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Amorphous Materials

N

# Periodic arrangement of atoms causes
destructive interference in all directions except
those predicted by Bragg's law.

#® The measurable diffraction occurs at non-Bragg
angles only when crystal imperfections are
present.

# Amorphous materials do not show long-range
order. They exhibit short-range order:
statistical preference of a particular interatomic
distance.

INTENSITY

INTENSITY

INTENSITY

crystal

liquid or amorphous solid

monalomic Eas

] 90 180

DIFFRACTION (SCATTERING)
ANGLE 28 (degrees)




Amorphous Materials

N
\

# Consider our sample as any form of
matter in which there is random
orientation.

# This includes gases, liquids, amorphous
solids, and crystalline powders.

I_ZerﬂI//lsso ZerﬂI/ﬂ,sso

# The scattered intensity from such
sample:

=3 T LSS S,

where

— takes all
r=r._—r, «——
mn m N orientations

q= 7(3 So)



Amorphous Materials

N

%
# Average intensity from an array of atoms which takes all orientations in space:

singr,, 47siné
| = Z Z fo fo——", where (= 1 Bragg’s law

Al

m

Debye scattering equation

It involves only the magnitudes of the distances
rn Of each atom from every other atom
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Polyatomic Molecules

& &

Consider gas of polyatomic molecules.

Gas is not too dense — there is complete incoherency between the scattering by
different molecules.

Intensity per molecule:

singr correction
I/N:Z mefn r = @ factor
m n

ATron

Lets take a carbon tetrachloride as example.
It is composed of tetrahedral molecules CCl,.
Then:

I/N = fc{fc+4fc,

sinqr(C—CI)}

gr(C—-Cl)

singr(C —ClI sinqgr(C —ClI
q?((:(—CI))+3fC' qrq(C(—CI))}

+4f0|{fCI + f.




Polyatomic Molecules

N

"4 For tetrahedral CCl, molecule:
8
(Cl—cCl)= \gr(C—CI)

# The intensity depends on just
one distance r(C — Cl).

# Peaks and dips do not require
the existence of a crystalline
structure.

# Certain interatomic distances
that are more probable than
others are enough to get peaks

and dips on the scattering curve.

E{f /N
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|/N = fZ+4f5+8f.f

sin
+12f7
Cl qr

singr(C —Cl)

gr(C-ClI)

qr(C—CI)+R

(C-cI)

i

r(C-Cl)=1.82 A

b

(sin 83N

P n l

|

0.1

0.2

|
03

L
0.4

0.5 0.6

Intensity (in e.u. per molecule) for a CCl, gas in which

the C — Cl distance is r = 1.82 A. (Warren)




Crystal as Molecule

N
\

# Lets treat crystal as a molecule

# FCC has 14 atoms:
m 8 at corners of a cube
= 6 at face center positions

#® gis the edge of a cube

sinq a/ﬁ 30singa

2
| /Nf2=14+72 Ja/2 a
48smqaﬁ 24smqaf
gavl5 ga~2
85mqaf

ga+/3

I/N = Z mefn Sin qr,

qmn

feu)
32k Np?
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Amorphous Materials

L
# Atoms in liquids and amorphous solids have definite structures relative to an origin at
the center of an average atom.

# This type of structure is expressed by a radial distribution function:

4rr? p(r)

rrip(r)dr  _ average number of atom centers between distances
rand r+ drfrom the center of an average atom

M Assumption: Sample takes with equal

qr probability all orientations in space
mn

@ We use the equation: 1= > f f,

# It can be shown that the scattered intensity can be written as:

% inqr - -
| = NE2+ N2 [“ a7 [o(r) - po |- dr 4 £207 [0 A(z) iz [ €' Az) iz
gr
interaction between interaction between
near neighbors distant neighbors

not negligible only for
very small angles




Amorphous Materials
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# We obtain very important and much used

equation: 5 |
2 A2 AN 1 ks
47 p(r)=4ar? p, + . _[0 q(NfZ 1) inrq dq
po — average atom density per sample \can be obtained experimentally
from the scattering curve
#  For solids:

= 4nr2p(r)dr— average number of atom
centers between distances r and r+ ar
from the center of an average atom.

#  For liquids:

= 4nr2p(r)dr— average over surroundings
of each atom in the sample and also an
average over the time of measurement.




