering volumes. In the pro
esses des
ribed by kinemati
al di�ra
tion,s
attering is supposed to be weak what implies that multiple s
attering e�e
ts 
anbe negle
ted. The kinemati
al x-di�ra
tion 
an be observed when the di�ra
tionve
tor Q is 
lose to the re
ipro
al latti
e point so the Bragg 
ondition is ful�lled.Its magnitude 
an be thus written as follows:
|Q| = 4π

λ
Θ, (4.3)From a 
lassi
al point of view, a 
harged free ele
tron is a

elerated by thein
oming ele
tromagneti
 wave with the amplitude Eo exp(iKir). The result-ing for
ed os
illation of the ele
tron leads to reemission of an ele
tromagneti
spheri
al wave, whi
h has the same frequen
y as the original in
oming wave andexhibits a 
hara
teristi
 dipole-like angular distribution. At large distan
e R ofthe ele
tron from the observer, the ele
tri
 far �eld of the s
attered wave is givenby

E(r, R) = r0CE0 exp(iKir)
exp(iKR)

R
, (4.4)where r0 is the 
lassi
al ele
tron radius, Ki is the in
iden
e wave ve
tor and Cis the polarization fa
tor having 1 or |2 cosΘ| values for s- and p-polarizationsrespe
tively. K = |Ki| is de�ned as a length of the wave ve
tor that is 
onstantfor in
iden
e and di�ra
ted beams within the kinemati
al approximation.The total s
attered amplitude is given by a 
oherent summation over alls
attered partial waves:

E(R) = r0CE0

∫
ρ(r) exp(iKir)

exp(iK|r −R|)
r −R

dV, (4.5)where ρ(r) stands for the ele
tron density in the material. The integration isperformed over the 
oherently illuminated volume. The expression in the righthand side of the Eq. 4.5 
an be simpli�ed when the appropriate approximationis used.A rough qualitative rule 
onne
ts the use of the kinemati
al approximationwith at least one of the following 
onditions [103℄:
• the length of the x-ray traje
tory in the sample is su�
iently small;
• the layer is highly disturbed;
• the angular deviation of the primary x-ray beam from the dire
tion of thedi�ra
tion maximum is su�
iently large.In some 
ases the experimental problem 
annot be solved neither dynami
allynor kinemati
ally, so other suitable approximation should be found. Within semi-kinemati
al approa
h the s
attering from an undisturbed sample is assumed to bedynami
al, while the 
ontribution of the disturban
e is 
al
ulated kinemati
ally.
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4.1.3 Fraunhofer approximationIf the distan
e between the sample and dete
tor is mu
h larger than the diameterof the 
oherently illuminated sample area (|R| ≫ |r|), the Fraunhofer approxi-mation known as far-�eld di�ra
tion is valid. Another words the square of thesize D of s
attering obje
t is mu
h smaller then produ
t of the x-rays wavelength
λ and R (D ≪

√
λR).In this 
ase Eq. 4.5 
an be rewritten as
E(Q) = r0CE0

exp(ikR)

R

∫
ρr exp(iQ · r)dV (4.6)Here, Q is the s
attering ve
tor de�ned as a di�eren
e between wave ve
tors ofthe di�ra
ted and in
iden
e beams:

Q = Kf −Ki, (4.7)and the phase di�eren
e between the s
attered on two ele
trons waves is equalto Q · r. The s
attering ve
tor 
an be 
omplex. In this 
ase its real part is
onne
ted with refra
tion and the imaginary part des
ribes absorption. However,sin
e relative 
hanges of s
attered intensity are probed in just a small area ofre
ipro
al spa
e, absorption 
an usually be negle
ted as long as the photon energyis not 
hosen 
lose to an absorption edge.If one negle
ts the prefa
tor in front of the integral in 4.6, the amplitude 
anbe treated as the three-dimensional Fourier transform of the ele
tron density ρ(r).The result of the Fraunhofer approximation is that the s
attering obje
t istreated as a pointlike sour
e that emits a spheri
al wave front exp(iKr)/R, whi
his modulated by ∫ ρr exp(iQ ·r)dV amplitude, whi
h is non-zero when the Bragg
ondition 4.3 is ful�lled. The di�ra
ted wave is treated as a plane wave with thewave ve
tor Kf determined by the position R of the dete
tor [105℄.4.1.4 The resolution elements in re
ipro
al spa
eThe divergen
es of the in
iden
e and the s
attered beam yield the 
ertain distri-bution of di�erent s
attering signals that are summed up to the total intensity. Inorder to des
ribe this e�e
t properly the s
attering intensity has to be averagedover the resolution element. The resolution element is 
alled an area in re
ipro
alspa
e that is illuminated by the in
ident beam and at the same moment a

ept-ed by the dete
tor under geometri
al and spe
tral 
onditions of the s
atteringexperiment [103℄. Its shape depends on the geometri
al 
onditions of the x-rayexperiment. For 
oplanar di�ra
tion in the QxQz-plane the resolution element
an be expressed as
Acoplanar = ∆Qz∆Qx, (4.8)where ∆Qz and ∆Qx depend on the waveve
tor amplitude K, in
iden
e and exitangles αi,f and the divergen
es of the in
ident and di�ra
ted beams ∆i,f

∆Qx ≈ K
√

(∆αi sinαi)2 + (∆αf sinαf)2,

∆Qz ≈ K
√

(∆αi cosαi)2 + (∆αf cosαf )2, (4.9)37



In grazing-in
iden
e di�ra
tion with QangQrad plane of di�ra
tion the resolutionelement is introdu
ed as
AGID = ∆Qang∆Qrad, (4.10)where

∆Qang ≈ K
√

sin2ΘB

[
α2
f(∆αf )2 + α2

i (∆αi)2
]
+ cos2ΘB [(∆Θf )2 + (∆Θi)2],

∆Qrad ≈ K
√

(∆αf)2 + (∆αi)2, (4.11)where ∆Θi,f are the in-plane Bragg angles between the lateral proje
tion of thein
ident and the s
attered beam and the di�ra
tion plane.In simulations of the di�ra
tion experiment, the in
ident photon �ux should beadditionally 
orre
ted a

ording to the e�e
tive illuminated area. If the in
iden
eangle is αi, then the 
al
ulated intensity should be multiplied by the fa
tor of
1/ sinαi.In our work, we 
al
ulate resolution elements for every di�ra
tion experimentbased on Eq. 4.1.4 and 4.1.4 and perform the 
onvolution of 
al
ulated intensitywith the appropriate resolution fun
tion that allows us to 
ompare the intensitydistributions from x-ray experiment and our 
al
ulations.4.1.5 The intensity of the s
attered waveThe x-ray s
attering intensity I(Q) is the ratio of intensity s
attered by the 
rystalat large distan
es to one s
attered by 
lassi
al ele
tron. In the kinemati
al theorythe 
omplex amplitude of s
attering is treated as a sum of amplitudes s
atteredfrom individual atoms taken with appropriate phase [2℄. Then the intensity ofhigh-frequen
y mono
hromati
 radiation is expressed in ele
tron units as follows:

I ∝ |
∫
ρ(r) exp(iQ · r)dr|2 (4.12)The integration in Eq. 4.12 is performed over the entire volume of the 
rystal.Let us 
onsider the n-th atom pla
ed in the s-th unit 
ell o

upies the site γ.In imperfe
t 
rystals the positions of atoms do not 
oin
ide with the sites γ ofthe perfe
t latti
e and are displa
ed by some ve
tors un = us,γ. In that 
ase thetotal ele
tron density 
an be written as

ρ(r) =

N0∑

n=1

ρn(r −Rn − un) =

N∑

s=1

ν∑

γ=1

ρsγ(r −Rsγ − usγ), (4.13)where N0 = Nν is the total number of atoms, N is the number of 
ells in the
rystal, ν is the number atoms in one 
ell, and Rn = Rsγ is the radius ve
tor ofthe n-th atom. Substituting Eq. 4.13 into Eq. 4.12 one 
an obtain:
I = |

N0∑

n=1

fne
iQRneiQun |2 =

N∑

s=1

ν∑

γ=1

fsγe
iQRsγeiQusγ |2, (4.14)

fn = fsγ = fn(Q) =

∫
ρn(r

′) exp(iQr′)dr′ (4.15)38



is the atomi
 s
attering fa
tor of the n-th atom and r′ = r − Rn − un. Eq.4.14 is valid if the frequen
y of s
attered x-ray is higher that the ele
tron Bohrfrequen
y. In general, the atomi
 fa
tor is 
omplex:
fn = f 0

n + f ′
n + if”n (4.16)The item f 0

n is given by 4.15, the additional real part f ′
n is responsible fors
attering at the absorption edge and the imaginary part f”n depends on theabsorption 
oe�
ients and is determined by the os
illator strength for the ele
trontransitions.In real imperfe
t 
rystals the stru
ture amplitude is determined in di�erent
ells for parti
ular distributions of atoms and defe
t types. Sin
e the s
atteringvolume 
ontains a large number of atoms, the 
al
ulate s
attering intensity forparti
ular defe
t distribution almost 
oin
ides with the mean s
attering intensityfor the statisti
al ensemble for given ma
ros
opi
 parameters whi
h des
ribe the
omposition, order and 
orrelation in the 
rystal. Let us introdu
e radius ve
tor

Rss′ = Rs − Rs′ 
onne
ting two distorted unit 
ells inside the 
rystal. Thenthe s
attered intensity 
an be rewritten in the form of general equation of thekinemati
al theory:
I(Rss′ ,Q) =

1

n

∑

s

〈fsf ′
s′ exp[iQ(us − us′)]〉 (4.17)The displa
ement u is the sum of stati
 displa
ements. The angle bra
kets in4.17 denote the averaging performed over the statisti
al ensemble in
luding thequantum-me
hani
al one over the vibrations of atoms around their equilibriumpositions.4.1.6 Di�use x-ray s
attering from defe
tsThe intensity s
attered di�usely from defe
t-
ontaining single 
rystal 
an beobtained from Eq. 4.17 if one 
onsiders individual stru
ture amplitudes fs anddispla
ements us in di�erent 
ells s [2℄. Let a defe
t o

upies the position t withthe radius ve
tor Rt. For a dislo
ation, the dislo
ation line passes through theposition t, for a dislo
ation loop, its 
enter is lo
ated at the position t. Thedispla
ement ve
tor ust is de�ned for the 
enter of the s-th latti
e 
ell 
ausedby a defe
t lo
ated at t. This displa
ement signi�
antly 
hanges the stru
turalfa
tors denoted as φst. This parameter usually de
reases more rapidly then ustwith in
reasing distan
e from the defe
t position t.The defe
t distribution in a 
rystal is des
ribed with the numbers ct = 1, ifa defe
t is in the position t and ct = 1, if the defe
t is not pla
ed there. Thesenumbers are statisti
ally independent in the 
ase of non-
orrelated defe
ts distri-bution and the probability is then equal to defe
t 
on
entration c. If we 
onsideronly one type of defe
ts with identi
al orientation, then the total displa
ement inthe 
enter of the s-th 
ell 
an be regarded as a superposition of the displa
ements
aused by individual defe
ts:

us =
∑

t

ctust (4.18)39



If the defe
t 
on
entration is low, the stru
ture amplitude for the s-th 
ell 
an berepresented as:
fs = f +

∑

t

ctφst, (4.19)where f is the stru
tural amplitude of the 
rystal without any defe
ts and thesummation is performed over all position t that 
an be o

upied by defe
ts.Substituting 4.19 into 4.17, we obtain the expression for s
attering intensityfor given defe
ts distribution in the 
rystal:
I =

∑

s,s′

(
f +

∑

t

ctφst

)(
f ′ +

∑

t′

ct′φ
′
s′t′

)
exp(iQr)×

∏

t”

exp(iQuss′t”ct”),(4.20)where r = R0

s −R0

s′ (R0

s stands for radius ve
tor of the 
enter of the s-th 
ell inthe 
rystal without defe
ts) and uss′t = ust − us′t.When the defe
t 
on
entration c is small so they do not a�e
t the stru
tureamplitudes and φst = 0, the averaging over the random variables ct yields:
I = |f |2

∑

s,s′

exp(iQr) exp(−T ), (4.21)where
T = c

∑

t

[1− exp(iQuss′t)] (4.22)The same approa
h applied in the 
ase of several defe
t types α that produ
enon-zero 
hange in stru
tural amplitude φst, gives rise to additional summationover α in 4.21and 4.22 and leads to the similar expression for the s
atteringintensity:
I =

∑

s,s′

eiQr

(
|f̄ |2 +

∑

α

cα
∑

t

φstαφ
′
s′tαe

iQu
ss′tα

)
e−T , (4.23)where

T =
∑

α

cα
∑

t

[1− exp(iQuss′tα)]

[
1 +

1

f
(φstα + φ′

s′tα)

] (4.24)and
f̄ = f +

∑

α

cα
∑

t

φstα (4.25). Eq. 4.23 is written as a sum of two terms, the �rst of whi
h is proportional toa delta fun
tion in the limit of the in�nite periodi
 latti
e, whereas the se
ondone does not 
ontain any delta fun
tions. Thus the �rst term leads to the sharpBragg peaks appearing in the intensity distribution in re
ipro
al spa
e. Thesharp spe
ular s
attering is the Bragg s
attering 
ontains the information aboutthe average sample stru
ture. Any perturbation of the exa
t periodi
ity of theatomi
 latti
e produ
es the di�use s
attering in the vi
inity of the Bragg peaks,des
ribing by the se
ond term in 4.23. Ex
ept of 
rystallographi
 defe
ts, thefa
tors giving rise to di�use s
attering 
an be thermal vibration of the atoms,surfa
e roughness et
. They additionally a�e
t the position of Bragg peak andde
rease its intensity [105℄. 40



5. Defe
ts Determination5.1 Dire
t methodsIn this se
tion, we make a brief review of the most 
ommon dire
t methodsenabling to investigate the defe
t stru
ture of materials. Ele
tron mi
ros
opy,
athodolumines
en
e and te
hnique based on et
hing belong to the most oftenused dire
t methods of defe
t determination. The main advantage of dire
t meth-ods is relative simpli
ity of output data bearing the information about the defe
ts.These data 
an be analysed without spe
ial mathemati
al transformations andsimulations. However, the samples require spe
ial time 
onsuming preparationsfor experiment and they 
an be damaged or destroyed during it.5.1.1 Transmission ele
tron mi
ros
opyTransmission ele
tron mi
ros
opy (TEM) is a mi
ros
opy te
hnique that is 
har-a
terized by a beam of ele
trons transmitted through ultra thin spe
imen andby an image obtained as a result of intera
tion between the ele
tron beam andthe spe
imen [106�108℄. A magni�ed image 
an be fo
used onto a �uores
ents
reen, a layer of photographi
 �lm, or a dete
tor equipped with a 
harge-
oupleddevi
e (CCD) 
amera. The �rst Transmission ele
tron mi
ros
ope was built byMax Knoll and Ernst Ruska in 1931. Sin
e that time it has be signi�
antlymodi�ed, nevertheless its prin
ipal 
omponents su
h as va
uum system, spe
imenstage, ele
tron gun, lenses and apertures remained un
hanged. The s
heme ofmodern TEM is shown in Fig. 5.1. Ele
trons are usually emitted in the ele
tronmi
ros
ope by means of thermioni
 emission from a tungsten �lament. Thenthey are a

elerated by a high potential di�eren
e and fo
us on the thin sampleby ele
tromagneti
 lenses. The beam passed through the spe
imen 
ontainsinformation about the ele
tron density, phase and periodi
ity and it forms animage. The detailed review of the TEM ele
tron sour
e and opti
s 
an be foundelsewhere [109, 110℄.Theoreti
ally, the maximum resolution in the opti
al mi
ros
ope is limited bythe wavelength of the photons λ probing the sample and the numeri
al aperture
NA of the opti
al system:

d =
λ

2n sinα
≈ λ

2NA

. (5.1)The 
on
ept of de Broglie waves re�e
ts the wave�parti
le duality of matter andenables to 
onsider an ele
tron as a parti
le with the wavelength
λ =

h

p
, (5.2)where h is Plan
k's 
onstant and p is relativisti
 momentum of the ele
tron [111℄.The ele
tron wavelength in TEM should be 
orre
ted for relativisti
 e�e
ts, sin
eele
trons moves with the velo
ities 
lose to speed of light c in it. Taking into41



Figure 5.1: The s
heme of a trans-mission ele
tron mi
ros
ope taken fromWikipedia.a

ount that p = h√
2m0eU

, it yields.
λe =

h√
2m0eU

1√
1 +

eU

2m0c2

, (5.3)where m0 is is the rest mass of an ele
tron, e is its ele
tri
al 
harge, and U is anele
tri
 potential used for ele
tron a

eleration. The typi
al wavelength of theele
trons in TEM of order 10−3 nm 
orresponds to ele
tron energies from few tensto several hundreds keV that is by two order less than usual x-ray wavelength.Two types of ele
tron mi
ros
opy are distinguished, bright �eld and dark �eldmi
ros
opies namely. Bright �eld mi
ros
opy uses transmitted and s
atteredbeams to form a pi
ture. The 
ontrast is 
aused by absorban
e of some of thetransmitted light in dense areas of the spe
imen resulting in dark sample imageon a bright ba
kground. Dark �eld mi
ros
opy des
ribes mi
ros
opy methods,whi
h ex
lude the uns
attered beam from the image. As a result, the �eld aroundthe spe
imen is generally dark.Sample preparation in TEM 
an be a 
omplex pro
edure. The thi
kness ofa spe
imen is required to be 
omparable to the mean free path of the ele
tronspassing through it (usually a few tens of nanometers). Me
hani
al polishing isoften used to prepare single 
rystal samples. It ensures 
onstant sample thi
knessa
ross the region of interest and removes any surfa
e s
rat
hes that may 
ause
ontrast �u
tuations. Ion et
hing 
an be used as a �nal polishing to a
hieve thebetter sample 
hara
teristi
s. It 
onsists in a sputtering with a plasma streamgenerated from an inert gas passed through an ele
tri
 �eld. Re
ently fo
used42
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ion beam methods have been used to prepare samples [112℄. Chemi
al et
hing isa powerful te
hnique to perform qualitative and quantitative analyses that willbe dis
ussed in the next se
tion.The study of 
rystallographi
 defe
ts 
an be based on the di�ra
tion 
ontrastin TEM [113℄. The periodi
 latti
e of a 
rystalline solid a
ts as a di�ra
tiongrating, s
attering the ele
trons in a predi
table way. The 
ontrast is observedwhen the ele
tron beam undergoes Bragg 
ondition, in whi
h ele
trons are dis-persed into dis
rete lo
ations in the ba
k fo
al plane. The spe
imen holderbrings the sample to di�ra
tion 
ondition and the obje
tive aperture allowsto 
hoose the appropriate Bragg angles to probe the defe
ts. Due to smallwavelength of ele
trons, the radius of the Ewald sphere is large that resultsin larger a

essible area of 
rystal in re
ipro
al spa
e than in x-ray di�ra
tionexperiments. In a TEM, a single 
rystal grain or nanometer size parti
les maybe sele
ted for the di�ra
tion experiments. However, ele
tron di�ra
tion is oftenregarded as a qualitative te
hnique. It reveals information about deviations from
rystalline symmetry, whereas the defe
t densities 
an not be obtained dire
tlyfrom di�ra
ted patterns. Another limitation of ele
tron di�ra
tion in TEM is the
omparatively high level of user intera
tion needed for the data analysis.High-resolution transmission ele
tron mi
ros
opy (HRTEM) is an imagingmode of the transmission ele
tron mi
ros
ope that allows the investigation of the
rystallographi
 stru
ture of a sample at an atomi
 s
ale. The typi
al resolutionof HRTEM images is about 0.1 nm so the 
rystalline defe
ts 
an be dire
tlyseen. The basi
 prin
iple of HRTEM is the following. A very thin sli
e of 
rystal

Figure 5.2: HRTEM 
ross-se
tion ofthe AlGaN sample in 1̄100 ele
trondi�ra
tion taken from [114℄. Theinset shows the 
oordinates of di�erentre
ipro
al spa
e re�exes. Figure 5.3: HRTEM 
ross-se
tion ofthe AlGaN sample in 0002 ele
trondi�ra
tion taken from [114℄.prepared in advan
e is pla
ed perpendi
ular to the ele
tron beam. All planes 
loseto Bragg position will di�ra
t the primary beam. The di�ra
tion pattern is theFourier transform of the periodi
 potential for the ele
trons in two dimensions.In the obje
tive lens all di�ra
ted beams and the primary beam are broughttogether again. Their interferen
e provides a ba
k-transformation and leads toan enlarged pi
ture of the periodi
 potential. The magni�ed �nal pattern withdi�ra
tion 
ontrast is proje
ted onto the s
reen or re
ording devi
e [115℄.43



The one- or two-dimensional defe
ts in 
rystalline material are 
hara
terizedby Burgers ve
tors in 
ase of dislo
ations or displa
ement ve
tors that are nor-mal to sta
king faults. For elasti
ally isotropi
 medium the 
riterion of defe
tinvisibility in TEM 
an be written as
g · b = n, (5.4)where g is the ve
tor of ele
tron di�ra
tion, b refers to dislo
ation Burgers ve
toror sta
king fault displa
ement ve
tor and n is integer. In anisotropi
 medium theequation 5.4 based on di�ra
tion 
ontrast distribution is not still valid and it hasto be modi�ed as it is dis
ussed in [116℄.A good example of appropriate di�ra
tion sele
tion to visualize s
rew andedge threading dislo
ation in 
-plane AlGaN epitaxial layers 
an be found in[101, 114℄. Here, 
ross-se
tional weak-beam dark-�eld HRTEM studies are 
arriedout to des
ribe a growth model of AL0.2Ga0.8N �lms with a SiNX nano-mask.The edge dislo
ations with Burgers ve
tors be = 1

3
〈112̄0〉 are mostly stopped bySiNX mask (see Fig. 5.2). The TDs passing through the mask in some regionsare merged or bent, 
reating bundles of dislo
ations, hen
e rea
hing the surfa
erarely separately. The density of edge dislo
ations below the SiNX is severaltime higher than above it. As for s
rew threading dislo
ations with Burgersve
tors bs = 〈0001〉 (shown in Fig. 5.3), their number is very small and thedeposited nano-mask has almost no in�uen
e on their propagation over the samplethi
kness. On both �gures, a sub-monolayer SiNX mask is 
learly seen, whi
hproves extremely high sensitivity of XRTEM method. The appropriate 
hoi
e of

g enables to probe s
rew and edge dislo
ation separately. Nonpolar a-plane GaN

Figure 5.4: Cross-se
tional HRTEMdark �eld image with g = 1̄010 takenfrom [31℄. The BSFs are stret
hed inverti
al dire
tion. Figure 5.5: Cross-se
tional HRTEMbright �eld image with g = 112̄0 from[31℄ measured 
lose to the [0001℄ zoneaxis. The PSFs are visible as thin lines
oming to the sample surfa
e at a 60oangle.was examined by bright and dark �eld TEM methods in [31℄. The samples understudy were grown by organometalli
 vapor phase epitaxy on (112̄0) 4H-SiC. AlN44



nu
leation layer was deposited to de
rease substrate/�lm mismat
h. The 
ross-se
tional TEM in Fig 5.4 reveals basal sta
king faults with 1

