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Introduction

W. Rontgen discovered X-rays in 1895.
« 1912: first X-ray diffraction by crystals (proved the wave nature of X-rays).
« Widely used to image the inside of objects.

« A powerful tool to investigate the structure of ordered matter.

Japanese artist lori Tomita



X-rays wavelength = interatomic distances in crystals

Type of property  General property  Specific property

Macroscopic Shape Layer thicknesses
Composition Structural phase
Elements present
Phase extent

Form Amorphous
Polyerystalline
Single crystal
Orientation General preferred texture
Layer tilt
Distortion Layer strain tensor
Warping
Homogeneity Between analysed regions
Interfaces Interface spreading
Density Porosity
Coverage

X-ray diffraction a single-crystalline core-shell
P. F. Fewster, Rep. Prog. Phys. 59 (1996) 1339-1407. Ag/Au nanowire (IDO1/ESRF, M.-I. Richard).



Type of property  General property  Specific property

Microscopic Shape Average crystallite size
Crystallite size distribution
Composition Local chemistry
Orientation Crystallite tilt distribution
Distortion Crystallite lattice strain

Crystallite strain distribution
Dislocation strain fields
Point defects
Cracks
Strain from precipitates
Interfaces Roughness
Homogeneity Distribution within region of sample studied
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|.  Basics

1. Crystallography or the direct space

2. Diffraction or the reciprocal space




Some definitions

Crystal

“A crystal is a region of matter within which the atoms are
arranged in a three-dimensional translationally periodic
pattern” Buerger (19506).

Lattice

A lattice is “an imaginary pattern of points” in
which all points have the same environment.

The crystal is built by placing an identical
basis (the motif) on each of the lattice points.




Unit Cell e

™ Primitive Unit Cell

The building block of the crystal structure. Nom Priritive
Corners are lattice points. ﬂ ~_____~ unitCell

Primitive (contains 1 point) «
or non-primitive. . ¢ °

Lattice parameters

Lengths: a, b, c

Angles: a, B,y




- Bases
Symmetry Operations

A crystal structure is “created” by replicating a motif with a variety of operations:

m translations

m rotation axes (symboils: 1,2,3,4,6 = nb of times the form is repeated in a 360°

rotation)
I _—t
= 2told ,(_v)_”A A 310
=4 Dad H ﬁt " “Triad
m mirror planes (symbol: m) e
& K'/’ I '3;\:3' S
Ir JJ n.)/v’ "\r\
- E'F r3 4fold . = 6fold
m center of symmetry (symbol: 1) ™ <€ Tewrad N, e Head
L/‘l\"“ - E:\j?'w.

m inversion axes (combination of rotation and centre of symmetry operations)



CUBIC

a=b=c
o= p=y=90°

TETRAGONAL
a=b=zc
o=p=y=90°

ORTHORHOMBIC

azbzc
o=p=vy=90°

HEXAGONAL
a=b=zc
o=p=9°
v=120°

MONOCLINIC
azbzc

o =vy=90°
[+120°

TRICLINIC

azbzc
o pey+90°

The Bravais Lattices (14)

1]
1]
(984
[

(=

TRIGONAL
a=b=c
o= p=y=+90°

4 Tylg)es of Unit Cell

= Primitive
I = Body-Centred
F = Face-Centred
C=>SideCentred
+
7 Crystal Classes

— 14 Bravais Lattices




The Space Groups (230)

All the symmetry operation on the 14 Bravais lattices.
Describe the symmetry of the crystal system.

The Point Groups (32)

The Space Groups — the translations
Describe the symmetry of the physical properties.

The Lale Groups (11)

The Point Groups + a center of symmetry
Describe the symmetry of the diffraction diagram.




Waurtzite structure

Crystal structure

To draw a crystal structure, you need:

- the crystal system
(define the arrangement of the lattice points)

- the lattice parameters
(define the size and shape of the unit cell)

- the motif (groups of atoms)
(the repeated unit at each lattice points)

Ga, (0, 0, 0)

N, (0,0, 3/8)

Ga, (1/3, 2/3, 1/2)

N, (1/3,2/3, 1/2+3/8)

Space Group: P6;mc




Lattice planes

Miller indices

A method of describing the orientation
of a plane in relation to the unit cell.

