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Introduction Motivation

Even Pauli was Challenged by the Surface....

Pauli is quoted for saying:

God made the bulk;
the surface was invented by
the devil!

| wonder:

What would Pauli have thought about
a randomly rough surface....?

Wolfgang Ernst Pauli
(1900 — 1958)

3 Ingve Simonsen Optics of Surface Disordered Systems



Introduction Motivation

However, roughness can also be beneficial....
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[Appl. Phys. Lett.94, 211101 (2009) ]

[J. Appl. Phys. 101, 074903 (2007)]

Roughness increases the efficiency of solar cells )
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Introduction Motivation

Outline

@ |Introduction
@ Theoretical Background

e Scattering geometry
e How to characterize randomly rough surfaces
o Physical observables

© Physical phenomena and their origin

The enhanced backscattering phenomenon
The satellite peak phenomenon

The forward scattering enhancement
Angular intensity correlation functions

@ Conclusions and Outlooks

A talk about coherent effects in surface random systems and their physical
origins! J
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Introduction Motivation

Motivation

Some history: Why should one care:

@ Lord Rayleigh (1877 (?)) @ Scientific interesting problem
, e fundamental interest
@ Mandel’shtam (1913) e astrophysics
@ Rice (1951) @ Industrial applications
@ M. V. Berry (1979): @ electronics
o Diffractal o energy sector

@ McGurn, et al. (1985) O EEkinre

e medical sector
@ Military applications
e radar technology

o Multiple Scattering Phenomenon

The transition from specular to diffuse scattering:
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[After Thomas Berg]

The speckle patterns are complex and they do depend on parameters like
@ surface roughness

@ surface correlations

@ angle of incidence

@ material
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Theoretical Background

Basic electromagnetic theory

Relevant equations for a one-dimensional geometry

For a one-dimensional scattering geometry one
introduce the fundamental field quantity

X3

HZ(X17X3|(0)7 V=p, \

Pv(x, @) = {Ez(X17X3|»(0)7 v=s,

that should satisfy the Helmholtz equation

2
w
(9,%+933+£?)¢V(x1,x3|a)) = 0.

Boundary Conditions:

Y (x4 7X3|w)|X3=C(X1) = &(x ,X3\(1))}X3=§(X1)
1 " 1 _
— n®y (x4, 5610)|, _¢ ) =0 In®y (X1,X3] @) x,)

where d, is the normal derivative
— / —_—
oh=n-V = C(X1)aX1+aX3 K‘%(w):{ ei(a)), vV=p

- 1+(E(x))?2 pe(@), v=s
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Theoretical Background Scattering Geometry

Scattering Geometry

6o : angle of incidence
N O : angle of scattering
e 6; : angle of transmission
= 6s =6y : specular direction
&1 (o) : dielectric functions
$(xq) : surface profile function

Asymptotic forms of the fields

o (x1x0l0) = e e koro g [7 90 g (ggiin@o, x> max(g)

b, (X1, X3|@) = /_: (2172 Ty (p|k)ePx1 o= (P.o)xs X3 < min(&)

k:m (D/C)S”"leO, ai(k w)_\/Si(CU)T—kZ
q= e (o) (w/c)sinbs, 7 o

p=+/e_(0)(w/c)sinb; :\/ei(w)%coseo
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Theoretical Background Physical Observables

Physical Observable

The Mean Differential Reflection Coefficient

The physical observable we will be interested in is the Mean Differential
Reflection Coefficient (mean DRC)

Definition (Mean DRC)

The mean DRC, (dRy/d6s), is the fraction of the power flux incident on the
surface that is scattered into an angular interval of width, dfs, about the
scattering direction 6s.

The incident/scattered power flow can be
obtained from the 3-component of the
(complex) Poynting vector, S = E x H*:

P:/dx1 dxo Re(Ss),
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Theoretical Background Physical Observables

Physical Observable

The Mean Differential Reflection Coefficient

The physical observable we will be interested in is the Mean Differential
Reflection Coefficient (mean DRC)

Definition (Mean DRC)

The mean DRC, (dRy/d6s), is the fraction of the power flux incident on the
surface that is scattered into an angular interval of width, dfs, about the
scattering direction 6s.

The incident/scattered power flow can be
obtained from the 3-component of the
(complex) Poynting vector, S = E x H*:

P:/dx1 dxo Re(Ss),

IR\  /psc(6s)\ 1 o cos?6s 5 k= /g5 2sin6y
<aes> - < Pine / Ly 2mc cos6 <‘RV(q|k)| > q=/er2sinbs
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Theoretical Background Physical Observables

Physical Observable
The Coherent and Incoherent contribution to the mean DRC

205
@ Ry (qlk) is the scattering (or reflection) amplitude for polarization v
@ The main goal is to obtain Ry (q|k) (the difficult part)

@ The mean DRC, <‘9RV> is an experimental accessible quantity
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Theoretical Background Physical Observables