6
〈202̄3〉 displa
ementve
tors nu
leate at the 4H-SiC/AlN interfa
e and propagate through the GaN tothe sample surfa
e. A 
ra
k formed approximately 100 nm from the AlN bu�erlayer is marked by an arrow. Sele
ting the di�ra
tion ve
tor as g = 112̄0, one 
anobserve the prismati
 sta
king lo
ated in (2̄110) and (12̄10) planes (presented inFig. 5.5). The use of HRTEM te
hnique provided an ex
ellent visual informationabout the two-dimensional defe
ts typi
ally present in a-plane GaN material.Summarizing, a great advantage of the TEM 
onsists in the 
apability toobserve, by adjusting the ele
tron lenses, both ele
tron mi
ros
ope images anddi�ra
tion patterns for the same region. It is a powerful te
hnique to obtain apre
ise qualitative des
ription of the obje
t under study. On the other hand, for
ertain appli
ations this method is limited by rather small size of the area 
overedby ele
tron beam. Moreover, the prepared sli
e-like spe
imens might not alwaysrepresent the features of the entire sample.5.1.2 Et
h pit densityThe et
h pit density (EPD) is a te
hnique to study the defe
t stru
ture of the
rystalline material. In this te
hnique, an et
h solution is applied on the surfa
eof the 
rystal. The et
h rate is in
reased at 
rystallographi
 defe
ts resulting inet
h pits, whi
h density 
an be 
ounted in opti
al 
ontrast or ele
tron mi
ros
ope[117℄.The EPD methods is mostly used for determination of dislo
ation densities.The formation of et
h pits in regions where the dislo
ations rea
h the surfa
e is
onne
ted to the fa
t that the region of the 
rystal latti
e near the dislo
ation hasthe ex
ess of energy so the atoms 
an be easily removed from the surfa
e at thesesites. Another words, EPD is based on the di�eren
es in 
hemi
al dissolutionrate between an undisturbed 
rystal material and a latti
e pla
e with a defe
t.Di�erent shapes of pits are observed in di�erent 
rystallographi
 planes. Forexample, (111) planes 
orrespond to the pits in the form of equilateral triangles,(110) planes - in the form of squares. It 
an be explained that, sin
e various
rystal planes have di�erent surfa
e energies, they yield di�erent et
hing rates[118℄.In order to determine the density of dislo
ations, the surfa
e of the sampleis explored in two perpendi
ular dire
tions. For this reason an eyepie
e with a
oordinate grid is used. The image is divided into several equal squares and one
ounts the average number of et
h pits i in these squares. The dislo
ation densityis 
al
ulated as follows:

ρ =
iM2

S
, (5.5)where M is magni�
ation and S is area of one square.In EPD, both optimized et
hing 
onditions for revealing all defe
ts and inter-pretation of the meaning of the et
h features have to be established. Weyher etal. applied a 
ombination of et
hing and TEM analysis to determine the densityof threading dislo
ation in HVPE-grown 
-plane GaN [119℄. They found thetemperature dependen
e of di�erent types of dislo
ations visibility and optimizedthe et
hing 
onditions to the kineti
 pro
esses within the samples under study.45



Figure 5.6: EPD image of the sampleS4 taken from [57℄. The total densityof threading dislo
ations is estimatedas 2.6× 108cm−2.Using TEM on spe
imens prepared by 
onventional 
ross-se
tion and 
ut byfo
used ion beam methods, it was unequivo
ally established that the largestpits are formed on s
rew-type dislo
ations, intermediate size pits on mixed-typedislo
ations and the smallest ones on edge-type dislo
ations.Kamler et al. used a method of defe
t-sele
tive et
hing for MOVPE-grownpolar GaN �lms [120℄. After et
hing, the samples were studied by di�erentialinterferen
e 
ontrast opti
al mi
ros
opy, transmission and s
anning ele
tron mi-
ros
opies. Ex
ept determination of dislo
ation densities this method revealedthe indentation-indu
ed dislo
ations in the GaN single 
rystals and the presen
eof nano-pipes of density one to two orders of magnitude lower than the densityof dislo
ations.The series of GaN samples des
ribed in Se
. 3.3.1 were investigated by EPDmethod. Small sli
es of ea
h GaN sample were et
hed and explored with SEM.The surfa
e of the sample S1 with et
h pits is shown in Figure 5.6. Thesemeasurements allowed us to determine the total density of TDs, neverthelesss
rew and edge dislo
ations were hard to distinguish.The examples listed above 
on�rms a huge importan
e of the et
hing methodsin GaN stru
tural study. The EPD te
hnique has high enough a

ura
y to deter-mine the total density of dislo
ations. It belongs to the most 
heapest and time-e�e
tive methods. However, the et
h pits of s
rew and edge threading dislo
ations
an not always be easily distinguished. EPD measurements tend to underestimatethe dislo
ation density if it is higher than 5 × 106 
m−2 [121℄.In addition, themain weakness of EPD is destru
tion of samples due to non-returnable 
hemi
alpro
esses during the et
hing.5.1.3 Cathodolumines
en
eThe 
athodolumines
en
e (CL) is a method to study a dire
t band gap semi
on-du
tor materials like the III-nitrides. It is based on intera
tion of the ele
tronbeam generated by an ele
tron gun with the semi
ondu
tor. CL wavelength andintensity are dependent on the 
hara
teristi
s of the sample and on the working
onditions of the ele
tron gun [122℄. This intera
tion gives rise to ele
tron-holepairs generation within the sample. The density of these pairs is limited by thes
attering pro
ess of the ele
tron beam within the sample. Their distributiondepends on the di�usion length and the re
ombination behaviour at the surfa
eand in the bulk. The re
ombination 
an be either radiative in whi
h 
ase a photonis emitted or non-radiative generating phonons or Auger ele
trons. In general,the radiative and the non-radiative pro
esses 
an not be separated quantitatively.CL photons are generated by ele
troni
 transitions between the 
ondu
tion andthe valen
e bands and due to impurities or defe
ts lo
ated in the energy gap.46



The generated photons 
an be 
olle
ted and subsequently dete
ted to providethe 
athodolumines
en
e signal [123℄.Mapping of 
athodolumines
en
e in 
rystalline material shows enhan
ed in-tensity in the vi
inities of dislo
ations due to lo
alised gettering e�e
ts [124℄.Another appli
ation of CL is 
athodolumines
en
e spe
tros
opy. The lumines-
en
e spe
tra are obtain if the ele
tron beam is hold stationary or it s
an smallarea of the spe
imen.In general, the CL methods enables the quantitative determination of manyele
troni
 and opti
al parameters of materials. Besides the density of defe
ts it ispossible to measure its distribution, the di�usion length, absorption 
oe�
ient,doping levels, defe
ts re
ombination velo
ity or energy levels.The threading dislo
ations in polar GaN a
t as non-radiative re
ombination
entres [21℄. This property of TDs give an opportunity of their dire
t imagingby the 
athodolumines
en
e mapping. The so-
alled dark spot 
ounting is basedon the fa
t that the strain �eld around a dislo
ation 
an trap 
arriers and thusa
t as a re
ombination 
entre at whi
h the lumines
en
e intensity is drasti
allyredu
ed [125℄. This method enables to distinguish between threading and mis�tdislo
ations. The �rst ones appears on the mi
rograms as dots, whereas the mis�tdislo
ations give rise to lines [126℄.The examples of CL investigations of GaN are published in many papers [127�129℄. Typi
al CL maps and spe
tra 
an be found there as well.The CL te
hnique avoids destru
tion of the sample and possesses high a

ura-
y. It demonstrates reliable densities of dislo
ations below 106 
m−2, where TEMinvestigations are not sensitive.5.2 X-ray based methodsThe x-ray investigations provide 
omplete information about the defe
t stru
-ture of 
rystalline materials under study. A large number of methods exists to
hara
terize defe
ts qualitatively and quantitatively. The detailed theory of x-ray di�ra
tion and its 
onne
tion to 
rystal imperfe
tnesses 
an be found in Se
.4. Here, we make an overview of the most 
ommonly used methods for defe
tsdensity determination in III-nitrides.5.2.1 Peak broadening and FWHM analysisThe triple-axis x-ray di�ra
tometry is a powerful te
hnique for linear defe
tsstudy. Sele
ting the appropriate re�ex x-ray di�ra
tion is a suitable method forseparation of edge and s
rew dislo
ations.Metzger et al. used the broadening of di�ra
tion 
urves for s
rew and edgeTDs density determination in polar GaN layers grown by metallorgani
 
hemi
alvapour deposition [24℄. Their results were 
ompared to transmission ele
tronmi
ros
opy measurements. The TDs are 
onsidered within a grain boundarymodel whi
h generally means the s
rew dislo
ation refer to the tilt grains andedge ones refer to their twist [130, 131℄. The mosai
 stru
ture of GaN �lmswithin this model is usually des
ribed with four parameters: tilt angle αΩ, twistangle αΦ, mean out-of-plane grain size or verti
al 
oheren
e length L⊥ and mean47



in-plane grain size or lateral 
oheren
e length L‖ [132, 133℄. The re
ipro
al latti
epoint is broadened along a spe
i�
 dire
tion by the mosai
 parameters.The ro
king 
urves measured in symmetri
al 000n x-ray di�ra
tion were as-sumed possessing either Gaussian or Lorentzian peak shapes that led to di�erentways of TDs density 
al
ulation. The instrumental broadening estimated as fewar
se
 was negle
ted in the model. In general the measured x-ray pro�les were�tted by a pseudo-Voigt fun
tion with the parameter 0 ≤ η ≤ 1. The limitvalues η = 0 and η = 1 
orrespond to Gaussian and Lorentzian peak shapeapproximations respe
tively. Determining the parameter η by a least square �tand knowing the full width at half maximum (FWHM) βΩ, one 
an 
al
ulate thetilt angle αΩ [132℄:
αΩ = βΩ

[
0.184446 + 0.812692(1− 0.998497η)1/2 − 0.659603η + 0.44554η2

]
,(5.6)Then the density of randomly distributed s
rew dislo
ations 
an be 
al
ulated byequation of Gay at al., modi�ed by Dunn and Ko
h [134℄:

ρs =
α2
Ω

4.35b2s
, (5.7)where bs is the Burgers ve
tor of the s
rew TD.Edge TDs are related to an azimuthal rotation of 
rystallites around thesurfa
e normal. Similar to Eq. 5.7 the density of randomly distributed edgedislo
ations with the Burgers ve
tor be 
an be presented as

ρe =
α2
Φ

4.35b2e
, (5.8)The twist angle αΦ 
an be measured by performing Φ-s
ans in asymmetri
alre�e
tions, where the sample is rotated with respe
t to the surfa
e normal.If dislo
ations are piled up in small angle grain boundaries the Eq. 5.8 shouldbe modi�ed:

ρe =
αΦ

2.1|be|L‖

. (5.9)
L‖ =

0.9λ

βΩ(0.017475 + 1.500484η − 0.534156η2) sinΘ
. (5.10)In Eq. 5.9 and 5.10 λ is the wavelength, and Θ is the Bragg angle of re�e
tion.The broadening of the di�ra
tion 
urves in the radial dire
tion due to strain�eld around ea
h dislo
ation 
an also 
hara
terize separately the densities ofs
rew and edge TDs.

ρs,e =
1

4rs,e
, (5.11)where rs,e is the upper integration limit of the strain �eld, whi
h is 
onne
ted tothe peak broadening [135℄. Using Eq. 5.11 the strain broadening of asymmetri
alre�e
tions from di�erent number of s
rew and edge TDs were simulated and
ompared with the measured values.Finally, Metzger et al. determined separately densities of two types of TDsand both 
orrelation lengths. The values obtained from TEM, pseudo-Voigt �tsand strained broadening were 
ompared and it was found they were in a goodagreement. 48



Ayers 
al
ulated the densities of threading dislo
ations from ro
king 
urvemeasurements of (001) zin
-blende GaAs epitaxially grown on Si (001) [121℄.The x-ray 
urves in his work were assumed to be Gaussian in shape. It was
onsidered three main 
ontributions to the broadening of the di�ra
tion 
urves
aused by TDs:
• an angular rotation at the dislo
ation βα;
• a strain �eld surrounded the dislo
ation βǫ;
• the walls between the small poly
rystals (if the sample is not a single
rystal).Within a mosai
s model the broadening in symmetri
al di�ra
tion due torotation is related to s
rew TDs density:

ρs ≈
β2
α

4.36
(5.12)The strain 
omponent in the symmetri
al 
ase for s
rew and 60-degree edge TDsis given by the following equations:

β2
ǫs = 0.09b2sNs| ln(2× 10−7

√
Ns)| tan2Θ

β2
ǫe = 0.16b2eNs| ln(2× 10−7

√
Ne)| tan2Θ. (5.13)In asymmetri
al re�e
tions these equations may be applied with less then 20%error.The FWHM of the measured hkl ro
king 
urve βm in
ludes these 
ontributionsas well as instrumental broadening βd, intrinsi
 ro
king 
urve width of the 
rystal

β0 and 
orre
tion due to the 
rystal size βL and 
urvature βr:
β2
m = β2

0 + β2
d + β2

α + β2
ǫ + β2

L + β2
r (5.14)The last two items here are negligible for deposited layers thi
ker than 1 µm.Then the part of broadening that 
orresponds to defe
t presen
e is

β2
adj = β2

m − β2
0 + β2

d ≈ Kα +Kǫ tan
2Θ. (5.15)If one measures ro
king 
urve FWHMs for three or more di�ra
tions and plots β2

adjversus tan2Θ known as Williamson-Hall plot [136℄, the result should be a straightline with inter
ept Kα and slope Kǫ. Then the densities of s
rew dislo
ation dueto angular and strain broadening are:
ρs =

Kα

4.36b2s
,

ρs =
Kǫ

0.09b2e| ln(2× 10−7
√
Ns)|

(5.16)The expressions listed above allowed Ayers to determine separately densities ofedge ans s
rew TDs and attribute them to grains rotation or strain distribution.Nevertheless the methods based on analysing of peak pro�les width have afew drawba
ks. The peak shapes are assumed to be Gaussian or Lorentzian thatis not true. The FWHM 
hara
teristi
 does not bear su�
ient information aboutdislo
ation density that yields low a

ura
y of the methods, whi
h operate thisparameter. 49



5.2.2 Mi
rodistortion tensor analysisThe dislo
ation stru
ture of thi
k 
-plane HVPE GaN layers 
an be studied byanalysis of the mi
rodistortion tensor 
omponents. This method was proposedby Kyutt, Ratnikov et al. in the end of the 20-th 
entury [137, 138℄. The sampleis suggested to measure in symmetri
al Laue and Bragg di�ra
tion geometries inorder to obtain the tensor 
omponents.The TDs in highly mismat
hed heteroepitaxial layers 
ause the displa
ement�eld, whi
h 
omponents are of high interest. The root mean square deviationsof nondiagonal 
omponents 〈ǫzx〉 and 〈ǫxy〉 of the mi
rodistortion tensor 〈ǫij〉determine the misorientation of di�ra
ting planes and the axis rotation in the
xy plane respe
tively. If the 
rystal is supposed to 
onsist of misoriented blo
kstilted and twisted respe
tive to ea
h other, the densities of pure s
rew and edgeTDs 
an be expli
itly linked to the tensor 
omponents as follows:

ρs = 〈ǫzx〉2 /0.86b2s,
ρe = 〈ǫxy〉2 /0.86b2e. (5.17)If one 
onsiders edge dislo
ation that form the low-angle boundaries [139℄ with τxdistan
e between boundaries, the density of edge threading dislo
ations is givenby expression:
ρeb = 〈ǫxy〉2 /(|be|τx). (5.18)The 〈ǫxy〉 
omponent 
an be dire
tly determined from grazing-in
iden
e di�ra
-tion, however, the authors of this approa
h suggested to use the Laue geometryinstead. This 
hoi
e was based on gradually de
reasing density of TDs towardthe surfa
e in HVPE GaN material, while GID probes only thin (less than 100nm) top layer of the sample. In ea
h Bragg and Laue geometries ro
king 
urve(Θ s
an) and radial (Θ− 2Θ) s
an have to be measured.It was found that the broadening of the Bragg Θ-ro
king 
urves reveal non-diagonal 〈ǫzx〉 
omponent of tensor and the 
oherent s
attering size in dire
tionnormal to the interfa
e τz, whereas the Θ−2Θ-
urves give 〈ǫzz〉 and the 
oherents
attering size in dire
tion parallel to the interfa
e τx. In Laue geometry the

Θ-s
ans 
ontain information about Θ− 2Θ-
urve gives 〈ǫxz〉 and τz, while radials
ans give 〈ǫxx〉 and τx. The GID measurements bear the twist information relatedto 〈ǫxy〉 
omponent.The value of 〈ǫzx〉 ne
essary for s
rew dislo
ations density determination 
anbe mathemati
ally extra
ted from measured 
urve analysis. In the 
ase of edgedislo
ation, Ratnikov et al. dis
ussed and 
on�rmed the validity to use thedi�eren
e 〈ǫxx〉 − 〈ǫzz〉 instead of 〈ǫxy〉 [138℄. The similar approa
h allows toestimate the density of mis�t dislo
ations taking into a

ount their s
rew or edgenature.The densities of s
rew and edge TDs averaged over the layer thi
kness wereobtained by te
hnique mentioned in this se
tion. In our opinion, this methodsuits for thi
k HVPE GaN �lms, whereas for thinner �lms its appli
ation en
oun-ters di�
ulties to perform measurements with di�erent setups (espe
ially Lauegeometry) and to handle tensor quantities. The 
onventional asymmetri
al and,of 
ourse, GID measurements possess higher pre
ision and require less time toevaluate the results. 50



5.2.3 Krivoglaz theory modi�ed by KaganerThe theories based on FWHM of the di�ra
tion peak analyses own low a

ura
y.The peak broadening refers not only to the density of dislo
ations but also tothe 
orrelation between them. Kaganer et al suggested to analyse the entire lineshape of the di�ra
ted pro�les and parti
ularly their tails [3℄. The tails are hardlya�e
ted by the 
orrelation between dislo
ations. Therefore they follow universalpower laws that 
an be used to obtain the density of dislo
ations.The intensity of x-ray s
attering from a 
rystal disturbed by distortion �eldsof latti
e defe
ts is des
ribed by well-known Krivoglaz theory as Fourier transformof the 
orrelation fun
tion G(r) [2℄:
I(q) =

∫
G(r) exp(iq · r)dr. (5.19)The 
orrelation fun
tion is in general the following:

G(r) = 〈exp {iQ · [U(r)−U(0)]}〉 , (5.20)where Q is the s
attering ve
tor, q = Q − Q0 is a redu
ed s
attering ve
torand U(r) 
orresponds to the total displa
ement �eld at point r 
al
ulated asa superposition of displa
ement �elds u(r) produ
ed by defe
t lo
ated at thepositions R: U(r) =
∑

R u(r − R). The angular bra
kets denote the averageover the statisti
s of the defe
t distribution.If one 
onsiders large dislo
ation densities typi
al for GaN material, the 
or-relation fun
tion G(r) must be 
al
ulated for small distan
es r. The distortion�eld of a dislo
ation follow the universal 1/R dependen
e. Taking into a

ountthat the main 
ontribution to 
orrelation fun
tion 
omes from remote dislo
ation(R ≫ r)), Eq. 5.20 
an be expanded as a Taylor series and the average 
an beperformed a

ording to Gaussian statisti
s:
G(r) = exp

[
−ρ
2

∫
(riQj

∂uj
∂Rj

dR)

]
. (5.21)The derivative in Eq. 5.21 
an be treated as bψij/2/piR, where b is thelength of the Burgers ve
tor and ψij is a dimensionless fa
tor that depends onthe azimuth φ in di�ra
tion experiment. Therefore Krivoglaz suggested to presentthe 
orrelation fun
tion in the following form [140℄:

G(r) = exp

{
−C ′ρr2

∫
dR

R

}
, (5.22)where

C ′ =
Q2b2

8π2

∫ 2π

0

(r̂iψijQ̂j)
2dφ. (5.23)Here, r̂ and Q̂ are unit ve
tors in the dire
tions r and Q respe
tively.In the 
ase of TDs with dislo
ation lines perpendi
ular to the sample surfa
ei.e. along the z-axis, Eq. 5.19 
an be rewritten as

I(q) = δ(qz)

∫
G(x, y) exp(iqxx+ iqyy)dxdy, (5.24)51



where the delta fun
tion δ(qz) is due to the translational invarian
e in the di-re
tion of the dislo
ation lines. Integration of Eq. 5.24 over all dire
tion of thes
attered wave ve
tor Kf yields a one-dimensional integral:
I(q) =

∫
G(x) exp(iqx/ cosΦ)dx, (5.25)in whi
h Φ represents the angle between the (x, y)-plane and the s
attered waveve
tor.Kaganer's approa
h 
onsists of a dire
t �t of the measured intensities on triple-axis di�ra
tometer by the numeri
al Fourier transformation of the 
orrelationfun
tion. From the �ts, both the dislo
ation densities and the 
orrelation rangein the restri
ted random dislo
ation distribution were obtained.In order to separate the s
rew and edge TDs the ro
king 
urves in symmetri
aland large in
lined skew geometries were measured. The experimental setup hadtwo di�erent 
on�gurations, namely with open dete
tor and with analyzer 
rystal.It was shown the advantage of open dete
tor use, sin
e the �tting pro
edure 
on-sists then in evaluation of the one-dimensional integral 5.25, while the analysis ofthe s
ans with the analyzer requires to 
ompute the two-dimensional integration5.24 of the 
orrelation fun
tion. Therefore the model properties were dis
ussedin 
ase of experimental setup without analyzer 
rystal.The �nal equation of the model to �t the measured intensity of the di�ra
tedpro�le 
ontains two parameters A and B des
ribing the dislo
ation density ρ andthe dislo
ation 
orrelation length L respe
tively.