The plane (hkl) intercepts

c/l
e X-axis at a/h
* y-axis at b/k

e 7z-axis at ¢/l

h, k, and | are integers.

Plane: (110)

a’h

b/k




Lattice vectors

A vector joining two lattice points.

A linear combination of the unit cell vectors (U, V and W are integers) :

R=U3a+Vb+WE <= R=[UVW]

Direction: [111]




Crystallography conventions

How to write the indices of planes and directions?

° (h kl) a specific plane
* {h kl} a set of planes symmetrically equivalent
° [UVW] a specific vector or direction

e <Uvw> a set of directions symmetrically equivalent




The 4-index notation or Miller-Bravais notation

For hexagonal lattice a 4-index notation can be used.

This notation possesses the apparent symmetry of the hexagonal lattice in the
basal plane.

For plane notation: (hkl) = (hkil) with i = -(h+k)

(0001) (1122) (2110) (10 10)




Circular permutation on hki: /
(h kil
(i h k.l
(kih I

as a, g ‘
@ ; @ . @ "
ad, dj ay

(1010) (0110) (1100)




Direction notations

Directions in 4-index notation are less transparent in their construction.

R=[uvw| <— R =[uvtw]

U=u-t u

V =v-—t v

W= w t=—(u+v)
w=W




3-indices notation:
a;=[100]

ll

4-indices notation ?

[1000] is not possible
because t # -(u+v)

u=(2*1-0)/3=2/3
v=(2*0-1)/3=-1/3
t=—(u+v)=-1/3
w=0

u,v,t, w integers!

3a,=[2-1-10]




Interplanar spacing dy

Miller indices define a family of
parallel planes.

X

(110) (220)

Looking 1 plan view: . N
dago

dy is referred to the distance K dro
between two successive (hkl)
planes.




|. Basics

2. Diffraction or the reciprocal space




.~ pasics Recpocallaice
Reciprocal lattice vector

planes (1)
0 d,

o——
normal to
plane (1)

1 .

length of vector =—=‘d1‘

+—> d,
d

N
TN
N

length of vector =L=‘d;‘
d2



The reciprocal lattice

A reciprocal lattice vector can be defined from the reciprocal unit vectors :

dhkl — hé +kb +|6*
h, k, | are the Miller indices of the plane (hkl).

The reciprocal lattice points are indexed hkl with no brackets

The vector d ;kl of the reciprocal lattice is normal
to the (hkl) plane of the crystal lattice. _

1

—

dhkl

dth =

211
210
L ]

111
110 o
®

]
) 011

010

212
L]

112
L)

®
012



\ \fﬂl/' \ "
- a* b . b _ 1
\dm[}I a\\ﬁ i’". é*_ é = 1 _)*. 6 _ O
c e o ¢ P
\ \ a.b=0
Q’ a.c=0 c.a=0
Real S Ea .-
SR Reciprocal Space . b=0
¢.C=1
« bx¢ ~, Cxa .+ axb ~
Vv Vv Vv (bxC)
1 ,
i =ha +kb™ +Ic* dyy = : Let’s calculate dyy
O =ha+b-+e K N for hexagonal systems!
hkl




System

Cubic

Tetragonal

Orthorhombic

Hexagonal

Monoclinic

Triclinic

{

dhkl
-1 2 2 2 =1
L?(h + k* + I%)
(W +k2 Bl%
g Tz
'hz k2 2%
2t 2

AL = g A e
W(h + hk + k%) + 2 hexagonal indexing
£

N

a? 1 —2cos®a + 3cos?a

rhombohedral indexing

e 2klcosp %

a? + & e . E
sin? 8 b2

[ h2 k2 2

2hk
.3 : 3 )
—sin? a + —sin® B + —sin®y + ——(cos a cos p — cos
a? b? c? 7 ab ( B )

+2—kl(cos pcosy — cosa) + %(cos 7 cos o0 — cos f3)
bc ca

-—

| 1 — cos?a — cos? B — cos?y + 2 cos & cos B cos y

[ I (W + K + P)sin? a + 2(hk + ki + Ih)(cos? & — cos a)]‘%
-

=%




o Besis
The Bragg’s law

Constructive interference:
the path difference d should be an integral number n of wavelengths A.