Physical Observable
The Coherent and Incoherent contribution to the mean DRC

@ The mean DRC, <%gsv > is an experimental accessible quantity

@ Ry (qlk) is the scattering (or reflection) amplitude for polarization v
@ The main goal is to obtain Ry (q|k) (the difficult part)

A simple rewriting of the expression for the mean DRC:

(1Rv(alk)?) = (IRu(glk)P) = [(Ru(glk)) 2 + Ry (alk)) P
—————
coherent

incoherent

gives that it has two components — the coherent (or specuar) and the
incoherent (or diffuse); (not easily done experimentally)

The incoherent and coherent contribution of the mean DRC

<3Fi'v>_<(9ﬂv> +<3F?v>
d0s 90s /incoh \ 905 / con
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How to Characterize Randomly Rough Surfaces Statistical properties of the surface roughness

Statistical properties of the surface roughness

Let {(x1) denote the surface profile function
@ height distribution
@ height-height correlation function

Normally one assumes that {(x1) is a single-valued, differentiable function of
X1 that constitutes a stationary zero-mean Gaussian random process so that

(€x1)) = 0
(COa)E(q)) = PW(lxi—x),  W(0)=1

where (-) is the ensemble average and W(x;) is the transverse correlation
function.

Also useful is the power spectrum of the roughness defined by

ollkl) = [ d W(ixy e~
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How to Characterize Randomly Rough Surfaces

Surface topographies from real life!

Statistical properties of the surface roughness

A plastic surface

3
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How to Characterize Randomly Rough Surfaces Statistical properties of the surface roughness

The Power Spectrum

Question : Does the form of g(|k|) really matter much for the scattering? )

Two different power spectra : c = 10nm; A = 457.9nm; p-polarization
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e - e
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How to Characterize Randomly Rough Surfaces Statistical properties of the surface roughness

The Power Spectrum

Question : Does the form of g(|k|) really matter much for the scattering? )

Two different power spectra : c = 10nm; A = 457.9nm; p-polarization
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The Power Spectrum

How to Characterize Randomly Rough Surfaces Statistical properties of the surface roughness

Question : Does the form of g(|k|) really matter much for the scattering? )

Two different power spectra : c = 10nm; A = 457.9nm; p-polarization

0.07

o.02f
0.06- — oo
— o
oot il oosl
E ~Z 004
R i 2
- == 0.031-
0.01 0.02
oot
— Gaussian
002 . . . . - . . .
e ) i 23 a4 TR0 60 40 20 0 20 40 60 80
x, [um] 0. dez]
T T T T T T T T T T T T T T T
o3sf ]
R
0.30 et
- 025t ]
g = o020 ]
2 z
& o ]
o0 ]
— Rectangular 0.05f ]
B m— . , . . , n L , .
o ] i 23 T 000l bl S

260 26
6, [deg]

o
x, [um]

Small amplitude perturbation theory predicts that (to lowest order)

(Soe ) =alla—K)
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Rough surface Phel Enhanced Back-Scattering

aces

Scattering from a rough Gaussian @ p— p+s (both pol. recorded)
correlated perfectly conducting surface

0.54
0.48
0.42
0.36
0.30

@/ (@/c)

0.24
0.18
0.12
0.06

0.00

0.54
0.48
0.42

Surface Parameters

0.36
0.30
0.24
0.18
0.12
0.06
0.00

RMS-roughness c=A1

Correlation length a=2% N

R v 0.0 0.5 10
a1/ (w/c)

Normal incidence : 6y = 0°

[Simonsen, Maradudin, Leskova 2009]
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Rough surface Phenomenology

But the bright red spots are not specular peaks

69 = 0°; p-polarization inc.

’ 0.54
0.48

- 0.42
0.36

' 0.30
0.24

0.18

w03 0.12
0.06

-1.088 0.00

~0.5
a/ (w/ <)

%/ (w/c)
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Enhanced Back-Scattering

Scattering from Strongly Rough Surfaces

@ The red “hot-spot” is not specular
reflection

@ The diffuse scattering dominates
completely (10* stronger)

<L’?> >><LR>
dQs incoh dQs coh
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Rough surface Phenomenology Enhanced Back-Scattering

Scattering from Strongly Rough Surfaces

But the bright red spots are not specular peaks

6o =20°; p-polarization inc. @ The red “hot-spot” is not specular

reflection

1.0

32: @ The diffuse scattering dominates
: 0.28 completely (10* stronger)
5 oo o oR oR
» (30 ™ (506 )
- i @ The intense spot to the left is located in
L ——— L, , the back-scattering direction

@ /(w/e)
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Rough surface Phenomenology Enhanced Back-Scattering

Scattering from Strongly Rough Surfaces

But the bright red spots are not specular peaks

@ The red “hot-spot” is not specular

6p =20°; s-polarization inc. reflection

1.0

@ The diffuse scattering dominates
completely (10* stronger)