I(ω) =
Ii
π

∫ inf

0

exp(−Ax2 ln B + x

x
) cos(ωx)dx+ Ibackgr, (5.26)where Ii is the integrated intensity of the peak and Ibackgr is the ba
kgroundintensity. The Fourier integral in 5.26 
an be qui
kly numeri
ally 
omputed.A
hieving the best �ts between the experimental and simulated ω s
ans, one 
anestimate the dislo
ation density and the dislo
ation 
orrelation length as follows:

ρs,e =
A

fb2(s,e)
,

L =
b(s,e)B

g
. (5.27)The dimensionless quantities f and g are given by the di�ra
tion geometry andvary from symmetri
al to asymmetri
al geometries.The asymptoti
 behaviour of the ro
king 
urve tails is analysed in detail in[3℄. It has been shown that the slopes of x-ray pro�les obey the q−3 law with awide open dete
tor and q−4 with an analyzer 
rystal. The deviation from thesebehaviour obliged to �nd another nature of the peaks broadening besides thedislo
ations.The 
onventional equations 5.6 and 5.8 enabling to determine the density ofdislo
ations from the FWHM were modi�ed by Kaganer within his model:

ρe ≈ 18∆ω2
e cos

2ΘB

(2.8 + lnM)2b2e
,

ρs ≈ 36∆ω2
s

(2.4 + lnM)2b2s
, (5.28)52



where ∆ω(e,s) are the FWHM of the ro
king 
urve in skew and symmetri
algeometries respe
tively, M = L
√
ρ is the dimensionless parameter that 
hara
-terizes dislo
ation 
orrelation, and ΘB stands for the Bragg angle. Compared to"
lassi
al" formulae, Eq. 5.28 resulted in a four times higher edge dislo
ationdensity and an order of magnitude higher s
rew dislo
ation density.The densities of edge and s
rew TDs obtained from x-ray measurements werefound in a good agreement with TEM results. It was estimated the rangeof 
orrelation between randomly distributed dislo
ations. However, as it wasmentioned in the paper, s
rew dislo
ations are not the only possible sour
e of thepeak broadening in symmetri
al re�e
tions. In order to determine their densitypre
isely, one has to ex
lude the broadening due to edge dislo
ations, whi
h linesdeviate from the surfa
e normal and in
lude the stress relaxation at the samplesurfa
e.The presen
e of mis�t dislo
ations 
an be estimated in the similar way [26℄.The intensity distribution of the di�ra
ted wave in the s
attering plane (xz) 
anbe written as follows:

I(qx, qz) =
∫ inf

− inf

∫ ∫ d

0
〈exp {i[qxx+ qz(z1 − z2) +Q ·U(x, z1)−Q ·U(0, z2)]}〉

R(x)dxdz1dz2, (5.29)where R(x) is the normalized resolution fun
tion of the experiment, z1 and z2 arevalues uniformly distributed from 0 to d. The angle bra
kets in Eq. 5.29 de�nesthe averaging of the statisti
al ensemble over all possible defe
t 
on�gurationsperformed in this 
ase by Monte Carlo method.Kaganer et al. simulated the di�ra
tion pro�les in symmetri
al re�exes and
ompared them to experimental data. The density of mis�t dislo
ations werereliably determined. The method dis
ussed above enables to distinguish the
ontributions of the s
rew threading dislo
ations and the mis�t dislo
ations. Ithas been shown that MDs dominate in the di�ra
tion peaks of thin �lms, whilethreading dislo
ations be
ome important with in
reasing thi
kness.5.2.4 Monte Carlo based approa
hesThe initial idea to use a Monte Carlo method for a numeri
al simulation of thedi�use s
attering from threading dislo
ations belongs to V. Holý and V. Kaganer.This method dire
tly allows to 
al
ulate the re
ipro
al spa
e distribution fromarbitrary dislo
ation arrays in any di�ra
tion geometry.Holý et al. applied Monte Carlo approa
h for simulation of threading dislo
a-tions in epitaxial laterally overgrown GaN layers [141℄. The dislo
ation densitydetermination was performed beyond the ergodi
 hypothesis. The 
onditionof ergodi
ity is not valid when the measured x-ray signal 
annot be averagedover the statisti
al ensemble of all defe
t 
on�gurations. It 
an o

ur whenthe samples with inhomogeneous defe
t distribution are explored by full-�eldmi
rodi�ra
tion imaging te
hnique often 
alled ro
king-
urve imaging (RCI) or bymi
robeam di�ra
tion. The RCI te
hnique enables to distinguish signals 
omingfrom individual grains of a mosai
 stru
ture. It means that the s
attering by anindividual dislo
ation of s
rew or edge type 
an be 
al
ulated, whereas a dire
tensemble averaging is not feasible. 53



Figure 5.7: Sket
h of the di�ra
-tion geometry used for RCI takenfrom [141℄: a) in re
ipro
al spa
e,b) in real spa
e.In general, the non-averaged amplitude of the s
attered x-ray wave in point
r outside the 
rystal 
an be written as:
E(r) =

K2χh

4π

∫

V

d3r′ exp(iK|r − r′|)
|r − r′| exp(−ih · u(r′)) exp(−iǨh · r′), (5.30)where χh is the h-th Fourier 
omponent of the 
rystal polarizability, V is thesample volume, and K =
2π

λ
. The meaning of ve
tor Ǩh 
an be understoodfrom the Fig. 5.7. The standard kinemati
al two-beam approximation yields tosigni�
ant simpli�
ation of the integral in Eq. 5.30, whi
h is des
ribed elsewhere[2℄. Beyond the ergodi
 hypothesis the two-dimensional integration over theplanes parallel to the sample surfa
e 
an be 
al
ulated using the stationary phasemethod. Then the expression for the s
attered amplitude is:

E(r) =
K2χh

2Khz

exp(iKh·r)
∫ 0

−T

dz′ exp(−i(Khz−Ǩhz)z
′) exp(−ih·u(r0)). (5.31)Here, index z denotes the proje
tion on the z-axis, r0 is the stationary point.The simulation of the s
attered intensity without performing the ensembleaveraging is based on Eq. 5.31. Holý et al. 
onsidered separately random sets ofs
rew and edge dislo
ation with de�nite dislo
ation densities in a square 200×200

µm2 and 
al
ulated the intensities I(r;Ki) in symmetri
al 0004 di�ra
tion. Therewas no 
orrelation in dislo
ation positions assumed. The expli
it formulae for z-
omponent of the displa
ement �eld that matters in symmetri
al di�ra
tion 
anbe found in Se
. 2.2.1. Then, the data of RCI experiment, in whi
h the signal
omes from individual grains of a mosai
 stru
ture, were simulated. The lo
aldi�ra
tion 
urves I(∆αi) were obtained by numeri
al integration over a set ofrandomly pla
ed virtual pixels with the size D ≤ L.It was established a stri
t 
onne
tion between the FWHM βi of the di�ra
tion
urves I(∆αi) and dislo
ation density:
βi = ζ

√
ρ. (5.32)The 
oe�
ient ζ is equal to 2.2 × 10−6 or (7.8 ± 0.2) × 10−6 deg. 
m for s
rewand edge TDs respe
tively. It was pointed out that the analysis of the di�ra
tion
urves tails 
an serve a method to estimate the prevailing type of the dislo
ations.The intensity di�usely s
attered from edge threading dislo
ations drops approxi-mately as q−2

x , while for the s
rew threading dislo
ation, the intensity de
reasesroughly as q−3
x . 54



By 
ombining the Monte Carlo simulation method with the ro
king-
urveimaging, Holý et al obtained a detailed 
hara
terization method of the 
rystallineperfe
tion in the mi
rometer s
ale. The next possible step is to develop the MonteCarlo approa
h within the 
onventional x-ray di�ra
tometry, when the averageds
attered wave is 
onsidered statisti
ally homogeneous and the sample understudy is homogeneous as well. This investigation is one of the main topi
s of ourwork and its results 
an be found in Chapter 7.Later on, Kaganer et al. presented a Monte Carlo te
hnique to 
al
ulatethe x-ray di�ra
tion pro�les from �lms with arbitrarily 
orrelated dislo
ationdistributions [29℄. They 
onsidered the 
oexisten
e of mis�t and s
rew threadingdislo
ation ensembles with arbitrary 
orrelations in relaxed 
-plane GaN layersgrown on SiC. In 
ontrast to [141℄ Kaganer in
luded the 
orrelations in thedislo
ation positions. The dis
ussion about the MDs density determination 
anbe found in Se
. 2.2.2. The s
rew TDs were generated as positionally un
orrelateddislo
ation dipoles of random width. However, the widths were taken from anexponential distribution with the mean value s, whi
h may be smaller or largerthan the mean distan
e between dislo
ations rd. It was shown that the width ofdi�ra
tion peak depends on the rd distan
e. When s ≪ rd, it is sharp. In theopposite limit, the dislo
ations are almost un
orrelated and the 
entral part ofthe peak is a broad Gaussian.The spatial integration in Eq. 5.30 was performed straightforward by theMonte Carlo method. The simulated ro
king 
urves in symmetri
al Bragg re�e
-tions were 
onvoluted with a Gaussian resolution fun
tion, whi
h dispersion σxde�ned the 
oheren
e length of the di�ra
tion experiment. From 
omparison oftheoreti
al and experimental ro
king 
urves the densities of TDs and MDs weredetermined. However, this work was limited only to symmetri
al di�ra
tion,while the prevailing type of dislo
ation in GaN material is edge TDs, whi
h a�e
tmostly to asymmetri
al or in-plane re�exes.Kaganer and Sabelfeld 
ontinued their resear
h in this �eld and performedthe Monte Carlo study of dislo
ation s
reening appli
able to 
ubi
 unit 
ell [142℄.They arranged the s
rew and edge dislo
ations with opposite Burgers ve
torsin pairs providing the s
reening of the long-range strain �eld and 
al
ulatedthe di�ra
ted intensity by method of standard quadratures. The averaging overstatisti
s of the defe
t distribution was performed by Monte Carlo method. It hasbeen shown that the width of simulated peaks was limited by the mean distan
ebetween dislo
ations in pair. The 
orrelation length between dislo
ation pair wasinvestigated in details.Con
erning GaN the theory in [142℄ is not 
ompletely suitable. The model ofs
reening based on dislo
ation pairs with opposite Burgers ve
tors and 
orrelationlength 
an des
ribe the properties of s
rew dislo
ations, whereas the hexagonalstru
ture of GaN material does not permit to use apply it on edge threadingdislo
ation. Egde TDs 
an have three di�erent types of Burgers ve
tors thatmake an angle of 120o between ea
h other. Our independent study (see Se
. 7.2.1)shows that in about 2µm thi
k polar GaN samples the 
orrelation in dislo
ationpositions does not strongly in�uen
e the di�use part of the di�ra
ted intensityand it rather 
onsumes the 
pu time of 
omputation than improves the a

ura
yof our approa
h. 55



5.2.5 Estimation of sta
king faults densityIn non-polar GaN grown heteroepitaxially on the foreign substrates the basal-plain sta
king faults play an important role determining the properties of ma-terial. There are several attempts to 
hara
terize them quantitatively by x-raydi�ra
tion te
hnique.Warren estimated the density of SFs in poly
rystalline materials analysingthe Θ− 2Θ peaks broadening and their shift from Bragg positions [143℄. Moramet al. made a detailed overview of x-ray di�ra
tion from a-plane GaN �lms[144, 145℄. They applied visibility 
riterion of sta
king fault observation in TEMto x-ray di�ra
tion: g · R 6= n, where g is the di�ra
tion ve
tor, R is the SFdispla
ement ve
tor and n is integer. If this 
ondition is ful�lled, the re
ordedRSMs possesses well pronoun
ed di�use streaks indi
ating the presen
e of SFs.There were observed I1 and I2 BSFs as well as PSFs in GaN/sapphire samples (seeSe
. 2.2.3). The di�use streaks were 
orrelated to the density of SFs obtainedfrom TEM. It was shown that the partial dislo
ations signi�
antly 
ontributeto the x-ray 
urve broadening and they have to be taken into a

ount in dataanalyses.M
Laurin et al. investigated BSFs in m-plane GaN within mosai
 blo
k model[146℄. The samples under study were grown by HVPE method on 6H m-plane SiCsubstrate. The SFs were 
onsidered as the boundaries of the 
rystalline domainsbeing the sole sour
e of the x-ray pro�les broadening. Then modi�ed Williamson-Hall analysis was used as a te
hnique for determining of I1 and I2 BSFs densities[136℄.Based on Warren theory for powder di�ra
tion Paduano et al. developedthe method of SFs density determination in m-plane GaN [147℄. Several ro
king
urves in di�erent re�e
tions were measured. Those ones, where the 
riterionof SFs visibility is satis�ed, show the substantial broadening. It is attributed toan independent 
ontribution of 
rystalline tilt, twist, lateral 
oheren
e length,inhomogeneous latti
e strain and sta
king faults in material. The experimentalpro�les 
an be approximated as a sum of these 
ontributions:
Γn = (Γa

⊥ cos(χ))2 +
(
Γ‖ sin(χ)

)2
+

(
2π

LaK

)n

+ (ξ tan(Θ))n +

(
B2Θ

2
sin(ξ)

)n

,(5.33)
Γ is the overall ω-s
an peak width, K is the magnitude of the re
ipro
al latti
eve
tor, χ is the in
lination angle between di�ra
tion plane and the surfa
e normal,
L is the average value of the lateral 
oheren
e length, Γ⊥,‖ refer to the broadeningresulting from tilt and twist respe
tively. Inhomogeneous strain 
ontribution
ξ tan(Θ) depends on the Bragg angle Θ. The index a indi
ates the in
ident beamorientation parallel to [112̄0℄.The last item in Eq.5.33 
hara
terizes the broadening due to BSFs. From the�ts of experimental ro
king 
urves in di�erent di�ra
tions one 
an ex
lude thein�uen
e of another fa
tors and determine the B2Θ value. In a

ordan
e with[143℄, the probabilities of I1 and I2 BSFs denoted as α and β are 
onne
ted tothe broadening of the ro
king 
urves measured in (hkl) di�ra
tions for even and
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odd index l as follows:
leven : B2Θ =

360

π2
tan(Θ)|l|

(
d

c

)2

(3α+ 3β) ,

lodd : B2Θ =
360

π2
tan(Θ)|l|

(
d

c

)2

(3α+ β). (5.34)Here, d and c are the in-plane and out-of-plane latti
e spa
ings, |l| is the absolutevalue of the index l. The total fault densities 
an be estimated by multiplyingthe probabilities by the total number of planes along c-dire
tion.Besides the studies mentioned above, another methods of sta
king faults den-sities determination in non-polar GaN performed with x-ray di�ra
tion te
hniquehave not been yet published. Therefore the development of reliable methodallowing to study the SFs quantitatively is of high importan
e. This reason madeV. Holý et al. to start investigations resulted in theory presented in Se
. 9.
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6. X-ray measurements of 
-planeGaN and AlGaN layers6.1 Measurements of GaN �lmsA large number of stru
tural defe
ts, espe
ially threading dislo
ations with dislo-
ation lines perpendi
ular to the surfa
e are observed in 
-plane GaN layers. Theaim of our study is to determine independently densities of s
rew and edge TDsin the series of 
-oriented samples (see Se
. 3.3.1). As a tool of our investigationswe 
hose x-ray di�ra
tion, whi
h main advantage is its nondestru
tiveness, in
ontrast to the et
hing and TEM te
hniques. For ea
h sample of our serieswe re
orded RSMs in symmetri
, asymmetri
 and grazing-in
iden
e geometries.From 
omparison of experimental data with simulated ones in GID and 
oplanardi�ra
tions we are able to �nd out the densities of edge and s
rew TDs respe
-tively.The di�eren
e between latti
e parameters of the GaN epitaxial layer andsapphire substrate gives rise to mis�t dislo
ations pla
ed in their interfa
e. Thenonuniformity of the strains 
on
entrated at the dislo
ation lines gives rise todi�use s
attering [26℄. In 
oplanar di�ra
tion, the defe
ts distributed over thewhole irradiated volume make 
ontributions to s
attered intensity. However, thedispla
ement �eld 
aused by mis�t dislo
ations is buried deeply under the samplesurfa
e and the main signal 
omes from threading dislo
ations stret
hing throughGaN layer. In GID, the mis�t dislo
ations are in general not dete
table due tosmall penetration depth of x-ray beam. Mis�t dislo
ations play an importantrole in di�ra
ted intensity distribution if the thi
kness of an epitaxial layer is lessthen 0.5 µm [27℄. Sin
e the thinnest sample of our series is 1.8 µm thi
k (see Se
.3.3.1), we negle
t the presen
e of mis�t dislo
ations and fo
us on TDs densitydetermination.6.1.1 Coplanar symmetri
al and asymmetri
al di�ra
tionsThe x-ray measurements were 
arried out on a Philips X'Pert PRO di�ra
tometerequipped with a standard Cu Kα1 tube [148℄. We used a high resolution setupi.e. the Goebel paraboli
 mirror pla
ed behind the x-ray tube, followed by afour-
rystal Bartels mono
hromator (4xGe220) and a point dete
tor with a three-boun
e (3xGe220) analyzer 
rystal [149℄. To rea
h a quasi-parallel beam geometrywe used the �xed divergen
e slit of 1/4◦ and the automati
 
ross-slits of 1x4 mm2in in
iden
e beam path. The 10 mm beam mask was installed before the mirrorin order to de�ne the irradiated width of the sample. The 
ontrol of the axialdivergen
e of the x-ray beam was performed by 0.04 rad Soller slits mountedbetween the mirror and the mono
hromator. The s
heme with experimentalsetup is shown on Fig. 6.1.The divergen
e of the primary beam of the di�ra
tometer set-up and theangular a

eptan
e of the 
rystal analyzer used in front of the dete
tor wereestimated as ∆αi,f ≈ 12 ar
 se
. A

ording to Eq. 4.1.4 these values de�ne thewidths ∆Qx∆Qz of the devi
e resolution fun
tion in the s
attering plane qxqz in58
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GaN Figure 6.1: The s
heme of 
opla-nar measurements at laboratorydi�ra
tometer.the dire
tions perpendi
ular to the primary and di�ra
ted beams, respe
tively[103℄. The resolution element was estimated with Eq. 4.8A
ross the s
attering plane (i.e., along the qy dire
tion in re
ipro
al spa
e),the divergen
e of the primary beam and the angular resolution of the dete
torwere approximately 0.05◦. From this value it follows that the re
ipro
al-spa
eresolution ∆Qy a
ross the s
attering plane is mu
h larger than the width ofthe di�ra
tion maximum. This fa
t enables us to 
onsider the measured signalintegrated in an in�nite range along qy axis, we in
luded this qy-integration inthe devi
e resolution fun
tion.

Figure 6.2: Measured 0004 RSMs of: (a) - S1, (b) - S2, (
) - S3, and (d) - S4samples.For ea
h sample we measured the re
ipro
al-spa
e maps (RSMs) around twore
ipro
al latti
e points 0004 (symmetri
al 
oplanar di�ra
tion geometry) and59



Figure 6.3: Measured 101̄4 RSMs of: a) - S1, (b) - S2, (
) - S3, and (d) - S4samples.
101̄4 (asymmetri
al 
oplanar di�ra
tion geometry, small exit angle). The re
ipro
al-spa
e mapping 
onsisted of a set of angular ω-s
ans measured for di�erent valuesof 2Θ/ω where ω is the angular position of the sample and 2Θ is the s
atteringangle i.e. the angle of dete
tor. As a result of the laboratory measurements weobtained the distributions of the measured s
attered signal in the angular (ω,2Θ)-spa
e.If z-axis is parallel to the surfa
e normal and xz-plane 
oin
ides with thes
attering plane, the formula for 
oordinates Qx, Qz in re
ipro
al spa
e 
an bewritten as follows [103℄:

Qx =
2π

λ
(cosαf − cosαi),

Qz =
2π

λ
(sinαf + sinαi). (6.1)where αi and αf are the angle of in
iden
e and the angle of exit respe
tively.They are related to ω and 2Θ angles:

αi = ω,

αf = 2Θ− ω. (6.2)Choosing the laboratory 
oordinate system so as mentioned above we 
on-verted the measured signal to the RSMs in the (qxqz) plane perpendi
ular to thesample surfa
e. 60
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Flight tube Figure 6.4: The s
hemeof GID measurements atsyn
hrotron fa
ility.Fig. 6.2 and 6.3 show the measured re
ipro
al-spa
e maps in symmetri
al(0004) and asymmetri
al (101̄4) di�ra
tions respe
tively. From a dire
t 
ompar-ison of the plotted RSMs we observe a signi�
ant broadening of the intensitydistribution along the qx axis with in
reasing dislo
ation density.6.1.2 Grazing-in
iden
e di�ra
tionIn grazing-in
iden
e di�ra
tion (GID) the ve
tor of di�ra
tion is parallel to theBurgers ve
tors of edge threading dislo
ations. Therefore this geometry gives
omplete information for reliable determination of the density of edge TDs[150℄.This type of dislo
ations makes up about 90% of the total dislo
ations therefore itis of 
ru
ial importan
e to know their density with the highest possible pre
ision.In order to measure the di�use part of the RSMs in GID, an intensive highly
ollimated syn
hrotron beam with a high-resolution experimental setup is re-quired. Our x-ray experiment was 
arried out at the ID-01 beamline at ESRF(Grenoble, Fran
e) - samples S1, S2 and S3 and at the SCD beamline at ANKA(Karlsruhe, Germany) - sample S4. At both beamlines, we used the analogoushigh-resolution di�ra
tion setup with the photon energy of 8 keV. This energywas sele
ted basing on the su�
ient distan
e from the Ga absorption edge. Thebasi
 s
heme of experimental setup similar on both beamlines is depi
ted on Fig.6.4.The experiment was 
arried out on 6-
ir
le Huber di�ra
tometer. The samplekept in a He en
losure and pla
ed verti
ally on the holder was irradiated by amono
hromati
 and parallel x-ray beam. We mounted an eva
uated �ight tube onthe way between the sample and the point x-ray dete
tor to avoid the s
atteringof the re�e
ted beam in the air. We used Cyberstar NaI s
intillator 
ounter forour experiment. It had a number of advantages su
h as an appropriate sele
tiveenergy range (from 5 keV to above 40 keV), a low noise (0.1 
ps) and a relativelyhigh maximum 
ounting rate (2 x 10mm5 
ps) [151℄.In order to 
ollimate in
iden
e and di�ra
ted beams we used a set of slits. So
alled se
ondary slit were lo
ated at the beam path before the sample, �ight tubeand dete
tor slits limited the beam size at the entran
e to the respe
tive elements.The distan
es between the prin
ipal elements of the setups and slit apertures di�erfor two beamlines (see Table 6.1). This fa
t yields a bit di�erent shapes of there�exes in re
ipro
al spa
e re
orded at ESRF and ANKA. Nevertheless, it shouldnot a�e
t our 
al
ulations be
ause we analyse normalized intensities and moreoverour software enables to in
lude the resolution fun
tion of the experimental setup.This fun
tion 
an be represented by two-dimensional Gaussian with widths σangand σrad in two perpendi
ular dire
tions. The values 2π

σ
represent the size of61



Parameter ID-01 beamline SCD beamlineDistan
e between se
ondary slits and sample 15 
m 12.5 
mDistan
e between sample and �ight tube 32 
m 20 
mLength of �ight tube 65 
m 43 
mSe
ondary slits size 0.5×0.5 mm2 5×1 mm2Flight tube slits size 1×5 mm2 5×5 mm2Dete
tor slits size 1×5 mm2 5×5 mm2

σang 2.5×10−2nm−1 4×10−2nm−1

σrad 7×10−2nm−1 1.1×10−1nm−1The dete
tor aperture 32 mm 32 mmTable 6.1: The 
omparison of experimental parameters at ID-01 and SCDbeamlines.
oherently irradiated area at the sample surfa
e.At the given experimental registration s
heme, the verti
al resolution elementthat 
orresponds to the angular a

eptan
e of our system is de�ned by 
ollimatingproperties of the slits slit1 and slit2 �xed in front and in the ba
k side of the �ighttube of the length L: Ω =
slit1 + slit2

L
.At the verti
al s
heme of di�ra
tion experiment (both sample surfa
e anddi�ra
tion plane are verti
al) the verti
al divergen
e is at least one order lessthan Ω. The horizontal divergen
e does not play any important role; horizontalsize of the beam de�nes the proje
tion length on the sample surfa
e and forsmall in
iden
e angles the visible length of the proje
tion ex
eeds the size slit1of entran
e slit of the �ight tube. This 
onsiderations were taken into a

ountestimating the values of σ in Table 6.1.For ea
h sample we measured the RSMs around two in-plane re
ipro
al latti
epoints 101̄0 and 112̄0 at the same in
iden
e and exit angles αi = αf = 0.6 deg.
lose to 
riti
al angle. The Bragg angle Θi and the di�ra
tion ve
tor h lied inthe plane of the sample surfa
e, so the probing latti
e planes were perpendi
ularto the surfa
e. We performed a 
ertain number of angular s
ans around thepeak position at di�erent radial distan
es. The distribution of the measuredsignal was 
onverted from angular to re
ipro
al spa
e (qang, qrad). The axes inthe re
ipro
al spa
e are sele
ted as followed: qrad 
oin
ides with the dire
tion ofs
attering ve
tor, qang lies in the s
attering plane and is perpendi
ular to qrad (see

Figure 6.5: De�nition of angles and axes for the GID setup taken from [103℄.62
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Figure 6.6: Measured 101̄0 RSMs of: (a) - S1, (b) - S2, (
) - S3, and (d) - S4samples.Fig. 6.5). The formulae for geometri
 transformations taken from [103℄ are listedbelow:
Qang = −2π

λ
(cosαf cosΘf − cosαi cosΘi), (6.3)

Qrad =
2π

λ
(cosαf sinΘf + cosαi sinΘi). (6.4)