0=AB+BC = 2dsin®

nA=2dsing@




X-ray scattering

« X-rays are electromagnetic radiations (~1A).
« Photonsenergy: E=hv=hc/A (~10keV).

* Interacts with atoms in many different ways :
Compton, Auger, fluorescence and elastic scattering.

« Elastic scattering (or coherent scatter) = structural information.




S Eases
Elastic scattering

The electric field vector of x-rays vibrate the atomic charges.

X-ray electric field vector: E = Eoemt

L E
- Scattered wave from an electron : E.(r,t)=-r, =0 g l(at—kr)
I

where [l is the electron radius

- Scattered wave from an atom : E (F, ) = E (F,t).f
at\! e\l )1

where f; = j.p(rﬁ).ej(ﬁ_‘zo)mdv

atome The atomic scattering

: : — - T (o] |4 o]} with
the atomic scattering factor actorinerease :
the atomic number :

(M) : the electronic density | (InN) > | (GaN)

f. is calculated for all atoms in the “International Tables for Crystallography” Vol C.



Diffracted intensity from a crystal

2
Lo Z f i2m(hxthyHiz). 1 Z 5(R -

atoms

in the lattice

- AN )

Y Y

The structure factor F(hkl): The form factor:

- from the motif - from the lattice

- gives amplitude - gives discrete peaks
)_(i . atomic positions in the lattice l
fn . reciprocal lattice node positions All wurtzite materials have the same
= e e kind of diffraction diagrams, the peak
R=hd" +kb" +Ic J g

positions vary with a and c values.



Stereographic Projection

L2

An imaginary line is drawn between an object in the northern hemisphere and the
south pole (S).

In the projection diagram, the position of the object is shown at the point where
the dashed line intersects the equatorial plane.



(1.1.0)

This projection allows to see the symmetry of the lattice.




(-3.0.2)

(-2,0,5

e

/! (3-3.2) (2,05) | (0.2.5) (-33.2)
(3.-3.2) 0.0.1) (225  (33.2) / / (1.1.2) \r’l
e ®- ® ‘ e ;

(3.0.2) (0,3.2)

(1,0,0) (1,?,0) (0,1,0)

.

(3,0.-2) (0.3,-2)

(2.0-5y—————(0.,2.-5)

(1.1.0)

® oo1 ==> all ¢ values




II. The 4-circles diffractometer

General overview
X-ray source
Primary optics
Sample stage
Secondary optics

g bk wWhPRE




X-ray source

scattered beam capture sample stage

- slits slit mirror
- analyzer
- detector monochromator
|\ J/
D'

Incident beam conditioning




The angles associated with the diffractometer movements:
» 3 sample’s rotations: w, @, X
1 detector’s rotation: 26

()
Diffracted beam g Incident beam
o>




X-ray laboratory source

Into an evacuated tube:
- electrons are emitted from a heated tungsten filament

- then accelerated by an electric potential (~40kV)
- to impinge on a metal target

BERYLLIUM TUNGSTEN GLASS
WINDOW ~_ & FILAMENT
cooLnGILS / ELECTRONS )
WATER | i/ I -
— | == TO TRANSFORMER
TARGET—~ 7/ R
; - A \\ 1 \\ )
X-RAYS — W F\OCUSING CUP NVACUUM
SCHEMATIC CROSS SECTION OF AN X-RAY TUBE

Anode (target): Cu, Mo, Fe, Co, Cr.



The anode is irradiated with a beam of high-energy electrons.

These electrons:

— loose energy when they arrived in the anode: this energy is transform into
radiation.

—> a broad band of continuous radiation (bremsstrahlung or white radiation)

— remove inner electron: allow electrons of high energy states to transfer to the
vacant inner states.