Experimental determination of 4nr2p(r)

N

L

# Previous expressions apply only to coherent (unmodified) scattering.

# Many corrections are required:
= correct for air scatter
= correct for absorption by sample
= correct for polarization

» correct for incoherent (Compton-modified) scattering — requires conversion
to absolute (electron) units

# RDF determination requires high-quality data at large q (small r).




Example: Liquid Sodium

N

P T |
4 We obtain i(q)= 7L 200,
f(eu)
60— W e
120
| | —f?
i(g)=——-1= l
_(a-d)-c _a-b
c c W—— “‘“\ —
\__\__3
d
0 0.1 0.2 0.3 04 0.5

(sin B)/\
(a) Total intensity curve for liquid Na unmodified +
modified, (b) total independent scattering per atom,
(c) independet unmodified scattering per atom f 2,
(d) modified scattering per atom /(M ). (Warren)




Example: Liquid Sodium

N

25

2.0

1.0

0.5

N N

2.55k

va

\

=10

Experimental curve qi(q) for liquid Na. (Warren)

4rr®p(r) =4 p, +%fq i(q) sinrqg dg

25
- 4rrip(r) s/}

ja
20 ; o

rinAd

(a) RDF 4nrr2p(r) for liquid Na, (b) average
density curve 4rr2py(r), (c) distribution of
neighbors in crystalline Na. (Warren)




Example: Carbon black

N

Actual measurement

|  ENR !

What is Carbon Black?

Carbon black is made primarily from a petroleum-based
feedstock. The oil is pumped into a specially designed
furnace, where it is heated above 2,000° F. This process
"cracks" the oil to produce a gas stream laden with carbon
black powder. The gas stream passes through a series of
filters, where the carbon black is separated from the gases.
The carbon black powder then is bound with water to create
larger beads or granules, which are passed through a dryer
and packaged for delivery to customers in every part of the
world.

(sin @)/

(a) Final scattering curve of carbon black, theoretical
independent scattering curves: (d) coherent, (c)
incoherent, and (b) total independent scattering.



Example: Carbon black
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Plot of the experimental amplitude function S i(S) for
carbon black

50

ot 2
47r Py

RDF of carbon black






X-ray Reflectivity

N

# An X-ray-beam that strikes a solid-surface at a small angle (0-2°) is totally reflected.

# Above the critical angle of total reflectance 6. the beam penetrates the sample,

whereby the angle of refraction 6, is smaller than the angle of incidence 6, (the
refractive index of X-rays in solids is smaller than that in air).

# The refractive index for X-ray radiation is given by the formula:

n=1-o6
n — refractive index,
d — term, that specifies the dispersion of the x-ray beam.

# According to Snell 's law of refraction:

n

n, cosé, =n, cosé, — cosd, =—Lcos b,

1 1 2 2 2 N 1
2

if n; — index of refraction of air ~ 1

n, — index of refraction in solid < 1 then 0, < 6




X-ray Reflectivity

N

J@ Below critical angle total reflection occurs:

6, =0°

n, cos &, =n,cos0° — cosb. =n, =1-7,
then

arccos(l— 6, )~ /25, —| 6, =+/26,

following equation:

_ NArOﬂ’2 'Oj '
0, = . Zj:Aj (Zj+ fj)

N, — Avogadro-Number

rp — classical radius of an electron

L — wavelength

p; — density of the atom j in the compound

A; — atomic mass of the atom j

Z; — atomic number of the atom j

f'; — correction factor for the dispersion for the atom j

since n ~1

# The density of the sample can be calculated from the critical angle and using the
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X-ray Reflectivity

0000000

oooooo

Reflectivity R =

critical angle

Intensity of the reflected beam

Intensity of the primarybeam

\

Reflectivity curve

for

Si

Incident angle (deg)
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X-ray Reflectivity from Thin Layers

L
# If the sample contains a thin layer, x-rays are reflected from the air/layer as well as
from the layer/substrate interfaces.

reflected beam incident beam

path difference: BCD




X-ray Reflectivity from Thin Layers

N

%
# Positions of the maxima can be calculated using Bragg's law:

L=nA=BC+CD=tsing, +tsing, =2tsin 6,

1
H

Si0,/Si

Incident angle (deg)




X-ray Reflectivity from Thin Layers
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%
# Some simplifications and approximations: ‘

BC =CD =tsiné,

if0issmall SIN@=40 T B c D

using Snell’s law of refraction (n; ~ 1):

cosé, =n,cosd, — cosé, =(1-5,)cos b,

0s 0, = cos, — 6, =arccos cos G,
1-06. 1-96.