%; 0:20 aQs incoh aQS coh
o5 o @ The intense spot to the left is located in
05 the back-scattering direction
Lo TG0 S0 T 0.0 @ The back scattering enhancement exists
el for both p- and s-polarization of the
incident light
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Rough surface Phenomenology Enhanced Back-Scattering

Scattering from Strongly Rough Surfaces

But the bright red spots are not specular peaks

@ The red “hot-spot” is not specular
6y = s-polarization inc.

reflection
L0 @ The diffuse scattering dominates
Z:: completely (10* stronger)
o <aR> >><aﬁ'>
;:5 00 0:20 aQs incoh aQS coh
o Ziz @ The intense spot to the left is located in
.05 the back-scattering direction
o / 0.00 @ The back scattering enhancement exists
et for both p- and s-polarization of the
incident light

Enhanced Back-Scattering Peaks Exist for both p and s-polarization, but
what causes the phenomena? J

This phenomena was first predicted based on perturbation theory in 1985.

Ingve Simonsen Optics of Surface Disordered Systems



Rough surface Phenomenology Enhanced Back-Scattering

Scattering from Strongly Rough Surfaces

A Fuller Picture: A Comparison

6y =0° 90 = 20° (from the left) 6y = 40°
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0.00 -1, — o8 .00 -1, e— 0.00
L (~ /o) ~/<
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0.54
oas 0.40 0.28
B ) 0.35 024
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< 036 30 020
= 0.25
030 0.16
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o o1s 0.12
o 0.18
! —0.5] 0.08
w0 0.12 0.10
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Rough surface Phenomenology Enhanced Back-Scattering

Scattering from Strongly Rough Surfaces

What is giving rise to these peaks in the back-scattering direction?

Enhanced backscattering is due to constructive interference between paths
being scattered multiple times by the grooves in the roughness J

04

(a) (b) 6,=0,=0" — 920"

O3 w=dn ]

@ In the presence of coherence (no phase difference) the intensity
becomes
I=|A+BP?=|A2+A*‘B+AB* +|B? = 4/A? (A=B)
@ When coherence is lost
I=|A2+|B2 =2|A2 (A~ B)

In absence of single scattering the Enhanced Back-Scattering Peaks should
be twice of its background (but single scattering will normally also contribute)
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Rough surface Phenomenology Enhanced Back-Scattering

Rough Surface Scattering Quiz

Where is the p- and s-polarized light scattered?

0.54
0.8
0.42
0.36
0.30
0.24
0.18
0.12
0.06

6 = 0°

B v 05 To 000

a/(w/e)

P—p+s

0.36
0.32
0.28
0.24
0.20
0.16
0.12
0.08
0.04

0 = 20°

0.00

p—p+s
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Rough surface Phenomenology

Rough Surface Scattering Quiz

Where is the p- and s-polarized light scattered?

0 = 20°

10]

0

=05 0.0 05 1o
a/(w/e)

P—p+s

0.54
0.8
0.42
0.36
0.30
0.24
0.18
0.12
0.06
0.00

0.36
0.32
0.28
0.24
0.20
0.16
0.12
0.08
0.04
0.00

Ingve Simonsen

Enhanced Back-Scattering

0.36
0.32
0.28
0.24
0.20
0.16
0.12
0.08
0.04
0.00

0.0 0.5 10
a/(w/c)

p—p
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Rough surface Phel nology Enhanced Back-Scattering

Rough Surface Scattering Quiz

Where is the p- and s-polarized light scattered?

1

054 0 0.36 0.36
0.48 0.32 0.32
0.42 05 028 028
o 036 0.24 0.24
O 0.30 é 0.0 0.20 0.20
‘ ‘ 0.24 \s 0.16 0.16
o 0.18 0.12 0.12
S -0
0.12 0.08 0.08
0.06 0.04 0.04
=05 0.0 05 0.00 B W a—— 05 1o 000 0.00
@ /(w/c) q/(w/c)
p—p+s p—p
0.36 0.24 0.200
0.32 021 0175
0.28 - 018 0150
0.24
.15 0.125
020 y -
0.12 0.100
0.16
012 0.09 0.075
0.08 w3 0.06 0.050
0.04 0.03 0.025
'0.00 —1.701.0 X 1.0 '0.00 '0.000
a/ [‘-‘/")
pP—p p—s
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Rough surface Phenomenology Enhanced Back-Scattering

Rough Surface Scattering Quiz

Comparison between p- and s-polarized incident lig

o 0.40 0.24 0.28
Q- 0.35 0.21
! - - 0.24
%] 018
0-30 : 0.20
0.25 z 015
[¢] 3 o0 0.16
O 0.20 \: 0.12
N 0.12
Al .15 0.09
|| 0.10 0.06 0.08
o 0.05 0.03 0.04
D
—1,q Re— o .00 .00 1,0 - 0.00
a (w ) a/ d/t n (~ <)
s—p+s s—p s—s
1.0,

_ 0.36 0.24 0.200
Q 032 0.21 0.175
o 05 028
Q 2 0.18 0.150

0.24
015 0.125
0.0| 0.20
012 0.100
) 0.16
8 0.12 0.09 0.075
-05 0.08 0.06 0.050
l 0.04 0.03 0.025
QDO B Y — 05 1o 000 0.00 -1 0.5 0.000
q/(w/e) q/ [u,/ 1“ (w/e)
p—p+s pP—p P=8
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Rough surface Phen ology Enhanced Back-Scattering

Scattering from Weakly Rough Surfaces

Can backscattering peaks be observed?