- the emission lines with well defined energies corresponding to electron
transition of the atom: Ka,, Ka,, Kg.

Ke

R ¥
Intensity | Anode Kal(A)
characteristic
Cu 1.54060
«<—  radiation
Cr 2.28970
& continuous Fe 1.93604
(\\AJ / radiation Co 1.78897
kr Mo 0.70930
Wavelength



Incident beam conditioning

The multilayer parabolic mirror

.........
o
“
.....
.
‘
‘.
e
.
.
.
.

Neray focus

0.8°

0.022°

< ) i 106mm
A B
P W/ Si multilayer
A=
Pt O (4.8nm) A, > Az (Cnm)

Figure 3.19. The principle of the multi-layer parabolic X-ray mirror. A, and Ag are the
periods at the extreme ends of the multi-layer mirror,

To obtain a parallel beam.

Small divergence into the
vertical or the horizontal plane !



The monochromator

A, rAd

To obtain a monochromatic beam.

A single crystal of known orientation and d-spacing.

Following the Bragg law, each component wavelength of a polychromatic beam
will be diffracted at a discrete angle.

Only the radiation of interest (Ka,) can go out the diffractometer + AA.
AN - instrumental peak broadening.

High intensity cost.




-~ Thedffrctometer
Sample stage

3 translations:

* X,Y = mapping

» Z - to put the surface of the sample at the center of the diffractometer (ie
the center of all the rotations w, 6, @, X).

2 rotations:
—> sample orientation: to put the normal of the atomic planes parallel to the
(p-axis.

Before sample orientation After sample orientation

w#0O




.~ Thediffractometer
Secondary optics

* none (open detector)
* slits

 analyzer (or secondary-beam monochromator)

Detector
* single point
* line (1D) detector

 area (2D) detector (need 2D beam conditioning)



-~ Thedffrctometer
Diffraction geometries

20

W = Opyg
Xx=0
¢=0

20, 20
W = By W = B £ Xk
Xhk 7 ' X=0
Pk @ = Ppy £90°
Skew symmetric Asymmetric (o offset)
Problem: low intensity and bad accuracy Solution: a x angle become a w
because of the vertical beam divergence angles by changing ¢ of 90°




11l. Diffraction from materials

1. Powder

2. Thin films

Phase identification
Layer thickness
Layer orientation
Lattice parameters
Alloy composition
Defects

3. Multilayers



- Diffaction from materials
Order In thin films

Amorphous: no order

Polycrystalline: many crystallites of varying orientation

Textured: the growth orientation is defined
but several in plane orientation

EENEEREEEE

Epitaxial: perfect registry with the orientation of the
under layer




Powder diffraction

A powder is a polycrystalline material in which there
are all possible orientations of the crystals.

The 26/w scan of a powder show the positions of all possible reflections.

Ttemsité (%)
10,1
100 CaRine Crystaliography3. |
90 1 The crystallographic
software far research
80 and teaching
0 4 ©1920-199% C Boudiaz & D Moncean
60
50
1o
40 7 002
£ 2,10 103
2,12
20 e
20,1
W A
208 apa 102

2ar

= . T " : . . . r . . 2 r A28t
22 25 30 35 40 45 50 55 60 63 ™ 75 E

The GaN powder diagram simulated with the CaRine software - 26 values




Intensity F cps

Thin films : phase and orientation

Symmetric
20 = 2w

Epitaxial films: only the growth planes are in diffraction condition

Symmetric 26/w scan

sapphire 300 —*

Data

u |l

=T
20

Btensité (%)

100 1
o0 A
20
T
a0 1
500
LU
L
20
1
o L

1
20

1Lop

T T
40 50 &0 70 &0
2 Theta F® ( SBcan Axis: 2:1 asym. )

101

v v GaN

powder diagram
0pa
102 210 103 212
201
. A A h X S Gl 115

0

T T
25 30

1 T T T T T
35 40 45 50 55 60 S 65 \/m




S

Layer thickness i

Symmetric
20 = 2w

Symmetric 26/w scan for a hkl reflection

counts/s

iM-| GaN layer Scherrer equation

00| 1 HM main peak A
200 nm P t =

10K 50 nm A(260)coso

. thickness fringes

100

10

1_
A(20
0.1+ —>

336 33.8 34.0 34.2 344 346 348 35.0 35.2 35.4
2Theta/Omega (°)

GaN 002 26/w diagram simulated with the X'Pert Epitaxy software.