— s 2

62 - 26,

Q

0, ~.|0?> =25
, ~ 67 -25, L=ni=2tsing, ~ 2t/ — 25,

12
91 =Pn2 +252

y=a-x +b
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Example: Sion Ta

ooooooo

000000

A
91=Pn2+2§2

vy=a-x+b

14 16

18 20

YAVAVAVAWN

Incident angle (deg)
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Example: Si on Ta

A
91 Pn2+252
y=a-x+b
2
bzzgzzzmp(z
27
12
T4

B bz A
SN, (Z+ )R

Yo,

A
2.a

o5r

04r

03r

0.2
0.1

046 8 10 12 14 16
n

N, — Avogadro-Number

ro — classical radius of an electron

A — wavelength

p; — density of the atom j in the compound

A; — atomic mass of the atom j

Z; — atomic number of the atom j

f*; — correction factor for the dispersion for the atom j

18

20

We get:

181 nm
2.2 g/cm3




X-ray Reflectivity from Thin Layers

— Plateau: sample size, flatness, absorption, instrument

Critical angle: density

Distance of oscillations: layer thicknesses

>
=
- — I 0‘3
>
: /
_g 1074 L Amplitude: roughness, resolution,
g interface quality,
10> Shape: —_ density variations
roughness,
10-6 density background:

instrument \

| I S T T NN TR ST TN S N S S | | | I[IIII.I |

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Angle of incidence 0 [deg]

Vladimir Kogan, PANalytical



X-ray Reflectivity: Simulation

N

Simple version for
substrate + one layer

A
R, +R,e

2

R —

1+RRe *

R, and R, reflectivities of
air/layer and layer/substrate
interfaces:

-47%6,6,0°
12

R=%=6:
6, +6,

o — surface roughness

uuuuuu

%
# Reflectivity can be calculated completely using Fresnell equations

PbTiO4/SrTiO;

ccccccccccccccccccc




X-ray Reflectivity: Roughness

N
\

# PDTiO; on SrTiO,

TN

ro000 \s \
\ﬂ Calculation w

O~

™

70,

= N

Measured Reflectivi

2

Incident angle (deg)
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X-ray Reflectivity: Roughness

Smooth surface

Rough surface



http://annwm.lbl.gov/pictures/yosemite_05-13-06/thumb/viewF.cgi?IMG_1111e.JPG
http://annwm.lbl.gov/pictures/yosemite_05-13-06/thumb/viewF.cgi?IMG_1111e.JPG

X-ray Reflectivity: Roughness

10’ : . , .
¥ T
# Reflectivity of water 10° (a) .00} (b) .
]O"] 0.75'—" -
050 .

- 0.25\— ~

|

0002 0003 0.004
Fresnel Reflectivity

Difference between experiment and
theory due to roughness

REFLECTIVITY

1 uuml 1uunL

0 00l 002 003 004 005 006
INCIDENT ANGLE (RADIANS)

Braslau. et al. Phys. Rev. Lett. 54 114.(1985)




X-ray Reflectivity: Density

]
\"@ PbTIO, on SrTiO;

[0))

000000

Overectimat
- JVETESUTTAU
\ density
f
¢

Measured Reflectivity \/
. /
N

Incident angle (deg>




X-ray Reflectivity: Density

N
\

# PbTiO5 on SrTiO;

y - PTO #35 ref 3 TA.xr di

File Sample Simlation Fitting Graph Settings Wiew Help

OB EFE & 8 YO~ B

D

Densities areisimilar

Intensity (courtsfs)

01 02 03 04 05 06 07 08 08 1 114 12 13 14 15 16 17 18 18 2 21 22 23 24 25 28 27 28 29 I 31 32 33 34 35 38 37 38 38
Incident angle (deg)

Current Biest Parameter Details | Cument Fitting Information | Thickness Analysis  Quick slmu\euun}