Do we also have enhanced backscattering for weakly rough surfaces?

Challenges:

@ single scattering dominates for weakly rough surfaces

e backscattering peaks will rise little over the single scattering background
e experimental noise will make them (too?) hard to observe

@ what is scattered multiple times in order to produce the backscattering
peak for weakly rough surfaces?
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Rough surface Phenomenology Enhanced Back-Scattering

Scattering from Weakly Rough Surfaces

Can backscattering peaks be observed?

Do we also have enhanced backscattering for weakly rough surfaces?

Numerical example : Gaussian correlated rough silver surface
o = 10nm; a =200nm; and A = 457.9nm

p-polarization s-polarization
0.07 T T T T T 0.07 T T T T T T
0.06 006 E
005 005 .
~Eoo ol B
g g
2= 0.03 " 0.031 B
c <
0.02 0.02F e
001 001} e
0 | | |
80 -60 20 0 20 40 60 80
9s [deg]
Are there any backscatteri ng peakS here? (Take a closer look at the curves for p-polarization) J
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Rough surface Phenomenology Enhanced Back-Scattering

Scattering from Weakly Rough Surfaces

A designed power spectrum

@ West and O’Donnell realized that single scattering more-or-less
completely masked potential backscattering peaks

@ Their (creative) solution was
o to experimentally implemented a power spectrum where single scattering
was forbidden over the angular interval of interest
o the power spectrum they suggested is called a rectangular (West-O’Donnell)
power spectrum

22 Ingve Simonsen Optics of Surface Disordered Systems



Rough surface Phel ology Enhanced Back-Scattering

Scattering from Weakly Rough Surfaces

A designed power spectrum

@ West and O’Donnell realized that single scattering more-or-less
completely masked potential backscattering peaks

@ Their (creative) solution was
o to experimentally implemented a power spectrum where single scattering
was forbidden over the angular interval of interest
o the power spectrum they suggested is called a rectangular (West-O’Donnell)
power spectrum

They reasoned as follows:
Suggested power spectrum:

llk])

@ single scattering contribution

(k= 2sin6y; g= 2 sinbs) L
JdRy gz
< g(lg—k
(Sae) = atla—K) -

@ Single scattering forbidden for ;
(k,q) where
When e.g. k=0, then g= 2 sin6s and
g(la—k|)=0 single scattering is only allowed for
65| > 65 =sin~" (k_/(w/c))
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Rough surface Phenomenology Enhanced Back-Scattering

Scattering from Weakly Rough Surfaces

A designed power spectrum

Numerical example : Rectangular power spectrum (Movie: Mean DRC vs 6)
6 =10nm; A =457.9nm; k- = 0.782w/c and k; = 1.366w/c

p-polarization s-polarization
T T T T T

035F T T 3 035F T T ™
030 B 030 5
025 g 0251 B
~, 020 B 5020+ -
D> D
S <
o .
=015 B " 0.151 B
< <
0.10F 5 010 7
005 g 005 E
0.00 | . m 0.0 M | L L [~
TR0 w60 40 20 20 40 60 80 T80 60 40 - 0 40 60 80

6, [geg] . 0, [geg] 2
For normal incidence (k = 0) one finds 65 = sin~'(q_/(w/c)) =51.4°
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Rough surface Phel nology Enhanced Back-Scattering

Scattering from Weakly Rough Surfaces

A designed power spectrum

Numerical example : Rectangular power spectrum (Movie: Mean DRC vs 6;)
o =10nm; A =457.9nm; k- =0.782w/c and k; = 1.366w/c

p-polarization s-polarization
T T T T T

0.35 T 3 0.35F T T ™3
030 B 030 g
L 035 E I e
2 z — 6,=10
~5020 E ~020F gy .
< o N
g S
e .,
o015 4 o 0.5k .
< <
0.10 1 0.10- -1
005 B 005} .
0.00 | . m 0.0 m | L L [~
080 60 40 20 20 40 60 80 00 60 40 0 40 60 80

0 -20 0 2
6, [deg] 0, [deg]

For normal incidence (k = 0) one finds 65 = sin~'(q_/(w/c)) =51.4°

Summary : Backscattering enhancements for weakly rough surfaces

Backscattering peaks do exist also for weakly rough surfaces, but only in
p-polarization!
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Rough surface Phenomenology Enhanced Back-Scattering

Scattering from Weakly Rough Surfaces

Why are backscattering only observed for p-polarization?