Layer orientation

w-scans for a symmetric reflection with ¢ loop.

—— W GaN 002 S
200 ——wsiz1
18‘\\'\. //
miscut el NN -
— \-\./'/ / [
T 14 \ / }'
s N/ 261
T ‘ \. / 4
.\./'
substrate 100 60 150 180 240 300 360 u
phi (°) w
tilt —~ 2 N
] 7\
a ., / \
z ./ \
layer O / N\
= rad
substrate = 0 60 120 180 240 300 360
phi(°)

tilty, = (o — @) — (05 — @;)

If at phi=180° the flat is perpendicular to the w axis - the tilt GaN / Si is parallel to the flat.




Lattice parameters

Substrate: bulk lattice parameters

Layer: matched relaxed

¢
HHH
S

—» Q. 4

i
:
T
T

or partially relaxed!




Bragg law: 2d,,,siné =21

Where 0 is the half part of the detector position (Zw be careful)

For hexagonal lattices:

dhkl - >
\/i(h2+k2+hk)+'—

At least 2 d,  are needed, with good choice of hkl.




Example for c-plane GaN:

« Symmetric reflections are 00l reflections:

symmetric 26/w scans = dyy =2 C lattice parameter

* hOO reflections are in-plane reflections: too weak intensities - we can'’t
measure directly the a lattice parameter!

1
» With the c value and one d,;; we can determine the a value. dhor = a2 |2
7_'_7
3a’ 2

dyo IS determined from asymmetric 26/w scans.




Accuracy versus intensity

The choice of the secondary optics depends on the diffracted intensity:

* slit:

high intensity, broad peak
» analyzer:

low intensity, sharp peak

Sharper is the peak better is the accuracy of the 0 value.

slit
analyzer

AQzFWHM
" ade 7 a2z 7 a4 ' ade ' e = 3me | w2 10

From the Bragg law:

Ad—d:coteer

As cotf is decreasing from 6=0 to 6=90°
(hkl) planes that diffract at high angles 20 are needed.




Lattice parameters from RSM

An other method is to measure

S

Asymmetric (o offset)

206 and w.
@ = Oy £ X

Reciprocal Space Map (RSM):
a series of 26/w scans at successive w values.

20 and w are converted into reciprocal lattice
units s:

1 2sind
Ay A

|

X yA

2 . . 2 .
= —SIn sIn S. =—sIn dcos
P £ P ~




. Diffraction from materials Lattice parameters
Lattice parameters from RSM

1 1
For c-plane films: SX = d— Sz =
h0O0




Alloy composition

Vegard’s rule:
The lattice parameters of an alloy vary linearly between the end members.

For a biaxial strain in a hexagonal system the out-of-plane strain is related to the
in-plane strain by the C;3 and C5;3 components of the elastic stiffness tensor :

Cmeas ~Co _ . 2C13 [ameas —dy j

Co Css Ao

where  Cheas @Nd a,,055 are the measured strained parameters
Co and a, are the relaxed parameters

The elastic constants C,; and Cj; are linearly interpolated between the values for
the end members. A graphical method can be used to find the composition.



. Diffiaction from materials Defects
Thin films : defects

GaN layers can be described as mosaic crystals characterized by both the mean
size of the mosaic blocks and the mean angle of their rotation against each other.

lateral -
twist angle .
coherence J tilt angle

length
—

vertical
coherence
length

substrate

The angles between the mosaic blocks are correlated with the densities of
threading dislocations (TD).