Qz =
2π

λ
(sinαf + sinαi) (6.5)The RSMs in both geometries are depi
ted on Fig. 6.6 and 6.7.In GID the roughness of the sample surfa
e plays an important role. It givesrise to additional di�use s
attering that 
an be visible on RSMs [104℄. Thereforefor ea
h sample we measured x-ray re�e
tivity (XRR). The long radial s
ans inthe range between 0.3 and 10 degrees were performed in symmetri
al 
oplanargeometry at energy of 8 keV. The re�e
ted angle Θ was equal to in
iden
e angleduring XRR measurement. The data of measured XRR were 
orre
ted for theba
kground intensity and normalized to unity.The XRR 
urves were simulated with the 
ommer
ial "Leptos" software forea
h sample. The roughness of sapphire wafer was negle
ted. The best �ts wereperformed taking into a

ount thin oxide layer on the top of GaN. The results ofthe simulations are depi
ted in Fig. 6.8 and the �t parameters are summarizedin the Table 6.2. The root mean square surfa
e roughness (σrms) of the thin GaN�lm de
reases with in
reasing SiNX deposition time. The nominal values of thesurfa
e roughness vary from 0.4 nm to 0.8 nm, while the thi
kness t of the oxidestays almost the same for all samples [152℄.63
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Figure 6.7: Measured 112̄0 RSMs of: a) - S1, (b) - S2, (
) - S3, and (d) - S4samples.6.2 Measurements of Al0.2Ga0.8N �lmsAlxGa1−xN material has Wurzite 
rystal stru
ture and possesses a large numberof threading dislo
ations. In 
-plane AlGaN samples the dislo
ation lines areperpendi
ular to their surfa
e. For these obje
ts we 
an apply our developedMonte Carlo method based on simulation of di�use x-ray s
attering to determineindependently the densities of edge and s
rew TDs.6.2.1 Coplanar symmetri
al and grazing-in
iden
e di�ra
-tionsThe series of 5 Al0.2Ga0.8N samples (see Se
. 3.3.3) were investigated at the SCDbeamline at ANKA(Karlsruhe, Germany). The illustration of the sample sket
his depi
ted in Fig. 6.9. We used high-resolution x-ray re
ipro
al spa
e mappingin 
oplanar symmetri
al and non
oplanar grazing-in
iden
e geometries.Sample σrms
GaN (nm), (s) toxide (nm), (108cm−2) σrms

oxide (nm)S1 0.774 0.825 0.285S2 0.671 0.662 0.304S3 0.648 0.761 0.188S4 0.448 0.614 0.166Table 6.2: The roughness of GaN and oxide layers revealed from XRR. The third
olumn 
ontains the thi
kness of thin oxide layer.64
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hemati
 representationof the high-resolution symmetri
aldi�ra
tion setup and the samplessket
h. Figure 6.10: The setup of the GIDgeometry.
For ea
h sample we re
orded RSMs in 
oplanar 0002 di�ra
tion. The mea-surements were performed with energy 8keV using Mythen 1K line dete
tor. Theangular resolution of the dete
tor was prede�ned by the 
hannel size 50 µm x 8mm (full size of the dete
tor was 6.4 mm that 
orresponded to 1280 pixels) and thedistan
e between the 
enter of di�ra
tometer and the dete
tor (700 mm). It wasestimated as about 0.004 degrees per pixel. In 
oplanar symmetri
al geometry,Mythen dete
tor was pla
ed in the s
attering plane. In order to redu
e the angulardete
tor a

eptan
e in dire
tion perpendi
ular to the s
attering plane, we usedan 1 mm slit in front of the linear dete
tor. This slit limited this a

eptan
e to0.08 deg. The experimental s
heme of 
oplanar di�ra
tion is shown in Fig. 6.9.The examples of 0002 re
ipro
al spa
e maps are depi
ted on Fig. 6.11.The narrow verti
al streak over the maximum intensity 
orresponds to a 
rystaltrun
ation rod and the in
lined streak 
rossing the main peak from right topto left bottom is an artefa
t from mono
hromator. On ea
h RSM several peaksof di�erent intensities are visible. The penetration depth in 
oplanar geometrywas estimated as about 5µm so all layers deposited on the sapphire substrate
ontributed to the RSM. It yields the presen
e of several peaks, whi
h refer toseveral 
rystalline regions owing to di�erent 
rystalline parameters in the growthdire
tion [153℄. 65
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Figure 6.11: Measured 0002 RSMs of: (a) - A1, (b) - A3, and (
) - A5 samples.The GID measurements were performed with energy 8keV using Mythen 1Kline dete
tor and Si (111) 
rystal analyzer. The samples were pla
ed verti
allyand Mythen line dete
tor with 
rystal analyzer was in horizontal positions (seeFig. 6.10). The in-plane resolution was organized by 
rystal analyzer and wasabout 0.003 degrees. In the out-of-plane dire
tion the dete
tor 
hannels intensitywas integrated from 
hannel 400 up to 800. The examples of the experimentalRSMs are shown on Fig. 6.12 and 6.13.
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Figure 6.12: Measured 101̄0 RSMs of: (a) - A1, (b) - A3, and (
) - A5 samples.6.2.2 High-order 
oplanar symmetri
al di�ra
tionThe analysis of the 
oplanar 0002 RSMs showed elongated peak of AlGaN in
qz dire
tion that gave us an idea to examine the series of samples in high-order di�ra
tions. We performed preliminary measurements in the symmetri
aldi�ra
tions from 0004 to 00010 for one sample. In 
ontrast to RSMs of GaN, theoverlap of two peaks denoted was found in the 
ase of AlGaN. This fa
t indi
ated66
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Figure 6.14: Measured 0008 RSMs of: (a) - A1, (b) - A3, and (
) - A5 samples.the presen
e of two phases of AlGaN with di�erent verti
al latti
e parameters.The best 
ompromise between the di�ra
ted intensity and the peak splitting wasobserved for 0008 di�ra
tion, whi
h was measured at energy of 12 keV. In orderto analyse the double-peak phenomenon in detail, we re
orded 0008 RSMs for allsamples. They are shown in Fig. 6.14.The detailed analysis of the 0008 RSM reveals four peaks, named as GaN ri
hpeak, AlGaN bottom 150 nm peak, AlGaN main overgrowth peak and AlN ri
hpeak in the symmetri
al RSMs indi
ated in Fig. 6.15 for the sample A2. In ourinvestigations, we are interested in AlGaN phase and negle
t the in�uen
e of AlNand GaN phases.The evolution of x-ray pattern as a fun
tion of the overgrowth was examinedby re
ording the RSM of the refe
tion 0008 for di�erent samples. For 
omplete-ness of our analyses we measured 0008 RSM for the sample A0. The 
uts alongthe CTR were derived from the RSMs and plotted in Fig. 6.16. The di�erentpro�les were s
aled verti
ally to demonstrate the 
hange in peak position andintensity as the fun
tion of the overgrowth thi
knesses.In order to identify the origin of the di�erent peaks and to show a

urately theresulting 
hanges in peak position and broadening, a de
onvolution pro
edure was67
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Figure 6.15: RSM of the sample A2 in0008 di�ra
tion. The main peaks areindi
ated. Figure 6.16: CTR 
uts derived fromthe 0008 RSMs for all samples.applied systemati
ally for all samples. We depi
ted the results of de
onvolutionby �ve Lorentzian peaks in Fig. 6.17 and 6.18 for the samples A0 and A5 withthe lowest and the highest overgrowth thi
knesses respe
tively. The peaks arenamed Peak 1 - Peak 5 for simpli
ity as it is shown in the �gures. The 
hoi
eof Lorentzians for the individual peaks led to a good �t of the measured x-raypro�les.We propose to follow the 
hange in the peaks by in
reasing the overgrowththi
kness. For this purpose, we introdu
ed h0 as the thi
kness of the AlGaN layerbelow SiNX mask having a �xed thi
kness of 150nm and h as the thi
kness of theovergrowth layer varying from 0.09 µm to 3.5µm. It should be noted that onlyfor sample A0 the overgrowth thi
kness h=89 nm is less than the thi
kness ofAlGaN interlayer with h0=150 nm deposited below the SiN nano-mask, whereasfor the samples of our series h > h0.
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Figure 6.17: CTR 
ut of the sampleA0 for the 0008 di�ra
tion and the
orresponding de
omposed peaks. Figure 6.18: CTR 
ut of the sampleA5 for the 0008 di�ra
tion and the
orresponding de
omposed peaks.Considering the Fig. 6.17 and 6.18 one should note that the Peak 3 as well68



as the Peak 4 are appeared at 
omparable s
attering ve
tors q for both samples.The Peak 3 is lo
ated at q = 0.9742nm−1 for A0 and q = 0.9732nm−1 for A5,while the Peak 4 is observed at q = 0.9787nm−1 for A0 and q = 0.9746nm−1 forA5. For the sample A0 the intensity of the Peak 3 is higher than of the Peak4. For the sample A5 the intensity behaviour for the Peaks 3 and 4 is opposite.From Fig. 6.16 it is seen that the gradual 
hange in the overgrowth thi
kness henhan
es the visibility of the Peak 4 with respe
t to the Peak 3.This allows us to 
on
lude that the Peak 3 is originating from the AlGaN layerbelow the SiNX mask with the 
onstant thi
kness h0 = 150 nm while the Peak4 is strongly related to the overgrowth layer. The other peaks obtained from the�tting are attributed to the pure AlN (Peak 5 at q = 0.9787nm) and GaN (Peaks1 and 2) 
rystalline stru
tures.Thus we have demonstrated with the measurement of RSMs in high di�ra
-tions the presen
e of two distinguishable AlGaN phases with di�erent 
rystallineparameters. The results of our advan
ed analyses enable to allo
ate these two
rystalline phases to the AlGaN layers below and above the SiNX mask.
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7. Monte Carlo method forthreading dislo
ation densitiesdetermination in 
-planenitride-based layers7.1 Theoreti
al ba
kground for model appli
ationDi�use x-ray s
attering from defe
ts 
an be des
ribed by the standard theory ofKrivoglaz [2℄. However, in our 
ase this approa
h is not 
onvenient be
ause theensemble averaging of the s
attered intensity 
annot be 
al
ulated dire
tly, sin
ethe dislo
ations are perpendi
ular to the sample surfa
e. The ba
kground of ourtheoreti
al model is based on the pre
eding works of Holý, Dani² and Kaganer[3, 29, 141, 154℄. Our 
al
ulations make it possible to in
lude the surfa
e stressrelaxation in the formulae for the displa
ement �eld 
aused by edge and s
rewTDs. Therefore the ensemble averaging is expressed by a two-dimensional integralover the sample surfa
e that is di�
ult to evaluate numeri
ally. We performthe ensemble averaging using a Monte-Carlo method instead. A 
omparison ofsimulated and measured re
ipro
al spa
e maps allows us �nally to determine thedensities of parti
ular types of threading dislo
ations.For the simulation of the re
ipro
al-spa
e distribution of s
attered intensitywe assume two points:
• the measured intensity is averaged over a statisti
al ensemble of all 
on�g-urations of the dislo
ations;
• the distan
e sample-dete
tor is large so that the far-�eld limit 
an be used.The validity of the �rst assumption depends on the density of dislo
ations, onthe 
oherently irradiated sample surfa
e Scoh of the primary radiation and on thetotal size of the irradiated sample surfa
e Ss [141℄. A

ording to our estimationsof 
oherently irradiated area the value of Scoh is approximately 200×300 nm in
oplanar di�ra
tion and about 250×900 nm in GID. At that time the total illumi-nated area may rea
h 1×5 mm. Pra
ti
ally this means that for realisti
 modellingof s
attering experiment one should make use of in
oherent a

umulation of thes
attering pattern over the small ensemble of 
oherently irradiated areas. Inour parti
ular 
ase, we have modelled a unique dislo
ation distribution for ea
h
oherent surfa
e element, whi
h, taken into a

ount the total amount of elements,means averaging over representative sele
tion of all possible 
on�gurations.The far-�eld approximation is valid if the diameter of the 
oherently irradiatedsample surfa
e Scoh is mu
h smaller than the diameter of the �rst Fresnel zone.The later 
an be approximated by the expression √

Rλ, where R is the sample-dete
tor distan
e and λ is the wavelength. For a standard laboratory setup andmoreover for syn
hrotron beamlines this 
ondition is ful�lled.70



7.2 Algorithm of Monte Carlo simulationV. Holý et al. developed a new software enabling to 
ompute the re
ipro
al spa
emaps of the s
attered intensities in di�erent geometries. The 
al
ulation strategy
an be represented as follows [148℄.
• In a 
oherently irradiated area we generate the positions and types of thethreading dislo
ations using a random generator.
• We 
al
ulate the displa
ement �eld 
aused by dislo
ations de�ned in theprevious step.
• We 
ompute the amplitude of the di�ra
ted wave Ej and the di�ra
tedintensity Ij = |Ej|2.
• We repeat the items 1-3M times and obtain the intensities Ij , j = 1, . . . ,M .Ea
h intensity distribution Ij 
orresponds to the intensity s
attered for asingle 
oherently irradiated area, M is the number of these areas in thetotally irradiated sample area.
• We 
al
ulate the average intensity distribution in qxqz plane

I(qx, qz) =
1

M

M∑

j−1

Ij(qx, qz) (7.1)
• We 
onvolute the intensity from Eq. 7.1 with the resolution fun
tion of ourexperimental setup.In this se
tion, we give a detailed des
ription for ea
h of these steps andestimate the error of our method.7.2.1 Generation of dislo
ation types and positionsUsing a numeri
al generator of uniformly distributed random numbers we gen-erate random positions of given numbers of dislo
ations of di�erent types in thesquare pat
h that 
orresponded to the 
oherently irradiated area Scoh. Themean number of dislo
ations of a given type in this area is dedu
ed from itsparti
ular dislo
ation density that was used as an input parameter. The numbersof dislo
ations in one 
oherent area Scoh are random and they are distributeda

ording to the binomial distribution with given mean value. The size of the
oherently irradiated area Lcoh is given by experimental setup. In our programit is inversely proportional to step in re
ipro
al spa
e in a

ordan
e with thesampling theorem, whi
h is a 
onsequen
e of the Fourier transformation used inRSMs 
al
ulations [155℄. Let a re
ipro
al-spa
e map was simulated in Nx pointsseparated by dqx intervals along qx axis. The 
orresponding real-spa
e samplingintervals (or the steps in real spa
e) 
an be written as dx =

2π

Nxdqx
. The value

Nxdx is equal to the size Lcoh of the 
oherently irradiated area, in whi
h thedislo
ations are simulated. The similar expressions are valid for qz dire
tion.We in
luded �ve types of dislo
ations in two dislo
ation "families": twotypes of s
rew dislo
ations with the Burgers ve
tors bs = ±[0001] (so-
alled71
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Figure 7.1: Burgers ve
tors of thedominant dislo
ation types in the GaNepitaxial layers. Figure 7.2: The sket
h of the depletedzones between s
rew dislo
ations withBurgers ve
tors [0001℄ (dots) and
[0001̄] (
rosses).
-dislo
ations), and three types of edge dislo
ations with the Burgers ve
tors

be =
1

3
〈111̄0〉 (a-dislo
ations)[156℄ shown on Fig. 7.1. We assume that thedensities of di�erent dislo
ation types belonging to the same family are equal.So, we use only two dislo
ation densities ρs and ρe (total densities of s
rew andedge dislo
ations, respe
tively) as input parameters.We performed a number of simulation in whi
h the 
orrelation in dislo
ationpositions were in
luded. For non-
orrelated the mean distan
e Rm between twodislo
ation of the same type 
an be estimated from expression Rm ∼ 1√

ρ
. Weassumed that there was a depleted zone around ea
h dislo
ation, where no otherdislo
ation of the same type 
ould o

ur. The radius t of this zone was 
onstantfor edge threading dislo
ations and depended on the dislo
ation types for s
rewones. We 
onsidered 10-% de
rease −dt of this radius between opposite dire
teds
rew dislo
ations pla
ed in 
lose vi
inity to ea
h other and 10-% in
rease +dtfor dislo
ations of the same dire
tion (see Fig. 7.2). We simulated RSMs in 0004di�ra
tion keeping all input parameters 
onstant ex
ept the radius of depletedzone. The dislo
ation densities for these estimations were taken from EPD (seeSe
. 3.3.1). We extra
ted the 
uts through di�ra
tion maxima along the qx axisand plotted them on the same graph 7.3. It is seen that the value of depletionradius does not strongly a�e
t the intensity distributions. Therefore for oursamples, where the total dislo
ation density is of order 108 cm−2 the 
orrelationin dislo
ation position 
an be negle
ted in order not to slow down time 
onsuming
al
ulations.
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Figure 7.3: The intensity pro�lesalong qx axis 
al
ulated with di�erentvalues of depletion radius.7.2.2 Displa
ement �eld 
al
ulationFrom positions of individual dislo
ation types generated in Scoh we 
al
ulate thetotal displa
ement �eld of all dislo
ations assuming a linear superposition.
u(x, y, z) =

5∑

α=1

Nα∑

j=1

(u)(α)(x− x
(α)
j , y − yαj , z), (7.2)where (u)α(x, y, z) is the displa
ement ve
tor in point (x, y, z) due to a dislo
ationof type α ending at the sample surfa
e in point (x, y) = (0, 0), and x

(α)
j , y

(α)
j isthe interse
tion point of the j-th dislo
ation of type α with the sample surfa
e.The expression for (u)α(r) are taken from [25℄. For TDs with dislo
ation linesperpendi
ular to the sample surfa
e these formulae are signi�
antly simpli�ed.They 
an be found in Se
. 2.2.1 and in the text of our program in Appendix Afor RSMs simulation.The main advantage to use these 
umbrous expressions for displa
ement �eld
aused by TDs is that they in
lude surfa
e relaxation of internal stresses. Thisfa
t enhan
es the pre
ision of determined dislo
ation densities by our Monte Carlosimulation 
omparable to another methods.The examples of displa
ements produ
ed by a pure s
rew and a pure edgedislo
ations pla
ed in the middle of the pat
h is shown on Fig. 7.4. Here we plotthe stress distribution in the plane parallel to the sample surfa
e.In general, the s
attered intensity depends only on the 
omponent of the totaldispla
ement �eld parallel to the di�ra
tion ve
tor h. Therefore in symmetri
aldi�ra
tion only the verti
al 
omponent uz(r) matters. The expressions for us,ez (r)be
ome simple:

u(s)z (r) =
b
(s)
z

2π
arctan

y

x
,

u(e)z (r) =
ν

1− ν

rb(e)

2π

z + 2r(ν − 1)

r(r − z)
, (7.3)where ν is the Poisson ratio assumed for simpli
ity as isotropi
 elasti
ity.In GID simulations we did not take into a

ount s
rew dislo
ations, sin
e theirpresen
e did not bear any in�uen
e on RSMs shapes.73



Figure 7.4: The displa
ement �eld distribution for single s
rew (left) and edgethreading dislo
ations (right) in the depth z=1µm.7.2.3 Re
ipro
al spa
e maps 
al
ulationThe intensity of x-ray wave s
attered by dislo
ation generated in Scoh is propor-tional to the se
ond power of the di�ra
ted wave amplitude. Using the far-�eldlimit and kinemati
al approximation the intensity di�use s
attering in the point
q in re
ipro
al spa
e 
an be written as: :

I(q) =

〈
A
∫∫

Scoh

dxdy

0∫

−T

dze−ih.u(r)e−iqr




2〉
, (7.4)where T is the sample thi
kness and the averaging is performed over randomdislo
ation positions and types. In Eq. 7.4 A is a 
onstant 
ontaining theamplitude of the primary wave, the polarizability 
oe�
ient χh,q = Kf −Ki−his the redu
ed s
attering ve
tor and Ki,f are ve
tors of the primary and s
atteredve
tors respe
tively.The intensity in Eq. 7.4 has a form of Fourier transform of fun
tion e−h.u(r).This fa
t is used in our software to 
ompute the integral in 7.4. However Fouriertransform of a 3-d fun
tion determined in the limited ranges may 
ause artefa
ts.Let us 
onsider the most obvious and annoying of them. The strong peaks inre
ipro
al spa
e are a

ompanied by 
ross-like artefa
ts 
aused by the boundariesof the integration volume. Another words, these artefa
ts are trun
ation rodsgenerated by the fa
es of the integration volume. Se
ondly, due to limitedpre
ision of 
omputer number representation and limited number of fast Fouriertransform nodes one 
an easily observe the digital noise, whi
h looks like a ripplingat the regions of low intensity. Thirdly, a moderate sampling dx of the model inEq. 7.4 imposes the arti�
ial periodi
ity 2π

dx
, whi
h has no relation to the realre
ipro
al spa
e periodi
ity and leads to the e�e
ts similar to mirroring of distin
tlinear features (trun
ation rods) at the borders of the re
ipro
al spa
e zones.All artefa
ts mentioned above should be 
ertainly taken into a

ount whenthe sampling rate and volume size is sele
ted, and their minor existen
e - duringthe interpretation the simulated RSMs.74



The averaging is performed over random dislo
ation positions and types.For this reason we repeat the steps des
ribed in the subse
tions above about
M = 1000 times and the intensities s
attered by di�erent 
oherent areas Scoh aresummed.Finally, the simulated intensities are 
onvoluted with the resolution fun
tionof our di�ra
tometer setup(see Se
.6). For symmetri
al di�ra
tion its shape in thes
attering plane (qxqz) was approximated by a two-dimensional Gaussian fun
tion
J(qx, qz) with the dispersions ∆Qx and ∆Qz de�ned in Eq. 4.15 that 
orrespondto the sizes of the resolution elements in re
ipro
al spa
e:

J(qx, qz) ≈ exp

[
−(

(qx − qx0)
2

2∆Q2
x

+
(qz − qz0)

2

2∆Q2
z

)

] (7.5)Due to analyzer pla
ed in the re�e
ted beam path, the resolution fun
tion along qyaxis is assumed to be in�nitely broad. In GID the dire
tions qx and qz 
orrespondto qang and qrad respe
tively and the dispersions of the Gaussian-shape resolutionfun
tion is takes from 4.17.7.3 Monte Carlo simulation in 
-plane GaN7.3.1 The analysis of simulated re
ipro
al spa
e mapsOn Fig. 7.5 we depi
ted 
al
ulated RSMs in symmetri
al (0004), asymmetri
al(101̄4) and grazing-in
iden
e (112̄0) di�ra
tions for sample S2. The simulatedmaps 
onsists of narrow and intensive 
oherent peak and the di�use part withde
aying intensity. For a su

essful appli
ation of our method the mean distan
e
Rm between the dislo
ations must be smaller than the 
oheren
e width of theprimary radiation proje
ted to the sample surfa
e, i.e., the 
entral 
oherent peakmust be mu
h narrower than the width of the di�use maximum. In ea
h geometrythis 
ondition is 
ompletely satis�ed.
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Figure 7.5: Cal
ulated RSMs for sample S2: (a) - 0004, (b) - 101̄4, and (
) - 112̄0di�ra
tions.In symmetri
al geometry, we subtra
ted the 
rystal trun
ation rod goingparallel to qz dire
tion in order better to �t experimental and simulated RSMs.However, it did not a�e
t the di�use part of the intensity distributions.75



From the Eq. 7.2.2 for u(s)z (r) it follows that the verti
al 
omponent ofthe displa
ement �eld around a s
rew threading dislo
ation does not depend onthe verti
al 
oordinate z. After Fourier transformation of the 
onstant fun
tionde�ned in the interval [0, T ] we observe in symmetri
al RSM a horizontal sheetwith the width of 2π/T , where T is the total thi
kness of the GaN layer.Under GID 
onditions the surfa
e roughness may seriously a�e
t the results[2℄. The ration of the di�use s
attering from dislo
ations and from the roughness
an be approximately estimated to [157, 158℄
Iroughness
Idislocation

≈ (σξ)2

(TLcoh)2
, (7.6)where σ is the root-mean square roughness of the substrate, and ξ is the roughness
orrelation length. From x-ray re�e
tivity measurements we determined σ ≈0.6nm and ξ<100 nm. Sin
e the sample thi
knesses T are about 2000 nm and the
oheren
e length Lcoh ≈200 nm, the ratio in 7.6 is of order 10−8, so the roughness
ontribution 
an be negle
ted.The a
tual number of 
oherent areas in the irradiated sample surfa
e Ss isof the order of 107 − 108 in our experimental setup. However, the averagingwas performed only 1000 times, sin
e the numeri
al simulations were very time-
onsuming. Therefore the obtained RSMs are not fully ensemble-averaged andrandom �u
tuations of the intensity are still visible but the main features ofthe 
al
ulated intensity distributions 
an be well resolved. The statisti
al error
an also be estimated by the Monte Carlo method. The root-mean-square (rms)deviation σI of the average intensity is

σ2
I =

1

M


 1

M

M∑

j−1

I2j −
(

1

M

M∑

j−1

Ij

)2

 (7.7)When the numberM of 
oherently irradiated volumes in
reases, the rms deviation