Semple | Instrument

I Layer Desciiption [ Densiylg/om3) | Thicknessfm] | Roughnessiom) |
DensiyOrly, STi03 5118 600000 0133
DensiyOriy, PLTI03 5 12.96 0343
X 1.2467deq Vi 0.0cps Cursor: 0L0100deg  Offset: 0.0000deq  Standard.rmd PTC #35_01.sam Tdle 0:00:00
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X-ray Reflectivity: Thickness

# PDTiO; on SrTiO,

/’\\

ooooooo

"

s

verestimated

ickness

Ve
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€asu

red R

eflectivity

TN

Incident angle (deg)




X-ray Reflectivity: Fitting

4 Inpaut file: C:Documents and Settings/ ArturasMy Documents/Xray Lab/PTO/PTO #35PTO #35 ref 3 TA xrdml

@ PbT O S -I—- O Sample file: C:Documents and Settings/ Arturas My Documents Xray LabPTO/PTO #35PTO #35_01.sam
103 ON SriiL; Date fitted: 05 - Mar - 2008

Fitting mode used: Genetic Algorithm

Difference scheme used: Abs Log Difference

Measured data corrected with offset: 0 (deg)

Layver |Layver Description Density Min Max Thickness Min Max Ronghness Min (Max
roo.000 //—\ Substrate DensityOnly, S:TiO3 |5.118 |- - 600000 |- - 0.199 - -
1.0 DensityOnly, PbTiO3 [7.97 - - 12.96 - - 0343 - -

Best fit value: 5.00

Best background: 1.94 (counts’s)
Best divergence: 0.003 (deg)
Best intensity: 5819666 (counts/s)

10.000
X7

)

roo f\ S

™
) \% v \\d ymw ~
W gt

1.8 = =.2
Incident angle (deg)
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X-ray Reflectivity

Thickness (nm)
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Self-Assembled Monolayers C;3H;,SH on Au

N

Specular Reflectivity Curve

courtals
wa

Omoga2Theta (')

Determined thickness of the layers:

C18H37SH - 1.6nm

Aul - 0.6nm
Au?2 - 19.0nm
Si > 100,000nm

Reflectivity Map, Diffuse Scattering

Omoga

02

Determined:
Average Lateral Correlation Length: 2.5nm

Vladimir Kogan, PANalytical



X-ray Reflectivity

10 X (D; 1nm + D, 1nm)

nnnnnnnnnnnnnnn

T o z z

o EERERERERE

[ Wi P SRR
11

10 X (D, 10nm + D, 10nm) - T 25 X (D; 2nm + D, 2nm) |

=
=
=
=
=_

R Mgy,
| i I ‘;MWVW' i i




X-ray Reflectivity

1l -D; 2nm
2 - D, 5nm
3 -D; 3nm
4 - D, 15nm
5 - D; 25nm
6 - D, 7nm
7 - D; 14nm
8 - D, 6nm
9 - D; 3nm

10 - D, 11lnm
11 - D; 14nm
5nm
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X-ray Reflectivity

N

X-ray Tube
(line focus)

e

Parallel Plate
Flat Graphite Collimator Slit Sample
Monochromator ,,

X-ray Mirror

——————————

Parallel Plate
Collimator Narrow
Divergence Slit

Detector




Small Angle Scattering
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Schematic Schematic Beam Path Applications Example
Sample

Rocking
Curve
Analysis
L7 with high
Epﬁ“a{qal resolution
Layer optics
Structure
Reciprocal
Space Maps
using triple-
. L . axis analyzer
Epitaxial
Layer
Structure
Reflectometry
and thin film
phase analysis
Thin Films composition, layer
epitaxial thickness and

polycrystalline interface quality

amorphous




Schematic
Sample

Very thin films

Polycrystalline
material. Flat
surface

Polycrystalline
material.
Rough surface

Schematic Beam Path

Applications

In-plane
diffraction
from very
thin films.
Depth
sensitivity

Phase
analysis and
Omega-
stress
with Bragg-
Brentano
geometry

Phase
analysis and
Omega-
stress
with parallel
beam optics

Example




Schematic Schematic Beam Path Applications Example
Sample

Psi-stress
and texture
analysis
using point
focus with
lens and
parallel plate
collimator
optics

Solid s

Spot analysis on

— small and
inhomogeneous
Very small samples
sample. Spot using mono-
on a sample capillary optics