@ For strongly rough surfaces we had enhanced backscattering peaks for
both p- and s-polarization, not only in p-polarization.

@ Different mechanisms must therefore give rise to them for strongly and
weakly rough surfaces

What is origin of the enhanced backscattering for weakly rough surfaces I
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Rough surface Phenomenology Enhanced Back-Scattering

Scattering from Weakly Rough Surfaces

Why are backscattering only observed for p-polarization?

@ For strongly rough surfaces we had enhanced backscattering peaks for
both p- and s-polarization, not only in p-polarization.

@ Different mechanisms must therefore give rise to them for strongly and
weakly rough surfaces

What is origin of the enhanced backscattering for weakly rough surfaces \

Weakly rough surfaces showing the enhanced backscattering phenomenon,
support some kinds of surface waves. For instance for a metal surface such
waves are Surface Plasmon Polaritons
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Rough surface Phenomenology Enhanced Back-Scattering

Scattering from Weakly Rough Surfaces

The scattering mechanism for a weakly rough metallic surface

Constructive interference between (time-revered) surface wave paths
(2) k q (b) q k
Surface waves are

charactered by decaying fields
perpendicular to the interface
(both directions)

Angular distribution
T T T

035F T

Power spectrum
(kD) T 030

=l Radiative Region Pel

—wfe wfe k

1
-80 -60 -40 -20 0 20 40 60 80
0 [deg]
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Rough surface Phel ology Enhanced Back-Scattering

Scattering from Weakly Rough Surfaces

Surface Plasmon Polaritons (SPP)

Polariton : An elementary electromagnetic wave that can couple to one of the
elementary excitations of a condensed medium (plasmons, phonons,
magnons)

Surface Plasmon Polariton (SPP)

A plasmon polariton where the associated electromagnetic field is confined to
the surface separating the two dielectric media

Ex : planar 1d metal surface to vacuum (Ime(w) = 0)

+ _ At qlkxq 4FBL(@)X3 q
Oy (x1,x3|0) = Ay e1e @ Along xq : wave-like

2 @ Along x3 : decayin
ﬁi(w):\/kz_gi%ZO 97 ying

The boundary conditions at x3 = 0 give

A=A, = A, @ S-pol. :No SPPs exist
{BJr(w) B,(w)} A —0 @ P-pol. : SPPs can exist only if
() Ky (o)) " e, e_ <0 (different signs)
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Rough surface Phenomenology Enhanced Back-Scattering

Scattering from Weakly Rough Surfaces

The dispersion relation for Surface Plasmon Polaritons

The dispersion relation is

e (@)e (0) ©

Kspp(®) = er(0)+e_ (o) ¢

Free electron metal (e. = 1)

oot/ v @ Light incident on a flat surface cannot
ogptem ] excite SPPs
[ i
oot/ @ Light-line in vacuum : @ = k¢
8
K i @ Surface plasmons : wgp = wp/\@.
N m:KHc
ot TR @ Vacuum-silver @ A = 457.9nm:
090 0.5 1.0 1.5 2.0 2‘5 3.0 (%
K elo, Re kspp(a)) = 1 074 E

ck, k — 0, (photon-like)
Ospp(k) = Dp k — oo, (plasmon-like)

\/27
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Rough surface Phenomenology

Strongly rough surfaces

Enhanced Back-Scattering

Experimental status of enhanced backscattering

Méndez and O’Donnell, Opt. Commun. 61, 91 (1987)

Experimental verification for strongly rough Al surfaces; c =1 —2um;

a=1.8um, s-polari
I

ntensity

60 0 -20 20 40 6
Argle (Deg.)
Fig. 1. Polarized (circles} and depolarized (crosses) far-field mean
intensity as a function of angle from a gaussian diffuser in normal
incidence (@~ 1.8 um, oy~ 1-2 gm, A=0.633 um). The plane of
the scan is perpendicular to the incident electric field vector.

Ingve Simonsen

zation, 6y = 0° (left)and 6y = —20° (right)

Trtenrsity

oL
Yoo
s 9
§ %
2

P

-80 -40 -20

20 40 60
Argle (Deg.)
Fig. 2. Polarized (circles) and depolarized (crosses) mean inten-
sity from the same diffuser and conditions as fig. 1, but the dif-
fuser has an in-plane tilt of 20° with respect to the source. Angles
plotted are with respect to the normal to the mean surface.
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Rough surface Phenomenology Enhanced Back-Scattering

Experimental status of enhanced backscattering

Weakly rough surfaces

West and O’'Donnell, J. Opt. Soc. Am. A. 12, 390 (1995)

Scattering distribution for 6 = 4°

Vertical dashed lines are the limit of the out-coupling of SPP’s

Experimental power spectrum
A

633 nm 612 nm
B
3.0x10 S T
S(k) :
(nm3)
20x 104 ot b
;594 nm : : 543
B B N nm
LOx‘iO‘\\\\ \t‘ .
0 05102 1.0x10°2 15x102  20x10° f : A
k (nm1) 30 20 10 0 10 20 30 20 -10 © 10 20 30
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Rough surface Phenomenology Satellite Peaks

Satellite Peaks

What are they?