σI de
reases. The simulation pro
edure is rather time-
onsuming so we were notable to use the a
tual number M given by the experimental 
onditions. Instead,we 
hose M in su
h way that the maximum of σI(qx, qz) did not ex
eed 10%.7.3.2 The re
ipro
al spa
e maps 
omparisonFirst, we started with simulation of RSMs in 
oplanar geometries, namely in 0004symmetri
al and 101̄4 asymmetri
al di�ra
tions. In symmetri
al di�ra
tion, thedi�ra
tion ve
tor h = 0004 is perpendi
ular to the sample surfa
e. Therefore it isparallel to the Burgers ve
tor b(s) of s
rew TDs and perpendi
ular to the Burgersve
tor b(e) of edge TDs. In an in�nite medium, the displa
ement �eld u(r) arounda dislo
ation is almost parallel to its Burgers ve
tor. Sin
e the di�usely s
atteredx-ray intensity depends on the s
alar produ
t h · u(r), mainly s
rew threadingdislo
ations 
ontribute to the 0004 RSM. The in�uen
e of the edge threadingdislo
ations is minor. It is 
aused by a surfa
e relaxation of internal stressesaround an edge threading dislo
ation, giving rise to a small non-zero verti
al
omponent uz(r) of the displa
ement ve
tor.In the asymmetri
al di�ra
tion the di�ra
tion ve
tor h = 101̄4 has a non-zeroangle to the Burgers ve
tors of both dislo
ation types. On asymmetri
al RSM wesee the intensity distribution 
aused by s
rew and edge threading dislo
ations.76



For ea
h sample we assumed the same density of pure s
rew and edge TDsin both geometries. With these input data we tried to a
hieve the best �ts ofexperimental and simulated RSMs. We plotted them both at the same graph (seeFig. 7.6) and required the best possible 
oin
iden
e of the shapes and intensitylevels.
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 (nm−1)Figure 7.6: Measured (blue) and simulated (red) re
ipro
al spa
e maps in 0004(panels a-d) and 101̄4 (panels e-h) di�ra
tions of: (a,e) - S1, (b,f) - S2, (
,g) - S3,and (d,h) - S4 samples. The intensity step is 100.5 in logarithmi
 s
ale.The 
omparison of RSMs allowed us to determine the densities of s
rew andedge TDs with the error of ±15%. However, due to surfa
e relaxation and largenumber of edge TDs, their 
ontribution into symmetri
al di�ra
tion remainssubstantial. In asymmetri
al di�ra
tion both types of TDs 
ontribute likewiseto the di�ra
tion pattern. To estimate the prevailing type of dislo
ations andseparate their in�uen
e we analyse the asymptoti
 part of two perpendi
ular 
utsof the RSM that 
rosses the intensity maximum (see Se
. 7.3.3). Their slopesin log-log representation depend on the dislo
ation densities, types and experi-mental resolution. With known experimental resolution, they allow us to de�nequantitatively the ratio between densities of two dislo
ation types. Therefore thetask to determine the density of s
rew and edge dislo
ations independently isnot easy. The simulations with di�erent input data 
an give the identi
al RSMsshapes i.e., the solution of our problem is not unique and some additional analysesare required.One way to over
ome the problem mentioned above is to measure and simulatethe di�use s
attering in grazing-in
iden
e geometry. In GID, the Burgers ve
torsof s
rew dislo
ations are perpendi
ular to the ve
tor of di�ra
tion. In 
ontrast toedge dislo
ations in symmetri
al di�ra
tion, the 
ontribution of s
rew dislo
ationsto intensity distribution in GID is in�nitesimal and 
an be negle
ted. It followsthat we 
an measure, simulate and 
ompare RSMs in GID. Hereby we �nd outthe densities of pure edge TDs and then we 
onsider them �xed in simulation ofRSMs in symmetri
al di�ra
tion.The best �t of the experimental and 
al
ulated maps in 101̄0 and 112̄0 di�ra
-77



tions are depi
ted on Fig. 7.7. All maps exhibit the 
entral narrow maxima andwide di�use parts. The size of the maximum σ1×σ2 
orresponds to the 
oherentlyirradiated intensity and its width is inversely proportional of the 
oherentlyirradiated area at the sample surfa
e.
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 (nm−1)Figure 7.7: Measured (blue) and simulated (red) re
ipro
al spa
e maps in 101̄0(panels a-d) and 112̄0 (panels e-h) di�ra
tions of: (a,e) - S1, (b,f) - S2, (
,g) - S3,and (d,h) - S4 samples. The intensity step is 100.25 in logarithmi
 s
ale.The densities of edge TDs determined from GID possess higher a

ura
y thenthe same ones obtained from asymmetri
al di�ra
tion (about 10%). Substitutingthem into input data for 0004 maps simulation we redu
e the error in s
rew TDsdetermination.7.3.3 The intensity pro�les 
omparisonIn order to 
ompare the measured and simulated intensity distributions in detailsand to determine the e�e
t of parti
ular dislo
ation types, we analysed their 
utsalong both axes of RSM (Fig. 7.8, 7.9). From log-log representation of these 
utswe obtained the slopes in the asymptoti
 dependen
es:
I(qx, 0) ∝ |qx|−n , I(0, qz) ∝ |qz|−n,

I(qang, 0) ∝ |qang|−n , I(0, qrad) ∝ |qrad|−n (7.8)for 
oplanar and grazing-in
iden
e geometries, respe
tively. To avoid possiblein�uen
e of the 
rystal trun
ation rod in symmetri
al di�ra
tion, we extra
tedthe linear intensity distributions along qz for a small non-zero value of qx.From dis
ussion published in [3℄ it follows that the slopes of the asymptoti
dependen
e I(qx, 0) are n = 4 for s
rew and n = 3 for edge TDs. In our analysisthey lie between 2 and 3. The di�eren
e 
an be explained by the qy-integrationin
luded in our experimental resolution fun
tion.In symmetri
al geometry the di�ra
tion 
urves I(qx, 0) follow rather q−3
x de-penden
es. It means that mostly s
rew threading dislo
ations 
ontribute to theintensity distribution [141℄. In the asymmetri
al 
ase the slopes are between 2 and78
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tions for all samples.3, sin
e both s
rew and edge 
omponents 
ontribute to the s
attered intensity.The 
loser a di�ra
tion 
urve approximates to the q−3
x , the more s
rew TDs arepresented within the sample. And on the 
ontrary the q−2

x asymptoti
 behaviourindi
ates the prevailing type of edge TDs.The asymptoti
 intensity de
ay along the qz axis is not as well pronoun
ed.It is seen that for di�erent samples it varies roughly between q−1
z and q−3

z . Bothfrom the experimental data and from our simulations it follows that the width ofthe di�ra
tion maxima along the qz axis are almost independent of the dislo
ationdensity. On the other hand, the dislo
ation density a�e
ts the slope of the qz-dependen
e. In
reasing of dislo
ation density leads to the slope in
reases from 1(for sample S1) to 3 (for sample S4). This fa
t 
an be used as a rough estimationof the dislo
ation density.The similar slopes behaviour is observed in GID. In the angular dire
tion, theasymptoti
 tails of the di�ra
tion 
urves drop as q−2
ang-q−3

ang. In the radial dire
tion79
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Figure 7.10: Measured (blue) and simulated (red) 101̄0 RSMs of: (a) - A1, (b) -A3, and (
) - A5 samples.the slope of the asymptoti
 part depends on the density of the edge dislo
ations.The lower dislo
ation density, the higher the slope is, ranging from q−1
rad to q−3

rad.7.4 Monte Carlo simulation in 
-plane Al0.2Ga0.8NOur developed method 
an be used not only to GaN layers. The 
ondition forits appli
ation is that the dislo
ations in the material should be perpendi
ular tothe sample surfa
e. A good example of su
h material is AlGaN heteroepitaxiallayer grown of sapphire substrate.A series of 5 
-plane Al0.2Ga0.8N samples was grown by our 
olleagues fromUlm University (see Se
. 3.3.1). The samples di�ered in AlGaN layer thi
knessesfrom 0.5µm for the thinnest to 3.5µm for the thi
kest one. The goal of our studyis to determine the density of TDs and to �gure out its dependen
e on the layerthi
kness.7.4.1 Re
ipro
al spa
e maps 
al
ulationIn order to solve the problem mentioned above we de
ided to apply our developedmethod based on Monte Carlo simulation [159℄. However, it is ne
essary tonote that the bundling of edge TDs revealed by TEM (see Fig. 3.8) 
reates thelimitations for appli
ation of our method. In our model, the dislo
ation linesare 
onsidered to be perpendi
ular to the sample surfa
e, whi
h is true only inthe near-surfa
e region. Therefore we 
an 
ombine our simulations with grazing-in
iden
e di�ra
tion te
hnique probing the top of the main layer of the AlGaN�lm, while the RSMs in the asymmetri
al di�ra
tion that 
ontain the integratedsignal over the whole layer thi
kness 
annot be used within our model.The latti
e parameters of two AlGaN phases were determined for ea
h sampleby S. Lazarev from symmetri
al and asymmetri
al 
oplanar di�ra
tion measure-ments [153, 160℄. The average parameters used in our 
al
ulations are the follow-ing: amain=0.3177nm, abottom=3.1788nm; cmain=0.5154nm, cbottom=5.1587nm.We started from determination of the edge TDs densities in the near-surfa
eregion of the overgrown AlGaN layer. In our GID experiment, the penetration80
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Figure 7.11: Measured (blue) and simulated (red) 112̄0 RSMs of: (a) - A1, (b) -A3, and (
) - A5 samples.depth was estimated to be less than 150nm meaning that the x-ray beam probedsolely the near-surfa
e region of AlGaN �lms. In our 
al
ulations, we negle
tedthe presen
e of the bottom layer and for ea
h sample we simulated RSMs in two
101̄0 and 112̄0GID re�e
tions. We did not in
lude the in�uen
e s
rew dislo
ationsdue to surfa
e relaxation e�e
t and 
orrelation in positions of edge dislo
ationsin our 
al
ulation. The simulated RSMs were 
onvoluted by resolution fun
tionto a
hieve a �nite experimental resolution. The resolution fun
tion was sele
tedas two-dimensional Gaussian with σ ≈0.02nm−1 
orresponding to the 
oherentlyirradiated area of the sample surfa
e estimated for our experimental setup. Thesimilar pro
edure for GaN �lms is des
ribed in Se
. 7.2.Our next step was to determine the density of s
rew TDs in the samples. In ourmodel the expressions for displa
ement �eld 
aused by extended defe
ts in
ludesurfa
e relaxation, therefore edge dislo
ations play an important role in generalintensity distribution in 
ase of symmetri
al di�ra
tion [148℄. The densities ofedge TDs obtained from GID 
orrespond to the overgrown layer of AlGaN. Theywere taken as �xed parameters for symmetri
al RSMs simulations. For 0002di�ra
tion we did not take into a

ount AlGaN peak splitting that is revealedonly at high-order re�exes. We negle
ted the 
ontributions of AlN interlayer aswell as GaN phase into intesity distribution. AlN and GaN ri
h peaks are shiftedwith respe
t to the AlGaN peak in qz dire
tion so they have almost no impa
t ondi�use part s
attered from AlGaN. In our simulations, we in
luded the 
rystaltrun
ation rod but omitted the mono
hromator streak. However, the intensitydistribution along the CTR is strongly a�e
ted by os
illations from AlN andAlGaN 150nm layer. Therefore our main issue in symmetri
al di�ra
tion was toreprodu
e the intensity levels of AlGaN peak mainly in qx dire
tion. As a resultof the RSMs simulation in 0002 symmetri
al di�ra
tion, we obtained an averageddensity of s
rew TDs attributed to both main and 150 nm layers of AlGaN.The 0008 RSMs 
onsists of two signals 
oming from two AlGaN layers. Theywere simulated independently and then the intensity distributions were super-posed. The densities of edge TDs known from GID were in
luded as a �xedparameter in the main AlGaN layer simulation. The bottom layer of AlGaN isnot a�e
ted by the surfa
e relaxation so the density of s
rew dislo
ations was81
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Figure 7.12: Measured (blue) and simulated (red) 0002 RSMs of: (a) - A1, (b) -A3, and (
) - A5 samples.taken as a single parameter responsible for the di�use s
attering from this region.Varying the densities of s
rew dislo
ations we a
hieved the best agreement be-tween experimental and simulated RSMs and thus we determined the densities ofs
rew TDs in both layers. We required the best agreement between experimentaland simulated maps in the di�use part as well as the 
oin
iden
e the amplitudesof the main peak.7.4.2 Re
ipro
al spa
e maps and intensity pro�les 
ompar-isonThe 
omparison of experimental and simulated GID RSMs are shown at Fig. 7.10and 7.11. The notation qang 
orresponds to [12̄10℄ dire
tion, whereas qrad 
oin
ideswith the dire
tion of the di�ra
tion ve
tor. On 112̄0 experimental RSMs one 
ansee an asymmetry in radial dire
tion. This asymmetry 
annot be a�e
ted by themis�t dislo
ations lo
ated at the interfa
e be
ause of relatively large thi
kness ofthe AlGaN layer with respe
t to the penetration depth in GID. Moreover HRTEMinvestigation on growth interrupted AlGaN deposited on SiNX interlayers has
on�rmed the large density of TDs, while the MDs were hardly observed. Themost probable explanation of this fa
t is non-
onstant 
on
entration of Al inthe AlGaN alloy. This e�e
t has no in�uen
e on TDs density determination,nevertheless for detailed analysis we required good �tting of experimental andsimulated maps in angular dire
tion.The 
omparison of 
oplanar maps in 0002 and 0008 di�ra
tions are presentedin Fig. 7.12 and 7.13 respe
tively. The parts of experimental RSMs that belongto pure GaN phase were out of our interest, therefore one 
an observe somedisagreement in experimental and 
al
ulated maps in that region.We 
ompared 
uts over the intensity maxima along qx and qang dire
tions onsymmetri
al and GID maps respe
tively (see Fig. 7.14). For symmetri
al 0008di�ra
tion we 
ompared the 
uts over the main and the bottom peaks. Somedisagreement is found in the 
oherent part of the bottom peak. It is attributedto in�uen
e of GaN phase that was negle
ted in our simulations.The asymptoti
 behaviour of pro�les in symmetri
al di�ra
tion obeys q−2
x −q−3

x82
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Figure 7.13: Measured (blue) and simulated (red) 0008 RSMs of: (a) - A1, (b) -A3, and (
) - A5 samples.
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Figure 7.14: Experimental (dots) and simulated (solid lines) angular 
uts in 0002(a), 101̄0 (b) and 112̄0 (
) di�ra
tions for all samples. The number of samplesare indi
ated.lows, whi
h indi
ates a presen
e of both, s
rew and edge types of dislo
ations. InGID, the tales of 
urves de
ay as q−1
ang − q−2

ang due to large number of edge TDs[141℄.
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8. X-ray measurements of a-planeGaN layers.8.1 Measurements of a-plane GaN �lmsA-plane GaN with the (11-20) surfa
e orientation is very useful in various te
h-nologi
al appli
ations. The main its advantage is the absen
e of the quantum
on�ned Stark e�e
t typi
al for 
-oriented material [30℄. However, a-plane GaNlayers possess a large number of defe
ts, espe
ially sta
king faults, so that areliable method for the determination of the defe
t densities is of high importan
e.The obje
t of our investigation is a series of 4 non-polar a-plane oriented GaNepitaxial layers grown on the r-oriented sapphire template by MOVPE te
hnique(See Se
.3.3.2). We sele
ted non-destru
tive x-ray di�ra
tion as a tool of ourinvestigation and 
ombined it with Monte Carlo method of di�use s
atteringsimulation.8.1.1 Non
oplanar Bragg di�ra
tion as a tool of SFs dete
-tionIn a-plane GaN, two types of sta
king faults have been reported in literature[31, 145℄, namely basal-plane (or basal) SFs and prismati
 SFs.The prismati
 SFs with the displa
ement ve
tors R =
1

2
〈101̄1〉 are lo
atedalong 〈1̄21̄0〉 planes. The energy of prismati
 SFs a
tivation is relatively high[33℄, their densities in GaN are estimated of order 102 
m−1. In general, they arealmost not dete
table by methods based on x-ray di�ra
tion and we 
an negle
ttheir presen
e in our samples.The SFs in the (0001) basal planes give rise to a narrow streak in re
ipro
alspa
e along [0001℄. For the determination of the SF density it is ne
essaryto measure the intensity distribution along this streak. Therefore the [0001℄dire
tion must be parallel to the s
attering plane, in whi
h the wave ve
tors Ki,fof the primary and s
attered waves lie. In a 
oplanar s
attering geometry the

a1

a2

a4

Q[0001]

surface
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scattering
plane
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Q[10-10]
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30
o

Figure 8.1: The sket
h of the elemen-tary unit 
ell of wurtzite GaN with theorientation of the a-plane (grey) ands
attering plane (red). The s
atteringplane makes an angle of 30 deg with thesurfa
e normal n. The pi
ture is takenfrom [32℄.84
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Figure 8.2: Thes
heme of symmetri
alnon-
oplanarmeasurements atrotating anode.s
attering plane is perpendi
ular to the sample surfa
e, i.e. to (112̄0) plane in
ase of a-plane GaN. All 
oplanar di�ra
tions in this s
attering plane are of thetype 112̄L, however, all basal-SFs do not produ
e any di�use s
attering in thesedi�ra
tions. Therefore we used an in
lined geometry (see Fig. 8.1) in whi
h thes
attering plane makes an angle of 30 deg with the surfa
e normal n = 1
3
[112̄0]and symmetri
 di�ra
tions H0H̄0.The 
riterion used in TEM for sta
king faults visibility 
an be applied in x-raydi�ra
tion [161℄:

h ·R 6= n, (8.1)where h is ve
tor of di�ra
tion, R is the SFs displa
ement ve
tor and n is integerin
luding zero. The 
ondition 8.1 makes it easier to sele
t appropriate di�ra
tionsin order to dete
t SFs with known displa
ement ve
tors.8.1.2 Experimental setupThe x-ray di�ra
tion experiments were performed in Institute of Semi
ondu
-tor and Solid State Physi
s (Johannes Kepler University, Linz, Austria). Thedi�ra
tometer was equipped by 
ustom-built rotating-anode setup with a smallfo
us (Cu anode, 2 kW output). A double-bent paraboli
 multilayer mirror and aGe(220) 
hannel 
ut mono
hromator were used to produ
e a well-
ollimated beamof CuKα1 radiation with the divergen
es of about 12 ar
se
 and less than 0.1 degin the s
attering plane and a
ross it respe
tively. The primary beam was shapedby slits down to the 
ross-se
tion of 1 × 1 mm2, the sour
e-sample distan
e wasabout 1.6 m. For data 
olle
tion a verti
ally oriented linear multi
hannel dete
torwith the pixel size of about 50 µm at a distan
e of 0.8 m to the sample was used.The s
heme of our setup is drawn on Figure 8.2.The in
lined geometry was the reason for the 
ollimation of the primary beamin two orthogonal dire
tions des
ribed above. For ea
h sample we measuredRSMs in di�ra
tions H0H̄0 with H = 1, 2, 3. In our experimental setup, a lineardete
tor enabled fast data a
quisition. It was ne
essary to perform only onero
king s
an to re
ord a re
ipro
al-spa
e map.The resolution in re
ipro
al plane is determined by the divergen
e of theprimary x-ray beam both in the s
attering plane and perpendi
ular to it by thepixel size of the dete
tor and its distan
e from the sample. For the experimental
onditions listed above we a
hieved a resolution better than 0.05 nm−1 for allmeasured di�ra
tions in both dire
tions in the s
attering plane.All the measured Bragg peaks were broader than expe
ted from the instru-mental broadening. The experimental broadening 
an therefore be negle
ted in85



Figure 8.3: Examples of the re
ipro
al spa
e maps of x-ray di�use s
atteringmeasured in the symmetri
 non-
oplanar di�ra
tions 101̄0, 202̄0 and 303̄0 of thesample M3. The data are plotted in a logarithmi
 s
ale, the step of the iso-intensity levels is 100.5. The pi
ture is taken from [32℄.the further analysis. Moreover, sin
e we are interested in the shape of the peaksfar from the sharp 
entral peak, the resolution fun
tion does not in�uen
e ouranalysis.8.1.3 Results of measurementsFigure 8.3 displays the RSMs of sample M3 measured in di�ra
tions 101̄0, 202̄0,and 303̄0; the RSMs of other samples are similar. The [0001℄-oriented streak isvisible in 101̄0 and 202̄0 di�ra
tions, while the di�ra
tion maximum in 303̄0 israther round. A

ording to the theory listed in Se
.5, this feature indi
ates thepresen
e of basal SFs.To determine the density of SFs, from the RSMs we extra
ted intensity s
ansalong the [0001℄. We tested several pro
edures for extra
tion: a 
ut along SF-streak, an integration over [101̄0] dire
tion of the whole RSM et
. However,the best way was to integrate the measured RSM in a narrow stripe of the width
∆Q[101̄0] = 0.1 nm−1 around the maximum. This integration e�e
tively suppressesthe experimental noise. The extra
ted s
ans for sample M3 are plotted in Fig.8.4. The inset shows the intensity maxima in detail. From the inset it followsthat the FWHM of the 202̄0 and 303̄0 are almost identi
al. That means theFWHM is a�e
ted mainly by a limited 
oheren
e of the primary beam, by othere�e
ts su
h as limited angular resolution of the dete
tor and di�use s
atteringfrom dislo
ations but not by the di�use s
attering from the SFs. Figure 8.4demonstrates that the extra
ted intensity s
ans are slightly asymmetri
, this86
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Figure 8.4: Linear s
ans in [0001]dire
tion (i.e. along the SF-streak)extra
ted from the RSMs in Fig. 8.3.The inset shows the details of thes
an around the maximum, normalizedto maximum intensity. The numbersdenote the orders H of the di�ra
tions
H0H̄0.