- Difraconfiom materials Defects
The Willlamson—Hall plots

For c-plane GaN layers:

» w-scans of 00l reflections - the tilt
* w -scans of hOl reflections (skew geometry) - the twist

1.5 x 10° 0006
o

3 B is the FWHM of the w-scan
= 0004 .
S 1.0x10°] (rocking curve)
[
Q.

0.5x10°1 000

!~ §1Z with open detector!
0.0 T T ——— 1
0.0 0.1 0.2 03 04 05 06 0.7
(sin@)/A

The slope = The tilt angle a

The interceptions with the ordinate - The lateral correlation length L



- Diffraction from materials Defects
Dislocation densities

002 and 302 w-scans alloy to estimate tilt and twist:

at“t = 05 X FWHM002 BtWiSt =1.14 x FWHM302
Heinke et al., Heinke et al.,
phys. stat. sol. (a) 176, 391 (1999) Appl. Phys. Lett. 77, 2145 (2000)

c-plane GaN films contain 3 types of threading dislocations with a line direction
along [0001].

Each dislocation type is associated with a local lattice distortion:
- edge dislocations (b = 1/3<11-20>) <> lattice twist

- screw dislocations (b = <0001>) <> lattice tilt
- mixed dislocations (b = 1/3<11-23>) <-> both



* If one assumes the TD are randomly distributed:

The screw dislocation density Nggew:

aﬁ where
Ncrow = 2135 X 2 Oq IS the tilt angle
nI~ c b. is the Burgers vector of the screw-type TD

The edge dislocation density N.:

B’ where
N;and: 5 B is the twist angle
435X b be is the Burgers vector of the edge-type TD

There are usually less than 2% screw dislocations but the ratio of mixed to
edge dislocations is variable.



* Assuming a mosaic structure where dislocations are located at grain boundaries:

10“]; T | T T
—
E [
[ h u .
= P =
Z oL *0g o
30F = ;
c N ] b, B
2 _ I Ncorr_
S i‘x e
7 SN 2 1 X bed()
% 11:'3_- MDM 3
Q@ E \\ﬁ 3
% - [@ planview TEM ™ where dg is the grain diameter
[m)] . istributi _ .
3 D) XRD - carvrated sheanbution - (=lateral correlation length)
7 i 1 | i 1 1 1 1
100—025 050 100 200 4.00

grain diameter d [um]

FIG. 11. Edge-type TD densities as a function of the gram diameter as
determined by TEM and XRD. Either a random [Eq. (2)] or a correlated [Eq.
(3)] distnbution of the TDs was assumed for evaluating the XRD data. The
dashed line 15 a least-square fit of the TEM data.

Chierchia et al., J. Appl. Phys., Vol. 93, No. 11, 2003.



Multilayers

hkl reflection

Structure factor

layer A

B
A
w\/\/\/\/\ Structure factor
layer B
A A
B

-K I I I I I I
20

For each hkl reflection, a lot of “satellite” peaks:

-4 Structure factor
b N layer of thickness A

" " A(20) M
d, Diffracted intensity

> superlattice

»

A= 4
A(20)cosé

- from the space between the satellites = the superlattice period A

- from the position of the
the bi layer (A+B)

O order satellite - the average composition of

- from the relative intensity - A and B composition and thickness



GaN
InGaN
GaN template

Period sensitivity

Bi-layer
parameters

} x10 ™

18.9 nm

20.0 nm

Average composition

sensitivity

100K~
10K—| -1
) +2
g ST
‘h“-<_’ SN
]
16.4 16.6 16.8 170 | 172 | 174 176
Omega/2Theta (°)
1M~ ave
| 4.2% 3.0%
100K n
10K
1K ; N /
100%4»"///\& e \ A j

10—

176 178
Omega/2Theta (°)




Period: A=t,+1,=18.9nm

t
Average composition: e =Cy, % % =4.2%

t, +t, =18.9

for 3 variables t,, t,, Ci, @

2 equations

Cp x—0_ = 4,20
18.9

Maybe the relative intensities could be useful?




1M

100K

t, and t,
are adjusted to fit

e and A

180 185

Omega/2Theta (°)

100

10

The relative intensities
vary for the high order
satellite peaks.