Dielectric film geometry

@ d: mean thickness of the film
@ the film supports guided-modes

@ d/A is important for this
phenomenon

60 = 0° (6. = £17.79) 60 = 5° (6. = 12.1°,-23.1°)

0.4 a)

(s-pol.; & = 0.6328um, § = 30nm, k_ =0.82w/c, k;. =1.97w/c; d =500nm)
Reference : Freilikher et al., Phys. Lett. A 193, 467 (1994); Simonsen and Maradudin, Opt. Commun. 162, 99 (1999)
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Rough surface Phenomenology Satellite Peaks

Satellite Peaks
The origin of the phenomena

@ The structure supports N guided waves of
wave-numbers: q; (o), ..., gn(®).

@ Consider the paths (ABCD) and the
time-reversed partner (ACBD),

@ They have phase difference:
A¢pm =Tpc- (kO + kS)
+Irgel[gn(@) — gm(@)]

Ingve Simonsen Optics of Surface Disordered Systems



Rough surface Phenomenology Satellite Peaks

Satellite Peaks
The origin of the phenomena

@ The structure supports N guided waves of
wave-numbers: q; (o), ..., gn(®).

@ Consider the paths (ABCD) and the
time-reversed partner (ACBD),

@ They have phase difference:
A¢pm =Tpc- (kO + kS)
+Irgel[gn(@) — gm(@)]

We have coherence when A¢pm =0, i.e. when

. . 1 @
sin s = —sinfp £ ———=—[qn(®) — gm(®)].

& ()

@ gn=3gm=Ks=—ko: Enhanced Backscattering
@ gn#gm=Ks# —Ko: Satellite Peaks
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Rough surface Phenomenology Enhanced Forward-Scattering

Forward-Scattering Peaks

Geometry and Power Spectrum

We now return to the single rough interface problem, but now with a double
rectangular power spectrum

g(lkD)
\-. / AR 0
e Nl ’7

5 s K

- Radiative Region—{—«

7"\)\ €(w)

—w/e w/e &

k1 = 0.7820/c K" =1.3660/c

K® —2.0480/c k® —22480/c

@ The heights of the two rectangles are ¢4 and .

@ They are the coupling constants for the process g — k with
wk e k™M k] and £k e kP k), respectively.

@ Movie: Mean DRC vs. 6y for y3 = 1o

Ref. : J. Opt. Soc. Am. A 18, 1507 (2001); J. Opt. Soc. Am, A 20; 2338.(2003).
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Rough surface Phenomenology Enhanced Forward-Scattering

Forward-Scattering Peaks
Another Coherent Effect

Numerical results : 6y = 10°, p-polarization, ¢ = 10nm (Movie:
Mean DRC vs p)

(a)

Y =1
Y,/v, =150

0.
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Rough surface Phel nology Enhanced Forward-Scattering

Forward-Scattering Peaks

Another Coherent Effect

Numerical results : 6y = 10°, p-polarization, ¢ = 10nm (Movie:
Mean DRC vs p)

T T H T T T T T T T T
0301~ B
(b)
0251 .
s — =2
5020 — =5 ‘ R
? — =10
015 — =2 B
/Y, =100
& Y=o
0.10 2h B
005 B
0.00 — D L Il I . Y

Forward-Scattering Peak

For some values of % /v; we have also a peak at the forward direction 6s = 6,
in addition to that at 6s = —6y

But what is causing this behavior....?
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Rough surface Phenomenology

Forward-Scattering Peaks

What are their origin?

Relevant paths:
A

B
2 1 4 3 2 1 4 3
TS EPOASOIe
Cc
2 1 4 3
== ==
Path A and B :

k — —kspp — Kspp — —kspp — q

k= Qsineo
®

w
= —sinf
q @ INGs

Ingve Simonsen

Enhanced Forward-Scattering

Phases for path A and B

Oa=kxy —qx4+ B1_4
0B = KXy — QXg + P14
Appa=dg—9a

= k(X1 =X1) = q(Xar = Xa) + Br—ar — P14
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Rough surface Phenomenology Enhanced Forward-Scattering

Forward-Scattering Peaks

What are their origin?