Figure 8.5: Linear s
ans in [101̄0]dire
tion (i.e a
ross the SF streak)extra
ted from the RSMs of all samplesin di�ra
tion 101̄0 for Q[0001] = 2 nm−1(dots) as well as their �ts by Gaussianfun
tions (lines). The s
ans are shiftedverti
ally for 
larity.asymmetry is stronger for smaller H . This e�e
t is of purely geometri
al nature.For Q[0001] < 0 the irradiated sample volume (and 
onsequently the number ofirradiated SFs) is larger than for Q[0001] > 0. We in
luded this e�e
t in theintensity simulations by multiplying the intensity by the fa
tor 1/ sin(αi), where
αi is the variable in
iden
e angle of the primary x-ray beam.We have also extra
ted s
ans a
ross the SF streaks at Q[0001] = 2 nm−1.Figure 8.5 displays these s
ans for all samples in di�ra
tion 101̄0 and their �ts byGaussian fun
tions. From the FWHM of these s
ans we determined the e�e
tivesizes Seff of the SFs. These values represent the lower limits of the true lateral sizes
S of SFs, sin
e the linear s
ans are 
onsiderably broadened by the experimentalresolution.
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9. Method for sta
king faultsdensities determination in a-planeGaN layers9.1 Theoreti
al modelIt is well-established nowadays that wurtzite a-GaN epitaxial layers 
ontain alarge amount of planar defe
ts (sta
king faults) in addition to dislo
ations ofvarious types [22, 31, 144℄. Three types of intrinsi
 (I1, I2 and I3) as well as onetype of extrinsi
 (E) basal SFs o

ur in (0001) planes. Ex
ept them prismati
SFs in planes 1
2
{101̄1} are also reported in the literature. However, the density ofprismati
 SFs in a-GaN material is relatively low [145℄. In our work, we restri
tourselves to the most 
ommon basal SFs I1-I3 and E. The sta
king of the (0001)basal planes in these defe
t types is displayed in Fig. 2.6.Based on di�use x-ray s
attering and Monte Carlo approa
h V. Holý developeda theory enabling to determine the densities of basal sta
king faults in a-planeGaN layers [32℄. In 
ontrast to the methods mentioned in Se
. 5.2.5, in ourapproa
h we analyse not only the widths of the di�ra
tion peaks but also fullshapes of the maxima in re
ipro
al spa
e. It enables to distinguish the peakbroadening due to SFs from the 
ontribution of other defe
ts. The full shape ofthe di�ra
tion maximum makes it possible to determine not only the density butalso the prevalent type of the SFs. However, as we show later, this task requiresto measure the di�ra
ted intensity very far from the di�ra
tion maximum thatwas not measured due to the limitations of the di�ra
tometer.9.1.1 Mathemati
al des
ription of sta
king faultsDeveloping the formula for the intensity s
attered from a random sequen
e of SFswe assume that the GaN layer di�ra
ts kinemati
ally, i.e. e�e
ts of dynami
alx-ray di�ra
tion in
luding absorption and refra
tion are fully negle
ted. Thissimpli�
ation is fully justi�ed if two 
onditions are valid:

• the GaN layer is mu
h thinner than the x-ray extin
tion length in GaN(about 3 µm in di�ra
tion 202̄0 and CuKα1 radiation) or the angulardeviation from the di�ra
tion maximum is larger than the width of theintrinsi
 Darwin 
urve;
• the in
iden
e and/or exit angles of the x-ray beams are mu
h larger thanthe 
riti
al angle of total external re�e
tion (0.33 deg for CuKα1).The far-�eld limit approximation is validity, if the size of the 
oherentlyirradiated sample area (below 1 µm in a our experimental arrangement) is mu
hsmaller than the diameter of the �rst Fresnel zone. The positions of individual SFsare assumed random and the irradiated sample volume 
ontains a large numberof defe
ts so that the measured x-ray signal 
an be 
onsidered averaged over astatisti
al ensemble of all 
on�gurations of the SFs.88



If we have a perfe
t layer without any stru
tural defe
ts, the amplitude ofthe wave di�ra
ted from the layer is a fun
tion of the s
attering ve
tor Q =
Kf −Ki, where Kf and Ki are the wave ve
tors of the di�ra
ted and primarybeams respe
tively. Using the kinemati
al approximation and the far-�eld limitintrodu
ed above, this amplitude 
an be written as

E(Q) = A
[
fGa(Q) + fN(Q)e

−iQ·d
]∑

n

e−iQ·Rn . (9.1)Here we denoted fGa,N the form-fa
tors of atoms Ga and N, and d = 3a4/8is the position ve
tor of the N atom with respe
t to Ga in a GaN mole
ule.
n ≡ (n1, n2, n3) are the indexes of a GaN mole
ule with the position ve
tor Rn.The hexagonal basis ve
tors are a1,2,4, the ve
tors a1,2 and a3 = −a1 − a2 lie inthe basal plane (0001) and a4 is orthogonal to it (see Fig. 8.1). A is a 
onstant
ontaining the amplitude of the primary beam, the 
lassi
al ele
tron radius, andthe polarization fa
tor, among others.Sin
e two GaNmole
ules 
onstitute one GaN elementary unit 
ell, the mole
uleposition ve
tors 
an be presented in su
h way:

Rn = n1a1 + n2a2 + n3a4/2 + σn3
p, (9.2)where p = 2

3
a1 + 1

3
a2 is the lateral shift of the se
ond Ga-N bilayer in theelementary unit 
ell with respe
t to the �rst one; we denote these bilayers by Bband Aa, respe
tively. The ideal h
p sta
king of bilayers is therefore denoted as...AaBbAaBb..., the f

 sta
king of the bilayers would be ...AaBbC
AaBbC
... .Here, n3 ≡ σn3

mod(2), i.e. σn3
equals 0 (1) for even (odd) values of n3. It yields

σn3
= σn3−2. For a general sta
king sequen
e of bilayers Aa, Bb and C
, σn3values 
reate a general sequen
e of 0, 1 and 2. The 
ase σn3

= 3 is equivalent to
σn3

= 0, sin
e 3p is an integer linear 
ombination of basis ve
tors a1,2. Thereforeall the σ values are 
onsidered modulo 3.For the layer that 
ontains a single SF of type I1 in position n3 = ndef thea
tual sta
king sequen
e is then ...ABABCBCB... for ndef even or ...ABACACA...for ndef odd. We omitted the symbols ab
 for the N atoms in the unit 
ell. The
orresponding sequen
es of the σn3
values are ...01012121... or ...0102020... . Inboth 
ases,

σndef
≡ (2σndef−1 − σndef−2)mod(3). (9.3)Using the same pro
edure we �nd that the SF I2 in position ndef is des
ribed bythe formulas

σndef
≡ (2σndef−1 − σndef−2)mod(3),

σndef+1 ≡ (2σndef
− σndef−1)mod(3). (9.4)The formulas for the type I3 are

σndef
≡ (2σndef−1 − σndef−2)mod(3),

σndef+1 ≡ σndef−1mod(3), (9.5)
σndef+2 ≡ (2σndef+1 − σndef

)mod(3).89



The SF of the extrinsi
 type (E) is des
ribed by
σndef

≡ (2σndef−1 − σndef−2)mod(3),

σndef+1 ≡ (2σndef
− σndef−1)mod(3), (9.6)

σndef+2 ≡ (2σndef+1 − σndef
)mod(3).The sta
king sequen
es of various SF types are represented graphi
ally in Fig.2.6, from whi
h Eqs. 9.3-9.1.1 follow as well. From the �gure it is seen that theSFs are represented by short f

-like segments. In the 
ase I1 the f

 segment
ontains one (0001) bilayer, in I2 and E the f

 segment 
onsists of 2 and 3bilayers respe
tively.A given mi
ros
opi
 distribution of sta
king faults is des
ribed by a 
ertainsequen
e of the values of σn3

, from whi
h the di�ra
ted amplitude 
an be 
al
u-lated
E(Q) = Φ(Q)

N∑

n3=0

ξn3κσn3 , (9.7)where ξ = e−iQ·a4/2, κ = e−iQ·p, and N is the number of 
oherently irradiated(0001) basal planes. In equation 9.7, Φ(Q) stands for
Φ(Q) = A

[
fGa(Q) + fN(Q)e

−iQ·d
] ∑

n1,n2

e−iQ·(n1a1+n2a2). (9.8)The range of the double sum ∑
n1,n2


orresponds to the lateral size S of thesta
king faults and we assume that this size is 
omparable to the layer thi
kness.Then, the fun
tion Φ(Q) gives rise to a narrow streak in re
ipro
al spa
e along[0001℄, i.e. perpendi
ular to the SF planes (0001). The width of the 
ross-se
tion of this streak 
an be estimated to 2π/S and it is usually 
omparable tothe resolution limit of the experimental setup. Therefore it is enough to dealwith the re
ipro
al-spa
e distribution of di�ra
ted intensity I(Q[0001]) along theSF-streak.The re
ipro
al-spa
e distribution of the intensity stemming from one 
oher-ently irradiated volume is given by a 
onvolution of the fun
tion |E(Q[0001])|2 withthe resolution fun
tion Γ(Q) of the experimental devi
e
I(Q) =

∫
dQ′|E(Q−Q′)|2Γ(Q′),

Γ(Q) =

∫ ∞

−∞

dxΓ(x)e−iQx. (9.9)The resolution fun
tion is the Fourier transformation of the mutual 
oheren
efun
tion of the primary radiation Γ(x) in two points in the distan
e x along the[0001℄ dire
tion. However, the numeri
al 
al
ulation of the integral in Eq. 9.1.1 istime 
onsuming and we used the following approximative approa
h instead. Wede�ne the fun
tion Ψ(x) =
√
Γ(x) and the �nal equation for intensity distribution
an be rewritten as follows:

E(Q) = Φ(Q)

N∑

n3=0

ξn3κσn3Ψ(n3|a4|/2),

I(Q[0001]) = |E(Q[0001])|2. (9.10)90



The fun
tion Ψ(x) des
ribes a broadening of the di�ra
tion 
urve not only dueto a limited 
oheren
e of the primary beam but also due to other e�e
ts su
h aslimited angular resolution of the dete
tor and di�use s
attering from other defe
ttypes, like dislo
ations. The form of this fun
tion 
an be determined from thedi�ra
tion 
urve measured around the re
ipro
al latti
e point h, where the SFsdo not produ
e any di�use s
attering.In the simulations we assumed that the fun
tion Ψ(x) 
an be des
ribed bythe well-known PearsonVII distribution fun
tion [162℄
Ψ(x) =

[
1 + 4(21/α − 1)

(
2x

W

)2
]−α

, (9.11)where W is the FWHM of the fun
tion and α is the shape parameter. For
α → ∞ this fun
tion approa
hes the Gauss fun
tion, in the 
ase of α = 1 Ψ(x)
orresponds to the Lorentz fun
tion. The 
ase W → ∞ represents an ideally
oherent and plane primary wave and no di�use s
attering from other defe
ts(dislo
ations in parti
ular). De
reasingW , the resulting di�ra
tion 
urve 
hangesits form and its FWHM in
reases. In order to dis
riminate the in�uen
e of thise�e
t from the true intensity pro�le it is ne
essary to measure the intensity 
urvesin various di�ra
tions H0H̄0.The di�ra
tion 
urve in 303̄0 is not a�e
ted by the SFs at all, so from itsform the parameters W and α of fun
tion Ψ(x) 
an be determined. These values
an be used for the analysis of di�ra
tion 
urves in other di�ra
tions. However,both the e�e
t of transversal 
oheren
e and di�use s
attering from dislo
ationss
ale with the length of the di�ra
tion ve
tor h. Therefore the FWHM WH ofthe fun
tion Ψ(x) in di�ra
tion H0H̄0 is

WH = 3/H ×W3, (9.12)where W3 is the FWHM determined from di�ra
tion 303̄0. The shape parameter
α does not depend on the di�ra
tion order H .9.1.2 Algorithm of 
al
ulation of the re
ipro
al spa
e in-tensity distributionThe general strategy of Monte Carlo simulations for a-plane GaN is similar to oneapplied in 
ase of 
-plane layers as it was dis
ussed in Se
. 7.2. However, sin
ewe are now interested in determination of SFs density, the algorithm is altered ina

ordan
e with the a
tual problem. The brief overview of simulation pro
edureis expounded below.In a standard x-ray di�ra
tion experiment, the irradiated sample volume ismu
h larger than the 
oheren
e volume of the primary beam, so that the measureddi�ra
ted intensity is an in
oherent superposition of intensities originating in var-ious 
oherently irradiated volumes. In a 
oherently irradiated volume 
onsistingof N (0001) Ga-N bilayers we de�ne the positions and types of the SFs using arandom generator.For the de�nition of random positions of the SFs we assume that the sequen
eof the SFs of the same type 
reates a homogeneous Markov 
hain [163℄. Thedistan
es Dn between the n−1-th and n-th SFs are expressed in integer multiples91



of |a4|/2 ≡ c/2, where c is the verti
al latti
e parameter of wurtzite GaN, andthey are assumed random and un
orrelated. In the simulations, we used thegeometri
 distribution of the distan
es with the mean value 〈D0〉 = D0 andrms deviation σD =
√

〈(D −D0)2〉 =
√
D0(D0 + 1). For this distribution weobtained the best 
orresponden
e of the measured and simulated intensity pro�les.We tried also the Poisson distribution, however, in this 
ase we obtained broadbut well-visible satellite maxima on the SF-streak with the mean distan
e ofabout ∆Q[0001] = 2π/D0, whi
h were not observed in our experimental data.The geometri
 distribution is a dis
rete analog of the exponential distribution.The probability of �nding the (dimensionless) distan
e D is w(D) = p(1 −

p)D, where the parameter p is the probability of �nding the SF in a givenposition, 
onne
ted with the mean value D0 of D by D0 = (1 − p)/p. Thegeometri
 distribution is the only dis
rete "memoryless" distribution, in whi
hthe probability of �nding the SF in the given position does not depend on a
tualpositions of other SFs [164℄.We assumed that the mutual positions of the SFs of di�erent types are statis-ti
ally un
orrelated so that the total di�ra
ted intensity is a sum of 
ontributionsof the Markov 
hains of various defe
t types.From the positions and types of the SFs de�ned in the previous step we
onstru
t the sequen
e of σ's using Eqs. 9.3-9.1.1. The amplitude of the di�ra
tedwave and the di�ra
ted intensity are 
al
ulated dire
tly a

ording to Eq. 9.1.1.The generation of SFs and subsequent 
omputation of the di�ra
ted intensity Ijare repeated M times. Ea
h intensity distribution Ij 
orresponds to the intensitys
attered for a single 
oherently irradiated volume, M is the number of thesevolumes in the irradiated sample volume.Finally we 
al
ulate the average intensity pro�le
I(Q[0001]) =

1

M

M∑

j−1

Ij(Q[0001]) (9.13)and the root-mean-square (rms) deviation σI of the average intensity (see Eq.7.7)The number of 
on�gurationsM is 
hosen so that the maximum of σI(Q[0001])did not ex
eed 5%. The resulting 
omputation time was few minutes for a s
anof about 103 values of Q[0001].9.1.3 Possibility to distinguish between types of sta
kingfaults with x-ray di�use s
atteringWe have performed an extensive series of simulations for various defe
t typesand densities and for various di�ra
tions h = H0H̄0, H = 1, 2, 3 in symmetri
alin
lined s
attering geometry. In di�ra
tion H0H̄0 the fa
tor κ o

urring in Eq.9.7 and 9.1.1 for di�ra
ted intensity is κ = e−4πiH/3, whi
h equals (−1 ± i
√
3)/2for H = 1, 2, respe
tively and κ = 1 for H = 3. Therefore in di�ra
tion

h = 303̄0 the SFs of all types do not produ
e di�use s
attering. The broadeningof the di�ra
tion maximum along the SF-streak is 
aused either by experimentalresolution or by di�use s
attering from other defe
t types. Thus, the 303̄0di�ra
tion 
an be used for the determination of the fun
tion Ψ(x) de�ned above.92



It is worthy to note that in asymmetri
al 
oplanar di�ra
tions 112̄L κ = 1 holdsas well, so that these di�ra
tions are not suitable for the measurement. The
ondition of the "visibility" of a basal SF is κ 6= 1 is equivalent to the 
ondition
h · R 6= n (see Eq. 8.1), where R is the sta
king fault displa
ement ve
torand n is integer [22, 161℄. In the sum ∑

n3
for the di�ra
tion amplitude, the
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Figure 9.1: (a) Intensity distributions along the SF-streak 
al
ulated in di�ra
tion
101̄0 for various types of the SFs and the same mean distan
eD0 = 50 between theSFs; the 
urves are shifted verti
ally for 
larity and an ideally 
oherent primarybeam was assumed (W → ∞). Di�ra
tion maxima along the [101̄L] rod areindi
ated by verti
al dotted lines. (b) Detail of the di�ra
tion maximum of defe
tsI1 and I2 in log-log s
ale, the dotted line represents the slope −2.segments with κσn3 = (−1 + i

√
3)/2 and (−1 − i

√
3)/2 appear in average withthe same o

urren
e for H = 1 and H = 2. Therefore the intensity distributionsin di�ra
tions 101̄0 and 202̄0 di�er only due to di�erent values of atomi
 form-fa
tors fGa,N(Q). Fig. 9.1 presents the intensity distributions along the SF-streak
al
ulated for di�erent SF types depi
ted in Fig. 2.6. In the simulations we usedthe same mean distan
e between the fault planes D0 = 50 (expressed in mutliplesof c/2) and we put Ψ(x) = 1, i.e. we assumed a perfe
tly plane in
ident waveand no di�use s
attering from other defe
t types. Fig. 9.1 displays the intensitydistributions 
al
ulated along the [101̄L] rod 
rossing also the di�ra
tion maxima

[101̄2̄], [101̄1̄], [101̄1] and [101̄2].From the Fig. 9.1(b) it follows that the shapes of the di�use s
attering maximafrom the defe
ts of types I1 and I2 are almost identi
al in the vi
inity of there
ipro
al latti
e points and these defe
t types 
an be distinguished only fromthe intensity distributions around the anti-Bragg points L = n + 1
2
. Close to are
ipro
al latti
e point, the intensities from both defe
t types are proportionalto Q−2

[0001]. This behaviour follows from the geometri
 distribution of the SFdistan
es. From Fig. 2.6 it is obvious that the sequen
e ...ABAB... is inverted to...CBCB... in the 
ase of I1, and the sequen
e ...ABAB... is shifted to ...CACA...for I2. This inversion or shift of the latti
e gives rise to a shift in phase of thes
attered wave and the di�use s
attering along the SF-streak is produ
ed by theinterferen
e of the phase-shifted waves originating from various h
p segmentsdivided by the SFs. On the other hand, in the 
ase of the I3 defe
t, the h
p93
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Figure 9.2: Intensity distributionsalong the SF-streak 
al
ulated indi�ra
tion 101̄0 for various meandistan
es D0 expressed in integermultiples of c/2. Ideally 
oherentprimary beam was assumed (W → ∞).
Figure 9.3: Intensity distributionsalong the SF-streak 
al
ulated indi�ra
tion 101̄0 for various widths Wof the fun
tion Ψ(x) expressed ininteger multiples of c/2 and 
onstant
D0 = 50. The dotted line representsthe slope −2.segments on both sides of the defe
t are in phase. Therefore di�use s
atteringfrom I3 is 
aused only by pairs of very narrow f

 segments 
onne
ted to ea
h faultplane. This is the reason, why the intensity distribution along the [101̄L] rod doesnot exhibit any maximum around the re
ipro
al latti
e point (see Fig. 9.1(a)). Inthe 
ase of defe
ts E, the di�use s
attering along the [101̄L] rod is 
on
entratedaround every se
ond re
ipro
al latti
e point, i.e. [101̄3̄], [101̄1̄], [101̄1], [101̄3] et
.The width of the intensity maximum along the SF-streak is inversely propor-tional to the mean distan
e D0 between the SFs I1 or I2. This is demonstratedin Fig. 9.2, where we present the intensity 
urves 
al
ulated in di�ra
tion 101̄0for various D0. Nevertheless, the FWHM of the di�ra
tion 
urve 
annot be usedfor the determination of D0, sin
e the shape of the di�ra
tion maximum and itsFWHM in parti
ular are a�e
ted by fun
tion Ψ(x). This is shown in Fig. 9.2,where the di�ra
tion 
urves 
al
ulated for various widths of Ψ(x) are plotted.9.2 Comparison of experimental and theoreti
aldataBased on theory listed above we 
reated a software allowing us to 
al
ulate theintensity distribution s
attered on basal SFs in a-plane GaN. The text of ourprogram for simulation 
an be found in Appendix C. We �tted the measured

[0001]-s
ans to the theory des
ribed in the previous se
tion. First, we determined94
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Figure 9.4: Experimental (
ir-
les) and theoreti
al (solid lines)intensity s
ans along the [0001℄dire
tion in 303̄0 di�ra
tion. Thenumbers of the samples areindi
ated, the 
urves are shiftedverti
ally for 
larity.the FWHM W of fun
tion Ψ de�ned in Eq. 9.1.1 from the s
ans in di�ra
tion
303̄0, in whi
h the SFs do not 
ause di�use s
attering (see Fig. 9.4).
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Figure 9.5: Experimental (
ir
les) and theoreti
al (solid lines) intensity s
ansalong the [0001℄ dire
tion in 101̄0 (left) and 202̄0 (right) di�ra
tions. The numbersof the samples are indi
ated, the 
urves are shifted verti
ally for 
larity.Then, using these values of W and taking into a

ount the s
aling propertyin Eq. 9.12 we �tted the intensity s
ans measured in di�ra
tions 101̄0 and
202̄0. The experimental and �tted s
ans are plotted in Fig. 9.5. The measuredand 
al
ulated intensity s
ans are in a very good agreement. From the �ts wedetermined the dimensionless mean distan
es D0 of the SFs and the SF density

̺ =
2

cD0

. (9.14)95



10. Dis
ussion10.1 Threading dislo
ation density in 
-plane nitride-based materials10.1.1 Monte Carlo simulation and EPD in 
-plane GaNThe results of our Monte Carlo 
al
ulations are summarized in Table 10.1. Here,we 
ompare the densities of s
rew and edge TDs obtained in di�erent di�ra
tiongeometries with the total TDs density determined from the EPD method.The results demonstrate that our method is able to give the densities ofea
h type of threading dislo
ations separately. We found that total dislo
ationdensities 
ompare very well with the data obtained by standard et
h pit densityte
hnique. The small but systemati
 di�eren
e between EPD and our results
an be explained by the fa
t that we measured the superposition of the signalsfrom two layers with di�erent dislo
ation densities (below and above the SiNxmask). Sin
e the layer below the mask is 
omparatively thin (about 0.3 µm) its
ontribution does not ex
eed 10 % of the total di�ra
tion. The higher dislo
ationdensity of this layer in
reases the density value determined from the �t.From the Table 10.1 it follows that the resulting densities of edge threadingdislo
ations determined from GID 
oin
ide within the error limits with the valuesobtained previously from 
oplanar x-ray di�ra
tion, however, the a

ura
y of theGID data is approximately two times better. The appli
ation of our approa
hin GID requires the measurement of two RSMs in di�erent grazing-in
iden
edi�ra
tions at syn
hrotron or di�ra
tometer with rotating anode tube, whereintensive high-
ollimated x-ray beam 
an be a
hieved and a 
ouple of hours of
omputation but it gives a relatively high pre
ision of the resulting density.As was mentioned in Se
. 3.3.1 the SiNx interlayer serves as a spe
ial barrierfor mostly edge threading dislo
ations inhibiting them to extend over the wholethi
kness of the GaN layer. Our simulations 
on�rm the total TDs densitydependen
e on the depositing time of the SiNx mask. The absen
e of this layeryields 3-10 times higher dislo
ation densities up to the order of 2× 109cm−2 thatmakes su
h GaN �lms useless in industrial appli
ations.If we investigate a material possessing 
rystalline grains, the study of TDs
an reveal the grain orientation within the epitaxial layers. The densities ofSample SiNx depo-sition time,(s) Total TDsdensityfrom EPD,(108
m−2) ρscrew from
oplanardi�ra
tion,(108
m−2) ρedge from
oplanardi�ra
tion,(108
m−2) ρedge fromGID,(108
m−2)S1 180 2.6 1.1±0.2 1.7±0.4 2.1±0.2S2 150 4.8 1.3±0.2 4±0.7 4.1±0.4S3 120 7.6 1.6±0.3 6.9±1 7±0.6S4 0 20 2.1±0.3 20.6±2.5 20.6±1.9Table 10.1: Densities of TDs with their errors determined from Monte Carlosimulation and EPD. 96



pure s
rew and edge dislo
ations are referred to a tilt and twist of the grains,respe
tively [165℄. Thus, our method 
an be applied to estimate quantitativelythe degree of grains disorientation.10.1.2 Monte Carlo simulation in 
-plane Al0.2Ga0.8NThe resulting densities of both types of TDs obtained by our simulations aresummarized in Table 10.2.As it is seen from the Fig. 7.10 and 7.10, RSMs in GID have the tenden
y tobe
ome broader with sample thi
kness de
rease. It means that the in
rease of the�lm thi
kness is a

ompanied by the de
rease of edge TDs density. For sampleA5 with thi
ker layer of AlGaN we obtained the lowest density of edge threadingdislo
ations ρedge and vi
e versa for sample A1 ρedge was the highest. It hasbeen demonstrated by the weak-beam dark �eld (WBDF) and by the HRTEMmethods that when the dislo
ation number is su�
iently high, the dislo
ationbending leads to the annihilation of the TDs by the formation of the dislo
ationloops. By in
reasing the overgrowth the edge TDs 
annot intera
t after thebending and will 
ontinue to propagate parallel to the 
-axis. Furthermore, theovergrowth will favour the 
oales
en
e of the two nearby islands leading to smallareas with defe
t densities at the surfa
e as it has been des
ribed in the growthmodel by O. Klein et al. [101℄.The modelling of TDs redu
tion as fun
tion of the �lm thi
kness was devel-oped by S.K. Mathis et al. [166℄ who have demonstrated that the dependen
eof the TDs for heteroepitaxial III-nitride layers does not follow the inverse pro-portional law of the �lm thi
kness ∼ 1

h
as it is known from the work of A. E.Romanov et al. in the 
ase of f

 semi
ondu
tors [167℄. The derived values of our

ρedge were plotted in log-log s
ale as fun
tion of overgrowth thi
kness h (see Fig.10.1). The �tting of the 
al
ulated densities of edge dislo
ations with a s
alinglaw h−n shows a good agreement with n = 0.7.The average density of s
rew dislo
ations was determined from 0002 di�ra
-tion. It 
an be attributed to both main and bottom AlGaN layers. From Table10.2 it is visible that the density of s
rew TDs is almost independent on the layerthi
kness. It is rather 
onne
ted with the growing 
onditions and the presen
eof SiNX interlayer. The densities of s
rew TDs obtained from 0008 di�ra
tion
orrespond to from the main and bottom peaks. It is found that the densityof s
rew TDs above the SiNX mask is approximately twi
e lower that belowSample Thi
knessof AlGaNlayer, (nm) ρedge fromGID,(109
m−2) ρscrewfrom 0002,(109
m−2) ρmain
screwfrom 0008,(109
m−2) ρ150nmscrewfrom 0008,(109
m−2)A1 500 10.1±1 0.8±0.1 0.9±0.1 1.5±0.2A2 1000 6.7±0.8 0.7±0.1 0.75±0.1 1.2±0.15A3 1850 3.5±0.5 0.7±0.1 0.75±0.1 1.1±0.15A4 2500 2.6±0.4 0.7±0.1 0.7±0.1 1.1±0.15A5 3500 1.9±0.2 0.6±0.05 0.65±0.1 0.9±0.15Table 10.2: Densities of TDs with their errors determined from Monte Carlosimulation. 97
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Figure 10.1: Variation of theTDs densities as a fun
tionfun
tion of the overgrowththi
kness h.the mask. That 
on�rms the growers predi
tion that the SiNX mask plays animportant role in the redu
tion of s
rew TDs density. As it is shown in the Fig.10.1, the �tting of the experimental data with a s
aling law gives an exponenttending to zero. For the main and the bottom layers the parameter n is equal to0.00045 and 0.0035 respe
tively.10.1.3 Analysis of peaks broadening in 
-plane Al0.2Ga0.8NThe series of 5 AlGaN samples was additionally studied by Lazarev et al. [153℄.The aim of this study was to determine the s
rew and edge type threadingdislo
ation densities and to derive the s
aling law, whi
h des
ribes the dependen
yof TDs density on the layer thi
kness.The density of TDs was determined by 
onventional analysis of the di�ra
tionpeaks broadening within the model of misoriented blo
ks [24, 131℄. The averageabsolute values of the blo
ks tilt and twist are dire
tly related with the full widthhalf of maximum of the 
orresponding distributions of the 
rystallographi
 orien-tations. The tilt of the mosai
 blo
ks 
auses the broadening of the symmetri
alre�e
tions in angular dire
tion while the twist implies the broadening of the GIDre�e
tions.The densities of s
rew and edge TDs was 
al
ulated using well known Eq.5.7 and 5.8. The parameters αΩ and αΦ were determined from the slope ofthe Williamson�Hall (W-H) plot in symmetri
al and GID geometry respe
tively[136℄. For this reason a series of symmetri
al (0002, 0004, 0006 and 0008) andSample Thi
knessof AlGaNlayer, (nm) ρedge,(108
m−2) ρmain
screw,(108
m−2) ρ150nmscrew ,(108
m−2)A1 500 18.23 1.29 4.86A2 1000 9.22 0.34 3.31A3 1850 8.16 0.30 2.79A4 2500 7.49 0.36 2.95A5 3500 6.20 0.20 1.91Table 10.3: Densities of TDs determined from peaks broadening analysis.98