A peak with a minimum
intensity is helpful!

16.0
Omega/2Theta ()




. Diffiaction from materials Multiayers
Slit or analyzer ?

- N
/ NG / \ // U \

16.6 ' 16. | 17.0 ' 17.2 | 17.4 ' 17.6 |
Omega/ZTheta (°)

10—

The thickness fringes is a merit figure of the superlattice.

Both!

The slit allows to measure the weak high order satellite peaks.



The end

X-ray diffraction is a powerful tool to
characterize the structure of ordered
materials.
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Origin on 3ml on & me

Asymmetricunit 0<x<} 0<y<) 0Lk x<(14p)/2 y<x/2
Vertices 0,00 ;00 [.4,0
0,01 1,01 &4

Symmetry operations

(131 (2 3 0,0,z (3 3 0.0,z
(41 210,0,5) 0,0,z (5) 6°(0.0.§) 0,0z ey & [0.0,5) 00,z
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(1N ¢ xxz (ly ¢ x0,2 (12} ¢ O3z

Hexagonal

Patterson symmetry PO/ mmm




Generators selected  (1); ¢(1,0,0); 1{0,1,0); 1{0,0,1); [2); (4); (7)

Positions
Wultplicaty, Coordinates Reflection conditions
Wckoff lemer,
Site symmenry General:
12 4 1 (1) %%z (A Fr—nr ) f+¥71 hhZhi: {=2n
4) i3.2+ 1 (5} wX+rvz+d Bl x—wrr+d OO ; I=12n
{Flr.:l }-.'\-j:t [3]-:'?"_1'\)":' {g}x'ﬂx—_v-:
(10 a7+ 4 (1 x—pFz+i N Ex+vz+
Special: as above, pls
b i x X1z ITar Ixz4; E 2% 244 2 x 248 ne exira conditions
2 b im. fe3.2 N ARE e hkil : l=12n
of h—k=3n+1
or i—k=731+72
2 e JIm. 00z 0,0z+; kil ¢ =2n
Symmetry of special projections
Along [001] phmm Along [100) p1g1 Along [210] plm1
g=a b=h a=1(a+2h) W=¢ a=ib b=ic
Originac 0,0,z Chrigin at x, 01,00 Origin at x, jx, 0
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Other broadening factors

2 2 2 2 2 2 2 .
IBm:/B0+/8d+/8a+/85+/8L+ﬁr @
B i1s the measured FWHM

B, is the intrinsic rocking curve width of the crystal
B4 is the instrumental broadening width

B, < lattice rotations at dislocations (tilt or twist)
B, < lattice strain at dislocations (microstrain)
B. < limited correlation lengths

B, < wafer curvature

Bo and B4 are usually small compared with the tilt and the twist (a few arcsec).

For relatively high dislocation density films, g, (tilt or tW|st) dominates and can be
used as a measure of dislocation densities. 2
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Figure 4. Broadening in reciprocal space due to different types of defects: (a) tilt, twist and limited size and (b) microstrain and
composition/strain gradients. A, C and D are measured in asymmetric (some in symmetric) geometry while B 1s only accessible in skew
symmetric geometry (or sometimes in-plane geometry): B is directed out of the page: limited size and microstrain can also broaden peaks
out of the page. Instrumental resolution is the limiting factor for broadening of experimental scans. Note that this is a two-dimensional
representation of broadening that can occur in all three dimensions.
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Alloy composition in semi-polar films
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Defects in non-polar and semipolar films

* non-polar and semipolar films contain additional defects such as:
intrinsic (14, I, and I3) and extrinsic (E) basal plane stacking faults (BSFs).

* |; BSFs formed by the insertion of an atomic plane (1/2 [0001]), followed by a
shift of 1/3<1-100>, are bounded by sessile partial dislocations and arise due to
growth errors. Typically, around 90% of observed BSFs are |;-type, as these have
the lowest formation energy.

* The 10-10 and 20-20 reflections will be broadened by |, and |, BSFs when
analysed in the skew symmetric geometry, whereas the 30-30 reflections will not
be affected.