Relevant paths: Phases for path A and B
A B
Op=kxy —qxs+B1_4
2 1 4 3 2 1\ M3 0B = kxy — qQXgr + Br_a
T Appa=dg—9a
C

=K(xy —x1) —q(xg —Xa)+ P-4 — P14

2 s 3 By assuming x4 — Xy = x4 — Xy it follows
e that

Agpa = (k—q)(x11 —Xq),

Path Aand B : and requiring phase-coherence gives

Kk — —Kspp — Kspp — —Kspp — G
Apga=0 = g=k

w .
k= Eslnﬂo or

o .
q:zsmes 0s = 6
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Rough surface Phenomenology Enhanced Forward-Scattering

Forward-Scattering Peaks
What are their origin?
Phases for path A and C (if allowed)

Relevant paths:
A B

§ f Apca=¢c—9a
2 1 4 3 2 1 4 3
== TS =(g—k)(xy —x1) +(q+k)Ax

¢ where Ax = x4 — X1 = Xg — Xq.
Only for Ax = 0 does one get the same
2 1 4' 3 ang
peveigye phase condition as for A¢ga.
(0]
k= —sin6,
c sin 6y
(0]
= —siné,
q = In Os
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Rough surface Phenomenology Enhanced Forward-Scattering

Forward-Scattering Peaks
What are their origin?
Phases for path A and C (if allowed)

Relevant paths:

A é , 15. é . Adca=9c—¢a
oo oo = (g—K)(xq —X1/) +(g+K)Ax

¢ where Ax = x4 — X1 = Xg — Xq.
Only for Ax = 0 does one get the same
phase condition as for A¢ga.

2 1 4' 3
S ~—
B

k= —sin6y
g= —sinfs

Take home message

The counter propagation +kspp — FKspp iS essential for the forward
scattering peak phenomenon
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Rough surface Phenomenology Enhanced Forward-Scattering

Forward-Scattering Peaks

Amount of coherent/incoherent light vs. gamma, /gammay

gllkl)
N 1.00 T T T
U L P
095+ 7 B
PR kS ToooE <.
Radiativk R 50.90j _U_ - 10° 10" 10° 10' 103
g T T T
%,/1,=0
.~ 0.15
/e wfe & S 085 |
%
:E 0.10 - 14
Fraction of incident power being 0.80|- sos- nn =
reflected Yo 1
0,00 vl vl Tl i
0.75 Pt | it o T ooonT P
/”/2 dR, 102 10" 15)n 10' 10°
Uy = = RZAS
/2 d0s
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Rough surface Phel nology Enhanced Forward-Scattering

Forward-Scattering Peaks

Amount of coherent/incoherent light vs. gammas, /gammay

gllkl)
N 1.00 T T T
ad |0
S 0.95
PR 2
Radiative R $0.90
—we wfe k S 0.85
Fraction of incident power being 080
reflected

0.75

/n/z <&RV> e
= /2 d0s

Take home message

By changing the correlations along the surface the scattering properties can
be changed dramatically
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Rough surface Phenomenology Intensity Correlation Functions

Angular Intensity Correlation Functions
The definition

v.1o

a—o.4aum A= 0.6127 pm
VOB — 5 _anm a, —0°
0.086

0.04

0.0z

0.00

-e0 -s0 o a0 6o

Scattering Angle [deg]

o.10
a=0.4pm A= 0.68127 um
008 — s_anm a, = 10°
=" ooe | ==-17.2+i0.408
=
== 0.04
o.02
0.00 — |
-a0 -30 o 30 &0

Secattering Angle [deg]

Ingve Simonsen Optics of Surface Disordered Systems




Rough surface Phenomenology Intensity Correlation Functions

Angular Intensity Correlation Functions
The definition

v.1o

a—o.4aum

A= 0.6127 pm
VOB — 5 _anm o

o = 0%

=" ocos | €=-17.2+i0.a0s
= 0.04 —
0.0z —
0.00
-0 -0 o 20 60
Scattering Angle [deg]
o.10
a—0.4pm A= 0.68127 um
008 — s_anm a, — 10°
=" ooe | ==-17.2+i0.408
=
o> 0.04
c.02
c.oo Y
-0 -30 o =0 &0
Secattering Angls [deg]

Ca.klq', k') = (I(qlk)I(q'|K')) — (I(qlk)) (g IK)
where the intensity /(g|k) is defined as (k = £ sin 6 etc)
1

k) =7 (3) ISt = - (3) 2l 1Ak
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Rough surface Phenomenology Intensity Correlation Functions

Angular Intensity Correlation Functions
Different types

One can separate the angular intensity correlation functions into several
terms:

C(q.k|q, k') = 1+ c(19 4 c) 4 cO)

where
e C(1) — Short range correlation functions
e C(15) _ Intermediate range correlation functions
@ C@ — Long range correlation functions
e C(®) — Infinite range correlation functions

The ¢(19) is unique to rough surface scattering (and has e.g. no analogy in
random bulk systems)!
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Rough surface Phenomenology Intensity Correlation Functions

Angular Intensity Correlation Functions

Short Range Correlations

c(q.klqg k) = i‘;("z (8S(qlk)8S*(d|K )2, 8S=5—(S)
2n5(q—k—q + K
el L g )Cé”(q,k\qﬂq’—wk)
— l_
il

where C((JU and C(()m) are envelopes independent of L4
They are non-zero only when the momentum transfer (Ag, = q — k) satisfies
(] C(1) : Aqk = Aq’k’

e Memory Effect: k=K, qg=q
e Reciprocal Memory Effect (S(qlk) = S(—k|—q)) : k=—-q¢',g=—