GID (101̄0, 202̄0, 303̄0) RSMs were measured using the setup des
ribed in Se
.6.2. In symmetri
al di�ra
tion, the W-H plot was applied for the signals that
ome from the main and 150nm AlGaN layers. The TDs densities obtained with30 % a

ura
y are listed in Table 10.3.The densities of edge TDs found by Lazarev et al. are approximately 4-6 timeslower than ones obtained with Monte Carlo method. The di�eren
e in s
rew TDsdensities is about one order. The similar results for GaN �lms were obtained byKaganer et al. 
omparing their advan
ed method with the 
onventional FWHManalysis [3℄. This fa
t 
an be explained as follows. The TEM images showedthat the �lms we study do not 
ontain any misoriented grains. Therefore theappli
ation of FWHM analysis is not in general valid for our series of samples. Theempiri
 
oe�
ient 4.35 that stands in Eq. 5.7 and 5.8 is assumed to be 
onstant.However, it is de�nitely not true be
ause it should 
ontain an information aboutthe real individual dislo
ation ensembles. The di�use part of x-ray s
atteringshould be rather 
onsidered instead of broadening of ro
king 
urves, whi
h is oneof the most important items of our Monte Carlo based approa
h.Summarizing, we would like to mention that our method based on MonteCarlo simulation has proven to be a reliable method to simulate the RSM maps in
oplanar and grazing-in
iden
e geometries of two layers system. The experimentaland simulated data were found to be in a good agreement, whi
h allowed us toderive s
rew and edge treading dislo
ation densities with error less then 15% and
ompare the density of TDs for di�erent thi
knesses of the AlGaN layers. Wefound a dependen
e of edge TDs density in the top near-surfa
e layer on thesample thi
kness, where the dislo
ation lines 
an be 
onsidered perpendi
ular tothe sample surfa
e. The thi
kness of the layer of AlGaN is a�e
ted mostly onthe edge treading dislo
ations density, whereas the density of the s
rew treadingdislo
ations is near 
onstant and its deviation from the average value lies in theerror region of our method.10.2 Sta
king faults density in a-plane GaNThe e�e
tive width of the SFs and density values obtained from the �ts in 101̄0and 202̄0 di�ra
tion 
urves are presented in Tab. 10.4. The W values of thefun
tion Ψ de�ned in Eq. 9.1.1 are derived from the s
ans in di�ra
tion 303̄0.They are shown in Tab. 10.4 as well.From the theory it follows that the FWHM of the [0001]-s
ans in di�ra
tions
101̄0 and 202̄0 are equal and therefore the SF densities ̺ should not depend onthe di�ra
tion order H . However, the density values in Tab. 10.4 sometimesslightly di�er. The reason of this di�eren
e is not 
ompletely 
lear yet. It 
ouldbe 
aused by the di�eren
e in the information depths, from whi
h the di�uses
attering is 
olle
ted. The in
iden
e and exit angles in 202̄0 are larger thanin 101̄0, therefore the SF density determined from 202̄0 is averaged over a layerthi
kness of about 14 µm, while 101̄0 probes only an approx. 5 µm thi
k layer.The largest di�eren
e in the defe
t densities was observed in sample M2, where
̺202̄0 < ̺101̄0. However, this sample 
ontains a defe
t-redu
ing SiN layer buriedin the GaN volume, so that the defe
t density in the surfa
e layer is expe
tedsmaller than below the SiN layer. Therefore the e�e
t of the information depth
annot explain this di�eren
e. 99



Sample ̺101̄0(105 
m−1) ̺202̄0(105 
m−1) 〈̺〉(105 
m−1) Seff (nm) W (nm)M1 4.1 4.1 4.1 140 8.6M2 4.0 2.6 3.3 130 13.0M3 3.2 3.8 3.5 180 11.7M4 2.6 2.7 2.65 190 15.8Table 10.4: Densities of the SFs determined from di�ra
tions 101̄0 and 202̄0 forsamples M1 to M4, the mean densities 〈̺〉 from both di�ra
tions, the e�e
tivewidths Seff of the SFs and the widths W of the fun
tions Ψ(x) determined fromdi�ra
tion 303̄0. The density values are determined with an a

ura
y of approx.
±10%, the errors of Seff and W are approx. 10 nm and 0.1 nm, respe
tively.Another possible explanation of the di�eren
e in the ̺101̄0,202̄0 values 
ould bean inhomogeneous distribution of the defe
ts in the layer volume (bun
hing of thedefe
ts), whi
h has not been in
luded in the theory. The irradiated sample surfa
ein di�ra
tion 101̄0 is larger than in 202̄0, so that the latter di�ra
tion 
ould bemore sensitive to a possible bun
hing e�e
t. Other stru
tural imperfe
tions likesurfa
e roughness or ma
ros
opi
 sample bending 
annot explain this di�eren
e.Sample M4 exhibits the smallest SF density. This �nding 
orresponds ni
elyto our expe
tations that any defe
ts are redu
ed by overgrowing our samples witha thi
k high quality GaN layer. The FWHMW of the fun
tion Ψ(x) in
lude boththe experimental resolution and di�use x-ray s
attering from other defe
ts. Thedensity of these defe
ts 
an be hardly determined, qualitatively it in
reases withde
reasing W .In 
ontrast to other works, our method determines the SF density from thewhole intensity pro�les of the SF streak. If the SF-streak is visible in themeasured re
ipro
al-spa
e intensity distribution, the in�uen
e of the sta
kingfaults 
an be distinguished from other defe
ts. Roughly speaking, the SF densityis proportional to the FWHM of the SF streak, however, the whole intensity pro�lehas to be taken into a

ount. The minimum SF density (i.e. the maximum meandistan
e between adja
ent fault planes) 
an be estimated from the minimummeasurable broadening of the di�ra
tion maximum in [0001℄ dire
tion, whi
h inour 
ase is determined mainly by the angular resolution of the dete
tor. For ourgeometry the minimum dete
table SF density is about 104 
m−1.We have restri
ted our experiments to a small vi
inity of the re
ipro
al latti
epoints H0H̄0, this restri
tion did not allow us to distinguish between the typesI1 and I2 of the SFs; the SF types I3 and E 
an be ex
luded. The resolution ofthe defe
t type from the [0001]-s
ans 
ould be possible if we measure the s
ansaround the anti-Bragg points L = n+1/2. Nevertheless, the SF densities in Tab.10.4 most likely apply to the I1 defe
ts, sin
e about 90% of all defe
ts are oftype I1 [22℄ be
ause of their lower formation energy than the other defe
t types[31, 168℄.We have developed a theoreti
al des
ription of di�use s
attering from a ran-dom set of basal sta
king faults in a-plane GaN epitaxial layers. We have sim-ulated the distributions of the di�usely s
attered x-ray intensity in dire
tionperpendi
ular to the fault planes, i.e. along the [0001]-lines in re
ipro
al spa
e
rossing the re
ipro
al latti
e points H0H̄0 (H = 1, 2, 3). From the 
omparison100



of the simulations with experimental data on a series of GaN samples we de-termined the density of basal sta
king faults. The method makes it possible todistinguish between the di�use s
attering from sta
king faults and the e�e
ts ofother stru
tural defe
ts.
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Con
lusionsThe results presented in the thesis 
over a wide spe
trum of knowledge 
on
erninggrowth, defe
t stru
ture and methods of its investigation of nitride-based semi-
ondu
tors. They 
an be divided into several major items and summarized asfollows.
• We developed a new Monte Carlo method allowing us to simulate a di�uses
attering from randomly distributed threading dislo
ations with dislo
a-tion lines perpendi
ular to the sample surfa
e. As an obje
t of our inves-tigation we 
hose 
-plane GaN heteroepitaxial layers with di�erent dislo-
ation densities. Our simulation te
hnique was �rstly applied to 
oplanarsymmetri
al and asymmetri
al di�ra
tion. The 
omparison of theoreti
aland experimental RSMs shapes as well as analysis of the di�ra
tion 
urvesslopes enabled to obtain separately densities of s
rew and edge threadingdislo
ations in ea
h sample with a

ura
y of ± 15 %.
• In order to improve the pre
ision of TDs density determination we modi�edour software that resulted in the development of te
hnique appropriate forRSMs simulation in GID geometry. The experimental GID data obtainedby the use of syn
hrotron radiation were 
ompared with GID simulations.This study gave us the density of pure edge TDs that 
an be taken as�xed parameter in the s
rew TDs density determination from symmetri
al
oplanar di�ra
tion. The use of GID geometry in
reased the a

ura
y ofour method by 5%. As to our knowledge the simulation of di�use s
atteringfrom defe
ts in GID geometry has not been performed before us.
• Our developed Monte Carlo te
hnique for GaN material was used for Al-GaN 
-plane �lms 
onsisted of two layers with di�erent thi
knesses and Al
on
entration. Sin
e the dislo
ation lines of edge TDs in AlGaN are notexa
tly perpendi
ular to the sample surfa
e, the appli
ation of our GID-based method was limited to the determination of edge TDs density in thenear-surfa
e region. The use of syn
hrotron radiation allowed us to go tohigher symmetri
al re�e
tions su
h as 0008 in order to resolve the peaksstemming from two AlGaN layers. These two peaks were independentlysimulated and summed up in the single RSM that enabled us to obtainthe densities of s
rew TDs in ea
h of these layers. This part of our workshowed that our method 
ould 
hara
terize more 
ompli
ated obje
ts thanGaN �lms and give herewith high pre
ision.
• The basal sta
king planes in a-plane GaN and method of their densitydetermination layers are of a high interest. Prof. RNDr Vá
lav Holý devel-oped the theory des
ribing the di�use s
attering from BSFs within MonteCarlo approa
h. The software based on this theory was used to 
al
ulatethe intensity distribution along the SF-streak, whi
h was 
ompared withthe experimental data measured for a series of a-plane GaN. We a
hievedan a

urate quantitative estimation of I1 and I2 SFs density in a-planeGaN. These results 
an be treated as unique sin
e the determination of SFs102



density in a-plane GaN layers by means of x-ray te
hnique was reported the�rst time.The software presented in this PhD thesis 
an be used for diagnosti
s of themost important defe
ts in III-nitride group of materials. The 
ombination ofnon-destru
tive te
hnique with our Monte Carlo simulation gives a powerful toolto examine the quality of relatively thin heteroepitaxial nitride-based layers. Ourmethod 
an be used during the epitaxial growth of GaN material providing itsin-situ 
hara
terization.However, every model has its limitation. In our 
ase it is worth to mention thatvery thin �lms (less than 50 nm) 
annot be investigated by our method. Due toin�uen
e of mis�t dislo
ations lo
ated at the substrate/�lm interfa
e, the di�uses
attering from threading dislo
ation 
eases to be dominant. The MDs are not
onsidered within our model and their impa
t to the total intensity distribution
annot be distinguished. Another important remark is that the dislo
ation linesof dislo
ations under study have to be perpendi
ular or near-perpendi
ular tothe sample surfa
e, therefore the defe
ts in for example 
ubi
 GaN 
annot bedes
ribed by our approa
h. In order to use the GID geometry for re
ipro
alspa
e mapping, the surfa
e roughness is required to be minimal.The topi
s dis
ussed in the present work 
an serve as a theoreti
al ba
kgroundfor further developing:
• The knowledge and the experien
e gained during the work on the thesis 
anbe extended to other various sample systems of nitride-based semi
ondu
-tors.
• The introdu
tion of 
orrelation in the position of randomly generated dis-lo
ations 
an possibly in
rease the a

ura
y of our approa
h as well as thesoftware optimization 
an signi�
antly redu
e the time of 
omputation.
• The determination of the SFs density in m-plane and semipolar GaN �lms isof high importan
e. Making minimal 
hanges in our software and 
hoosingthe appropriate di�ra
tion geometry it is possible to perform a 
omputationof SFs density in these materials.
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tors of the dire
t latti
epom=dsqrt(1.-d
os(u1)**2-d
os(u2)**2-d
os(u3)**2+
& 2.*d
os(u1)*d
os(u2)*d
os(u3))a(1,1)=a1a(1,2)=0.a(1,3)=0.a(2,1)=a2*d
os(u3)a(2,2)=a2*dsin(u3)a(2,3)=0. 123



a(3,1)=a3*d
os(u2)a(3,2)=a3*(d
os(u1)-d
os(u2)*d
os(u3))/dsin(u3)a(3,3)=a3*pom/dsin(u3)Cartesian 
oordinates of the basis ve
tors of the re
ipro
al latti
eb(1,1)=2.*pi/a1b(1,2)=-2.*pi*d
os(u3)/a1/dsin(u3)b(1,3)=-2.*pi*(-d
os(u3)*d
os(u1)+d
os(u2))/dsin(u3)/a1/pomb(2,1)=0.b(2,2)=2.*pi/dsin(u3)/a2b(2,3)=-2.*pi*(d
os(u1)-d
os(u2)*d
os(u3))/dsin(u3)/a2/pomb(3,1)=0.b(3,2)=0.b(3,3)=2.*pi*dsin(u3)/a3/pomwrite(*,*)'hkl of the surfa
e'read(14,*)en1,en2,en3write(*,*)'hkl of the x-axis'read(14,*)tau1,tau2,tau3Cartesian 
oordinates of the surfa
e normal and of the x-axisenn=0.tauu=0.do j=1,3en(j)=en1*a(1,j)+en2*a(2,j)+en3*a(3,j)tau(j)=tau1*a(1,j)+tau2*a(2,j)+tau3*a(3,j)enn=enn+en(j)**2tauu=tauu+tau(j)**2enddodo j=1,3en(j)=en(j)/dsqrt(enn)tau(j)=tau(j)/dsqrt(tauu)enddoCartesian 
oordinates of the y-axisxi(1)=en(2)*tau(3)-en(3)*tau(2)xi(2)=en(3)*tau(1)-en(1)*tau(3)xi(3)=en(1)*tau(2)-en(2)*tau(1)xii=xi(1)**2+xi(2)**2+xi(3)**2do j=1,3xi(j)=xi(j)/dsqrt(xii)enddowrite(*,*)'number of dislo
ation types'read(14,*)nbdo jb=1,nbwrite(*,*)'the burgers ve
tor'read(14,*)bv1,bv2,bv3write(*,*)'dislo
ation type',jb,'density'read(14,*)rho(jb)Cartesian 
oordinates of the Burgers ve
tordo j=1,3bv(jb,j)=bv1*a(1,j)+bv2*a(2,j)+bv3*a(3,j)124



enddoLaboratory 
oordinates of the Burgers ve
torbvx(jb)=bv(jb,1)*tau(1)+bv(jb,2)*tau(2)+bv(jb,3)*tau(3)bvy(jb)=bv(jb,1)*xi(1)+bv(jb,2)*xi(2)+bv(jb,3)*xi(3)bvz(jb)=bv(jb,1)*en(1)+bv(jb,2)*en(2)+bv(jb,3)*en(3)write(*,*)'b:',jb,bvx(jb),bvy(jb),bvz(jb)enddowrite(*,*)'the Poisson ratio'read(14,*)poisswrite(*,*)'hkl of the di�ra
tion ve
tor'read(14,*)h1,h2,h3Cartesian 
oordinates of the di�ra
tion ve
tordo j=1,3h(j)=h1*b(1,j)+h2*b(2,j)+h3*b(3,j)enddoLaboratory 
oordinates of the di�ra
tion ve
torhx=h(1)*tau(1)+h(2)*tau(2)+h(3)*tau(3)hy=h(1)*xi(1)+h(2)*xi(2)+h(3)*xi(3)hz=h(1)*en(1)+h(2)*en(2)+h(3)*en(3)write(*,*)'h:',hx,hy,hzwrite(*,*)'step of qx'read(14,*)dqxwrite(*,*)'binary exponent of the step number along x'read(14,*)mxnx=2**mxwrite(*,*)'step of qz'read(14,*)dqzwrite(*,*)'binary exponent of the step number along z'read(14,*)mznz=2**mzwrite(*,*)'step of qx and qz',dqx,dqzThe sampling theoremdx=2.*pi/dqx/�oat(nx)xmin=-�oat(nx-1)/�oat(nx)*pi/dqxqxmin=-�oat(nx-1)/2.*dqxdz=2*pi/dqz/�oat(nz)zmin=-�oat(nz-1)/�oat(nz)*2.*pi/dqzqzmin=-�oat(nz-1)/2.*dqzwrite(*,*)'number of pat
hes (averaging), expansion fa
tor'read(14,*)np,efwrite(*,*)'to subtra
t the CTR? [0..No,1..Yes℄'read(14,*)jsubwrite(*,*)'x-dispersion of the resolution fun
tion'read(14,*)gxwrite(*,*)'z-dispersion of the resolution fun
tion'read(14,*)gzSize of the pat
heL=-2*xmin*ef 125



Number of the dislo
ations in one pat
hnd=0pps=0do jb=1,nbnd=nd+int(eL**2*rho(jb))pps=pps+rho(jb)enddopp(1)=rho(1)/ppsdo jb=2,nbpp(jb)=pp(jb-1)+rho(jb)/ppsenddodo jz=1,nzdo jx=1,nxvv(jx,jz)=0enddoenddowrite(*,*)'xmin=',xmin,' zmin=',zminwrite(*,*)'qxmin=',qxmin,' qzmin=',qzminwrite(*,*)'size of the pat
h=',eLwrite(*,*)'total number of dislo
ations in one pat
h=',ndThe loop over the pat
hesdo jp=1,npwrite(*,*)'pat
h no=',jpGeneration of the dislo
ation positions
all drnun(nd,xd)
all drnun(nd,yd)do jd=1,ndityp(jd)=0
all drnun(1,rtyp)if(rtyp.le.pp(1))thenityp(jd)=1elsedo jb=2,nbif(rtyp.gt.pp(jb-1).and.rtyp.le.pp(jb))thenityp(jd)=jbendifenddoendifif(ityp(jd).eq.0)ityp(jd)=nbxd(jd)=(xd(jd)-1./2.)*eLyd(jd)=(yd(jd)-1./2.)*eLenddoGeneration of the displa
ement �elddo jz=1,nzif(mod(jz,10).eq.0)thenwrite(*,*)'generating the displa
ement �eld',jz,nzendifz=zmin+(jz-1)*dz 126



do jy=1,nxy=xmin+(jy-1)*dxdo jx=1,nxx=xmin+(jx-1)*dxhu=0.do jd=1,nd
all displa
(x-xd(jd),y-yd(jd),z,bvx(ityp(jd)),
& bvy(ityp(jd)),bvz(ityp(jd)),poiss,ux,uy,uz)hu=hu+hx*ux+hy*uy+hz*uzenddoif(jsub.eq.0)then
pom=
dexp(-
j*hu)else
pom=
dexp(-
j*hu)-1.endif
(jx,jy,jz)=
pom*
dexp(
j*pi*(nx-1)/�oat(nx)*
& (jx-1))*
dexp(
j*pi*(nx-1)/�oat(nx)*(jy-1))*
& 
dexp(
j*pi*(nz-1)/�oat(nz)*(jz-1))enddoenddoenddoThree-dimensional fast Fourier transform
all d�t3f(nx,nx,nz,
,nxdim,nxdim,
,nxdim,nxdim)do jqz=1,nzdo jqx=1,nxdinty=0do jqy=1, nxdinty=dinty+
dabs(
(jqx,jqy,jqz))**2enddovv(jqx,jqz)=vv(jqx,jqz)+dintyenddoenddoenddoConvolution with the resolution fun
tionthet=dasin(dlam/2*dsqrt(4/3*(h1**2+h2**2+h1*h2)/a1**2+h3**2/a3**2))delt=datan(hz/hx)theta=thet-deltya=d
os(theta)**2/2/gx**2+dsin(theta)**2/2/gz**2yb=-dsin(2*theta)/4/gx**2+dsin(2*theta)/4/gz**2y
=dsin(theta)**2/2/gx**2+d
os(theta)**2/2/gz**2do jz=1,nzqz=qzmin+(jz-1)*dqzdo jx=1, nxqx=qxmin+(jx-1)*dqxva(jx,jz)=0do jz
=1,nzq
z=qzmin+(jz
-1)*dqzdo jx
=1,nx 127



q
x=qxmin+(jx
-1)*dqxva(jx,jz)=va(jx,jz)+vv(jx
,jz
)*
& dexp(-((qx-q
x)**2*ya+(qz-q
z)**2*y
+2*yb*(qz-q
z)*(qx-q
x)))enddoenddoenddoenddoSaving of the 
al
ulated resultdo jqz=1,nzqz=qzmin+(jqz-1)*dqzdo jqx=1,nxqx=qxmin+(jqx-1)*dqxwrite(11,100)qx,qz,va(jqx,jqz)enddoenddo100 format(3(1x,e12.6))stopendThe subroutine for displa
ement �eld 
al
ulationsubroutine displa
(xx,yy,z,bx,by,bz,nu,ux,uy,uz)impli
it real*8 (a-h)impli
it real*8 (o-z)real*8 nubs=bzbe=dsqrt(bx**2+by**2)phi=datan2(by,bx)x=xx*dsin(phi)-yy*d
os(phi)y=xx*d
os(phi)+yy*dsin(phi)The displa
ement �eld from a s
rew threading dislo
ation with the dislo
ationline perpendi
ular to the surfa
e. The formulae are taken from [25℄ with the