(] CUO) o Aqk = —Aqu/

/

Note : C(19) is unique to surface scattering!
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Rough surface Phenomenology Intensity Correlation Functions

Angular Intensity Correlation Functions

Simulations and Experiments

) ) Experiments (p-pol):
small Simulations (p-pol.):
West-O’Donnell gold surface : k_ = 0.83w/c, ki =1.30w/c,

P o e _ — 200 g — 100
Gaussian 5|I\|/ersur‘face.|575f1m,a‘7100:‘7m, eq 720‘ ,SST 10 A—=0.040/c, 6 = 15.5mm, 6y = 20°, 65 = —10°
0.004

10

0.003

(U op Ci10)
o
S
5

0.001

60 80

@ Memory effect
° 6;=0s=-10°(q' =q)

@ Reciprocal Memory Effect : = 'm g,w:eg) " *

i -_c().._._ (10
) 9‘; =—6y= _20° (q’ — 7k) (This corresponds to : — ¢(1); - - - ¢(10))
Ref. : West and O’'Donnell, PRB 59, 2393 (1999)
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Rough surface Phenomenology Intensity Correlation Functions

Angular Intensity Correlation Functions

Physical meaning of short range correlation functions

o Cc() : Aqk = Aqur
If k is changed to k' = k + Ak the entire speckle pattern changes such
that a feature originally at g moves to ¢’ = g+ Ak

(] C(m) 5 Aqk = _Aq’k’
If k is changed to k' = k + Ak the entire speckle pattern changes such
that a feature originally at g = k — Ag moves to ¢’ = k+ Aq, (symmetry
with respect to the specular direction)

These effects can be seen directly in the specular patterns!
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Rough surface Phenomenology Intensity Correlation Functions

Angular Intensity Correlation Functions

Long and infinite range correlations C(")

g 02 . . 1
C™M(a.klq k) = 137z {85(ak)8S (qlk)SS(q K8 (q'IK)} o= 1
1
It will be hard to observe experimentally!
cN(q.klg k) = CU9(q.klq.K)+C®(q.kIq K)+C®(q.klq k)

@ CN) has a complex peak structure
e C(19) is unique to surface scattering

0.5 0.10 0.015
04 r 0.08
0.010
703 a 006 a
! o o
: 3
=02 0.04
0.005
0.1 1 l 002
0 l 0 0
-80 60 40 20 ()/ 20 40 60 80 -80 60 40 20 0/ 20 40 60 80 -80 60 40 20 g/ 20 40 60 80
o/ )

[p-pol : 6, =20°, 65 = —10°, § = 5nm and a= 100nm]
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Rough surface Phel nology Intensity Correlation Functions

Angular Intensity Correlation Functions

Strongly rough surfaces

For weakly rough surfaces we saw :
@ No peaks in the C(!) correlation function for s-polarization (No SPPs)
e C() and c(19) are of the same magnitude

No surprise that multiple scattering of volume waves is causing peaks in C(1)
for strongly rough surfaces also in s-polarization

400 20
(@ ()
x10°
— a-1278um — 127
- sozmum 15 ——- 50 1278um
5 1
o o
z g
7 710
s =
g g
= <
S G
& 2 |
S 100 5os !
\
\
L 00 ~
300 600 900 900 600 -300 00 300 600 900
6, [deg]

(S-pol : 6y = 30° and 6s = 0°; Gaussian silver surface a=3.85um )

Note : C(19) vanishes for strongly rough surfaces
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Rough surface Phenomenology Intensity Correlation Functions

Angular Intensity Correlation Functions
Statistics of the Field Amplitudes

Measurements of the C(q, k|q’, k) can provide information about the
amplitude of the scattered field (Leskova et al. 2000)

@ Only ¢(") is observed

e R(glk) is a circular complex Gaussian random process defined as
(A= Ay +iAz, B= By +iB>)

(A1B1) = (A2Bo)  (A1Bo) = —(AzBi)
this implies that
(AB)=0 = CU9e|(55(qlk)5S(q'K'))[> =0
@ Only ¢(") and ¢(10) are observed
e R(qlk) is a complex Gaussian random process

o c(1), (19 and, ¢(M) are observed
e R(qlk) is a non-Gaussian random process

Angular correlation functions can tell us about the statistics properties of the
scattered field.
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Conclusions

Conclusions and outlook

Conclusions
@ Rough surface scattering is rich
@ There might be “order in the chaos”
@ The height-height correlations are important for the scattering
@ The roughness can be used to tune the optical properties

A renewed interest in rough surface scattering has been witnessed during the
last years (probably) due to it potential applications.

Reference : |. Simonsen, ArXiv:cond-mat/040817

Thank you for your Attention! )
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