α → 0 limitt1 = x**2t2 = y**2t3 = z**2t5 = dsqrt(t1+t2+t3)t7 = 1.D0/(-t5+z)t9 = 1.D0/0.3141592653589793D1t10 = bs*t9t18 = datan2(y,x)usx = -t10*t7*y/2.D0usy = t7*x*t10/2.D0usz = bs*t9*t18/2.D0The displa
ement �eld from an edge threading dislo
ation with the dislo
ationline perpendi
ular to the surfa
e. The Burgers ve
tor of dislo
ation 
oin
ides with
y-axis. The formulae are taken from [25℄ with the α→ 0 limitt1 = y**2t3 = x**2t4 = z**2 128



t6 = dsqrt(t3+t1+t4)t7 = t6*zt10 = nu**2t11 = t6-zt12 = dlog(t11)t13 = t10*t12t14 = t3*t4t17 = t4*t1t20 = t6+zt21 = 1.D0/t11t23 = dlog(t20*t21)t24 = t23*nut29 = t3*t1t32 = nu*t12t40 = t23*zt41 = t1*t6t43 = t12*zt44 = t3*t6t47 = 6.D0*nu*t1*t7+4.D0*t13*t14+4.D0*t13*t17-2.D0*t24*t14-2.D0*t2
#4*t17+8.D0*t13*t29-12.D0*t32*t29-4.D0*t10*t1*t7-6.D0*t32*t17-t40*t
#41-2.D0*t43*t44t55 = nu*t3t68 = t1**2t71 = t3**2t76 = -2.D0*t43*t41-t40*t44-4.D0*t24*t29-6.D0*t32*t14-6.D0*t55*t4-
#2.D0*t55*t1+4.D0*t10*t3*t1+t23*t1*t4+4.D0*t10*t4*t3+4.D0*t13*t68+4
#.D0*t13*t71-6.D0*t32*t71t80 = t23*t3t84 = t3*z*t6t89 = t12*t3t100 = z*t1*t6t107 = -6.D0*t32*t68+2.D0*t80*t1+2.D0*t84+2.D0*t12*t1*t4+4.D0*t89*
#t1+2.D0*t89*t4-2.D0*t24*t71-2.D0*t24*t68+t80*t4+6.D0*t32*t100+2.D0
#*t24*t100+2.D0*t24*t84t127 = -4.D0*t13*t84-2.D0*t71-2.D0*t29+2.D0*t12*t71+t23*t71-2.D0*t
#14+t23*t68+2.D0*t12*t68-2.D0*nu*t71+6.D0*t32*t84-4.D0*t13*t100+4.D
#0*t10*t71t131 = 1.D0/t6t133 = 1.D0/t20t134 = t11**2t135 = 1.D0/t134t137 = 1.D0/0.3141592653589793D1t139 = 1.D0/(-1.D0+nu)t140 = t137*t139t144 = t10*xt145 = y*t4t148 = nu*xt153 = datan2(y,x) 129



t160 = t153*nut163 = t3*t153t175 = t3*xt178 = t1*yt182 = -2.D0*t144*t145+3.D0*t148*t145+2.D0*t153*z*t41-x*t6*y*z+2.D
#0*t160*t17+2.D0*t163*nu*t4+2.D0*t163*t7+4.D0*t160*t29+2.D0*t160*t6
#8-2.D0*t163*t4+nu*t175*y-2.D0*t144*t178+t148*t178t200 = t6*y*zt213 = -2.D0*t10*t175*y-4.D0*t163*t1+2.D0*t160*t71+y*x*t4-2.D0*t15
#3*t1*t4-2.D0*t163*nu*z*t6-2.D0*t144*t200+x*t178+t175*y-2.D0*t160*t
#100+3.D0*t148*t200-2.D0*t153*t68-2.D0*t153*t71uex = -be*(t47+t76+t107+t127)*t131*t133*t135*t140/8.D0uey = (t182+t213)*be*t139*t137*t135*t131*t133/4.D0uez = -(-2.D0*t6+2.D0*nu*t6+z)*x*be*nu*t140*t131*t21/2.D0The total displa
ement �eld in the laboratory systemux=(usx+uex)*dsin(phi)+(usy+uey)*d
os(phi)uy=-(usx+uex)*d
os(phi)+(usy+uey)*dsin(phi)uz=usz+uezreturnend
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B. AppendixHere, we present the the modi�ed program for simulation of the RSMs of a two-dimensional random set of threading dislo
ations perpendi
ular to the surfa
e ingrazing-in
iden
e di�ra
tion. The 
omputations are based on validity of far-�eldlimit and kinemati
al theory of di�ra
tion. The plane of the RSM is (qxqy) andthe di�ra
tion ve
tor is parallel to q)x axis. The program is written in Fortran 90programming language and it uses the International Mathemati
s and Statisti
sLibrary (ISML) provided by software developers. The 
omments referring thesubsequent parts of 
ode are emphasized as itali
 text.In
lusion of the ISMLuse numeri
al_librariesDe�nition of variablesimpli
it 
omplex*16 (
)impli
it real*8 (a,b)impli
it real*8 (d-h)impli
it real*8 (o-z)
hara
ter*20 aaaparameter (nxdim=256)parameter (nzdim=128)parameter (ntyp=10)parameter (ndisl=10000)dimension a(3,3),b(3,3),h(3),en(3),ex(3),ey(3),ez(3),bv(ntyp,3),
& bvx(ntyp),bvy(ntyp),bvz(ntyp),rho(ntyp),pp(ntyp),vv(nxdim,nxdim),
& ityp(ndisl),xd(ndisl),yd(ndisl),
v(nzdim),
(nxdim,nxdim)De�nition of π and i 
onstantspi=4*datan(1d0)
j=(0.,1.)Files with input and output dataopen(14,�le='input.dat')open(11,�le='output.dat')write(*,*)'latti
e parameters'read(14,*)a1,a2,a3write(*,*)'latti
e angles in deg'read(14,*)u1d,u2d,u3du1=u1d*pi/180.u2=u2d*pi/180.u3=u3d*pi/180.Cartesian 
oordinates of the basis ve
tors of the dire
t latti
epom=dsqrt(1.-d
os(u1)**2-d
os(u2)**2-d
os(u3)**2+
& 2.*d
os(u1)*d
os(u2)*d
os(u3))a(1,1)=a1a(1,2)=0.a(1,3)=0.a(2,1)=a2*d
os(u3)a(2,2)=a2*dsin(u3) 131



a(2,3)=0.a(3,1)=a3*d
os(u2)a(3,2)=a3*(d
os(u1)-d
os(u2)*d
os(u3))/dsin(u3)a(3,3)=a3*pom/dsin(u3)Cartesian 
oordinates of the basis ve
tors of the re
ipro
al latti
eb(1,1)=2.*pi/a1b(1,2)=-2.*pi*d
os(u3)/a1/dsin(u3)b(1,3)=-2.*pi*(-d
os(u3)*d
os(u1)+d
os(u2))/dsin(u3)/a1/pomb(2,1)=0.b(2,2)=2.*pi/dsin(u3)/a2b(2,3)=-2.*pi*(d
os(u1)-d
os(u2)*d
os(u3))/dsin(u3)/a2/pomb(3,1)=0.b(3,2)=0.b(3,3)=2.*pi*dsin(u3)/a3/pomwrite(*,*)'hkl of the surfa
e'read(14,*)en1,en2,en3write(*,*)'di�ra
tion indexes'read(14,*)h1,h2,h3Cartesian 
oordinates of the di�ra
tion ve
tor and the re
ipro
al normal ve
torhh=0enn=0do j=1,3h(j)=b(1,j)*h1+b(2,j)*h2+b(3,j)*h3hh=hh+h(j)**2en(j)=b(1,j)*en1+b(2,j)*en2+b(3,j)*en3enn=enn+en(j)**2enddoCartesian 
oordinates of the qx and qz axestest=0do j=1,3ex(j)=h(j)/dsqrt(hh)ez(j)=en(j)/enntest=test+ex(j)*ez(j)enddoif(dabs(test).gt.1e-6)thenwrite(*,*)'ve
tor h is not horizontal!!'pauseendifCartesian 
oordinates of the qy axisey(1)=ez(2)*ex(3)-ez(3)*ex(2)ey(2)=ez(3)*ex(1)-ez(1)*ex(3)ey(3)=ez(1)*ex(2)-ez(2)*ex(1)write(*,*)'number of dislo
ation types'read(14,*)nbif(nb.gt.ntyp)thenwrite(*,*)'the number of dislo
ation types is too large!!'stopendif 132



do jb=1,nbwrite(*,*)'the Burgers ve
tor'read(14,*)bv1,bv2,bv3write(*,*)'dislo
ation type',jb,'density'read(14,*)rho(jb)Cartesian 
oordinates of the Burgers ve
tordo j=1,3bv(jb,j)=bv1*a(1,j)+bv2*a(2,j)+bv3*a(3,j)enddoLaboratory 
oordinates of the Burgers ve
torbvx(jb)=bv(jb,1)*tau(1)+bv(jb,2)*tau(2)+bv(jb,3)*tau(3)bvy(jb)=bv(jb,1)*xi(1)+bv(jb,2)*xi(2)+bv(jb,3)*xi(3)bvz(jb)=bv(jb,1)*en(1)+bv(jb,2)*en(2)+bv(jb,3)*en(3)write(*,*)'b:',jb,bvx(jb),bvy(jb),bvz(jb)enddowrite(*,*)'the Poisson ratio'read(14,*)poisswrite(*,*)'layer thi
kness'read(14,*)Twrite(*,*)'step of qx'read(14,*)dqxwrite(*,*)'binary exponent of the step number along x'read(14,*)mxnx=2**mxif(nx.ge.nxdim)thenwrite(*,*)'the number of steps along x,y is too large!!'stopendifThe sampling theoremdx=2.*pi/dqx/�oat(nx)xmin=-�oat(nx-1)/�oat(nx)*pi/dqxqxmin=-�oat(nx-1)/2.*dqxwrite(*,*)'angle of in
iden
e, angle of exit in deg'read(14,*)ajd,afdaj=ajd*pi/180.af=afd*pi/180.write(*,*)'photon energy in eV'read(14,*)eneramda=12398.42/enerak=2*pi/amdawrite(*,*)'1-n of the layer'read(14,*)
daki=-ak*dsin(aj)akf=ak*dsin(af)
ki=-ak*
dsqrt(dsin(aj)**2-2*
d)
kf=ak*
dsqrt(dsin(af)**2-2*
d)
qz=
kf-
kititf=
dabs(2*aki/(aki+
ki)*2*akf/(akf+
kf))**2133



write(*,*)'number of pat
hes (averaging), expansion fa
tor'read(14,*)np,efwrite(*,*)'to subtra
t the CTR? [0..No,1..Yes℄'read(14,*)jsubwrite(*,*)'eps, step, number of steps along z'read(*,*)eps,nz,nmaxif(nz.ge.nzdim)thenwrite(*,*)'the number of steps along z is too large!!'stopendifdz=T/�oat(nz-1)write(*,*)'x-ray 
oheren
e width'read(14,*)sirkaSize of the pat
heL=-2*xmin*efNumber of the dislo
ations in one pat
hnd=0pps=0do jb=1,nbnd=nd+int(eL**2*rho(jb))pps=pps+rho(jb)enddopp(1)=rho(1)/ppsdo jb=2,nbpp(jb)=pp(jb-1)+rho(jb)/ppsenddodo jy=1,nxdo jx=1,nxvv(jx,jy)=0enddoenddowrite(*,*)'xmin=',xmin,' qxmin=',qxmin write(*,*)'size of the pat
h=',eLwrite(*,*)'total number of dislo
ations in one pat
h=',ndif(nd.gt.ndisl)thenwrite(*,*)'the total number of dislo
ations is too large!!'stopendifThe loop over the pat
hesdo jp=1,npwrite(*,*)'pat
h no=',jpGeneration of the dislo
ation positions
all drnun(nd,xd)
all drnun(nd,yd)do jd=1,ndityp(jd)=0
all drnun(1,rtyp)if(rtyp.le.pp(1))thenityp(jd)=1 134



elsedo jb=2,nbif(rtyp.gt.pp(jb-1).and.rtyp.le.pp(jb))thenityp(jd)=jbendifenddoendifif(ityp(jd).eq.0)ityp(jd)=nbxd(jd)=(xd(jd)-1./2.)*eLyd(jd)=(yd(jd)-1./2.)*eLenddoGeneration of the displa
ement �elddo jx=1,nxx=xmin+(jx-1)*dxdo jy=1,nxy=xmin+(jy-1)*dxdo jz=1,nzz=-T+(jz-1)*dzhu=0.do jd=1,nd
all displa
(x-xd(jd),y-yd(jd),z,bvx(ityp(jd)),
& bvy(ityp(jd)),bvz(ityp(jd)),poiss,ux,uy,uz)hu=hu+ux*dsqrt(hh)enddoif(jsub.eq.0)then
v(jz)=
dexp(-
j*hu)*dexp(-dabs(dimag(
qz)*z))else
v(jz)=(
dexp(-
j*hu)-1.)*dexp(-dabs(dimag(
qz)*z))endifenddoCal
ulation of the s
attered wave amplitude along qz with Filon's method. Thesubroutine 
omputes the integral ∫ b

a
cf(x) expitx dx.
all e�lonm(-T,0d0,-dreal(
qz),
v,-T,0d0,dz,nz,nzdim,eps,nmax,
vv,err,nskut)
(jx,jy)=
vv**
dexp(
j*pi*((nx-1)/�oat(nx)*(jx-1)+

& (nx-1)/�oat(nx)*(jy-1)))*dx**2*
& dexp(-(x**2+y**2)/2/sirka**2)enddoenddoTwo-dimensional fast Fourier transform
all d�t2d(nx,nx,
,nxdim,
,nxdim)do jqy=1,nxdo jqx=1,nxvv(jqx,jqy)=vv(jqx,jqy)+
dabs(
(jqx,jqy))**2enddoenddoenddoSaving of the 
al
ulated resultdo jqy=1,nx 135



qy=qxmin+(jqy-1)*dqxdo jqx=1,nxqx=qxmin+(jqx-1)*dqxwrite(11,100)qx,qy,vv(jqx,jqy)/�oat(np)*titfenddoenddo100 format(3(1x,e12.6))stopendThe subroutine with Filon's method of integrationsubroutine e�lonm(a,b,t,
f,zmin,zmax,dz,nz,ndim,eps,nmax,
v,err,n)impli
it 
omplex*16 (
)impli
it real*8 (a,b)impli
it real*8 (d-h)impli
it real*8 (o-z)dimension 
�(nmax),
�s(nmax),
f(ndim)
j=(0.,1.)n=11 
ontinueif(n.gt.nmax/2)thenwrite(*,*)n,nmaxwrite(*,*)'the size of the arrays is not su�
ient'returnendifh=(b-a)/�oat(2*n)jz=int((a-zmin)/dz)+1ddz=a-(zmin+(jz-1)*dz)if(jz.le.1)
a=
f(1)if(jz.ge.nz)
a=
f(nz)if(jz.gt.1.and.jz.lt.nz)
a=
f(jz)+(
f(jz+1)-
f(jz))*ddz/dzjz=int((b-zmin)/dz)+1ddz=b-(zmin+(jz-1)*dz)if(jz.le.1)
b=
f(1)if(jz.ge.nz)
b=
f(nz)if(jz.gt.1.and.jz.lt.nz)
b=
f(jz)+(
f(jz+1)-
f(jz))*ddz/dzth=t*h
e0=
a*
dexp(
j*t*a)-
b*
dexp(
j*t*b)if(th.ne.0.)thenal=1./th+dsin(2.*th)/(2.*th**2)-2.*dsin(th)**2/th**3be=2.*((1.+d
os(th)**2)/th**2-dsin(2.*th)/th**3)ga=4.*(dsin(th)/th**3-d
os(th)/th**2)elseal=0.be=2./3.ga=4./3.endifdo j=1,2*n-1if(n.eq.1.or.(n.gt.1.and.mod(j,2).eq.1))then136



zz=a+j*hjz=int((zz-zmin)/dz)+1ddz=zz-(zmin+(jz-1)*dz)if(jz.le.1)
�(j)=
f(1)if(jz.ge.nz)
�(j)=
f(nz)if(jz.gt.1.and.jz.lt.nz)
�(j)=
f(jz)+(
f(jz+1)-
f(jz))*ddz/dzendifif(n.gt.1.and.mod(j,2).eq.0)then
�(j)=
�s(j/2)endifenddo
�(2*n)=
b
e1=
e0/2.
e2=0.do j=1,n
e1=
e1+
�(2*j)*
dexp(
j*t*(a+2*j*h))
e2=
e2+
�(2*j-1)*
dexp(
j*t*(a+(2*j-1)*h))
�s(2*j-1)=
�(2*j-1)
�s(2*j)=
�(2*j)enddo
v=h*(
j*al*
e0+be*
e1+ga*
e2)if(n.lt.8)thenn=n*2
vs=
vgoto 1endifif(
dabs(
vs).ne.0)thenerr=
dabs((
v-
vs)/
vs)elseerr=1endifif(err.gt.eps)thenn=2*n
vs=
vgoto 1endifreturnendThe subroutine for displa
ement �eld 
al
ulation. The 
ode used for in thissubroutine see in Appendix Asubroutine displa
(xx,yy,z,bx,by,bz,nu,ux,uy,uz)...
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C. AppendixThe program for di�ra
tion pro�les simulation from I1 and I2 SFs in a-planeGaN is written in MATLAB programming language. It enables to determinethe density of SFs mentioned above. The program is 
alled by the 
ommandw=aGaNSFv3(hkl4,q,Mave,sigma,eps,N,Np,L,shape). Here, su
h input parame-ters are used:
• hkl4 - di�ra
tion ve
tor in four-indexes notation;
• q - ve
tor of the q values in the re
ipro
al spa
e along [0001℄;
• Mave - mean distan
e between the fault planes;
• sigma - rms deviation of the fault distan
es (sigma=0 means geometri
distribution);
• eps - relative 
hange in the distan
e of the [0001℄ planes at the defe
t;
• N - number of the (0001) planes in the 
oherent pat
h;
• Np - number of 
oherent pat
hes;
• L - 
oheren
e width in the monolayer thi
knesses (L=0 means ideally 
o-herent primary beam);
• shape - shape fa
tor of the 
oheren
e fun
tion in dire
t spa
e.The output of the program is w stru
ture with the following 
omponents:
• w.q - ve
tor of the q values in the re
ipro
al spa
e along [0001℄;
• w.int - ve
tor of the intensities along [0001℄;
• w.M - ve
tor with the positions of the fault planes in the �rst pat
h
• w.d - ve
tor of the d-values in the �rst pat
h.The 
omments referring subsequent parts of 
ode are emphasized as itali
 text.fun
tion w=aGaNSFv3(hkl4,q,Mave,sigma,eps,N,Np,L,shape)Parameters of the Gamma distributionif sigma>0;em=(Mave/sigma)∧2;elseem=0;end;Position of the N atom in the mole
ule in the 
rystallographi
 system in three-indexes notationdN=[0 0 3/8℄;Lateral shift of the B plane from the A position in three-indexes notationp=[2/3 1/3 0℄;hkl indexes in the three-indexes notation138



hkl(1)=hkl4(1);hkl(2)=hkl4(2);hkl(3)=hkl4(4);GaN latti
e parametersa=3.187;
=5.186;Thomson 
oe�
ientsfTGa=[15.235400 3.066900 6.700600 0.241200 4.35910 10.780500 2.962300 61.4135001.718900℄;fTN=[12.212600 0.005700 3.132200 9.893300 2.01250 28.997500 1.166300 0.582600-11.529000℄;Coordinates of the basis ve
tors of the dire
t latti
e in the laboratory systemA=[a 0 0;-a/2 a*sqrt(3)/2 0;0 0 
℄;Position of the N atom in the mole
ule in the laboratory systemDN=dN(1)*A(1,:)+dN(2)*A(2,:)+dN(3)*A(3,:);Lateral shift of the B plane from the A position in the laboratory systemP=p(1)*A(1,:)+p(2)*A(2,:)+p(3)*A(3,:);Coordinates of the basis ve
tors of the re
ipro
al latti
e in the laboratorysystemB=2*pi*(inv(A))';Coordinates of the s
attering ve
tor in the laboratory systemnq=length(q);Q=zeros(nq,3);Q(:,1)=hkl(1)*B(1,1)+hkl(2)*B(2,1)+(hkl(3)+q)*B(3,1);Q(:,2)=hkl(1)*B(1,2)+hkl(2)*B(2,2)+(hkl(3)+q)*B(3,2);Q(:,3)=hkl(1)*B(1,3)+hkl(2)*B(2,3)+(hkl(3)+q)*B(3,3);QQ=sqrt(Q(:,1).∧2+Q(:,2).∧2+Q(:,3).∧2);sthL2=QQ.∧2/16/pi∧2;lambda=1.5405;K=2*pi/lambda;Q0=hkl*B;Theta=asin(norm(Q0)/2/K)*180/pi;disp(['Theta=',num2str(Theta),'deg'℄);Formfa
tors of Ga and N atoms (without dispersion 
orre
tion)fGa=fTGa(1)*exp(-sthL2*fTGa(2))+fTGa(3)*exp(-sthL2*fTGa(4))+fTGa(5)*exp(-sthL2*fTGa(6))+fTGa(7)*exp(-sthL2*fTGa(8))+fTGa(9);fN=fTN(1)*exp(-sthL2*fTN(2))+fTN(3)*exp(-sthL2*fTN(4))+fTN(5)*exp(-sthL2*fTN(6))+fTN(7)*exp(-sthL2*fTN(8))+fTN(9);Stru
ture fa
tor of a GaN mole
ulephi=fGa+fN.*exp(-1i*(Q(:,1)*DN(1)+Q(:,2)*DN(2)+Q(:,3)*DN(3)));kappa=exp(-1i*(Q(:,1)*P(1)+Q(:,2)*P(2)+Q(:,3)*P(3)));ksi=exp(-1i*(Q(:,1)*A(3,1)+Q(:,2)*A(3,2)+Q(:,3)*A(3,3))/2);ksieps=ksi.∧eps;Coheren
e fun
tionif L>0;sig=mujpearsonVII(linspa
e(-N/2,N/2,N),0,L,shape);elsesig=ones(1,N);end;vysl=zeros(nq,1);loop over the pat
hesfor jp=1:Np;disp(['pat
h no. ',num2str(jp),' from ',num2str(Np),' pat
hes'℄);139



Generation of the positions of the fault planes, geometri
 distribution of thedistan
esMs=0;k=1;while Ms<N;if em==0;dist=randraw('geom',1/(1+Mave),1);elsedist=randraw('gamma',[0 Mave/em em℄,1);end;if dist>2;Ms=Ms+dist;M(k)=Ms;k=k+1;end;end;nM=k-1;if jp==1;Mvys=M;end;Generation of the sequen
e of lateral positions, 
al
ulation of the amplituded=ones(1,N);d(2)=0;k=1;ampl=kappa*sig(1)+ksi*sig(2);disp(['
al
ulating the amplitude, pat
h no. ',num2str(jp)℄);for j=3:N;if k<=nM;MM=M(k);elseMM=N+1;endif j<MM;d(j)=d(j-2);elsed(j)=2*d(j-1)-d(j-2);k=k+1;end;ampl=ampl+ksi.∧(j-1).*ksieps.∧(k-1).*kappa.∧d(j)*sig(j);end;vysl=vysl+abs(phi.*ampl).∧2;if jp==1;dvys=d;end;end;w.q=q;w.M=Mvys;w.int=vysl/Np;w.d=dvys;end 140
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