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Preface

This review describes the basic physics of surface plasmons (SPs) propagat-
ing on smooth and corrugated surfaces. SPs represent electromagnetic surface
waves that have their intensity maximum in the surface and exponentially de-
caying fields perpendicular to it. They can be produced not only by electrons,
but also by light in an optical device called the attenuated total reflection
(ATR). An important property of the SPs is their coupling with photons via
corrugated surfaces and vice versa, so that the SPs become involved in a series
of optical phenomena. With the excitation of SPs by light, a strong enhance-
ment of the electromagnetic field in the surface (resonance amplification) is
combined, which can be rather strong. This has been demonstrated first by
the excitation of SPs on a rough silver surface which emits light at an inten-
sity nearly 100 times stronger in resonance than out of resonance. This field
enhancement has found many applications: enhanced photoeffect by SPs, non-
lincar effects as the production of second harmonic generation (SHG) in the
strong field, surface enhanced Raman scattering (SERS), amplification of light
scattered at Rayleigh waves, emission of light from tunnel junctions, etc. Also
in fairly thin films, a strong field enhancement has been measured for the high-
frequency mode.

This enhancement is correlated with a strong reduction of the reflected
light up to a complete transformation of the incoming light into SPs. This
reflectivity minimum represents an interesting phenomenon of metal optics on
smooth and corrugated surfaces.

The SPs propagating along a corrugated surface decay into light of high
intensity on a nonsmooth surface. The measurement of its intensity and its
angular distribution allows determination of the roughness parameter, r.m.s.
height, and correlation length. Also in normal scattering experiments on rough
surfaces the SPs can be excited via the corrugation (grating coupling) and
change the angular distribution of the diffusely scattered light. Recent devel-
opments of the theory seem to indicate an explanation of these phenomena.

Recent developments have further shown that the very large field enhance-
ment (10%-108) observed in SERS and in SHG are due mainly to localized
plasmons; they exist only in very rough surfaces built up of large particles. A
chapter is dedicated to the influence of SPs on grating phenomena. Due to the
simpler structure of the corrugation, the results sometimes give a more detailed
insight into the interaction between the photon and plasmon. The application
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of holographic (interference} gratings especially of sinusoidal gratings to which
higher harmonics can be added, together with the possibility of varying the
grating constant, grating amplitude, and grating material rather simply has
given strong impetus to this field.

The author has described the same subject in an earlier article. But in the
meantime a number of new results have been reported, which has increased the
interest in this subject, so that a more comprehensive account of the behavior
of SPs on corrugated surfaces appeared to be desirable.

I have to thank John Simon (Toledo) for a critical reading of the first ver-
sion of the manuscript. Helpful discussions with Vittorio Celli (Charlottesville)
and A.M. Marvin (Trieste) are acknowledged. Additional information from nu-
merous colleagues has been used to answer open questions.

Hamburg, December 1986 Heinz Raether
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1. Introduction

Many of the fundamental electronic properties of the solid state can be suc-
cessfully described by the analogy of single electrons moving in the periodic
array of atoms. Another quite different approach to derive the properties of
the solid state starts with the plasma concept: the free electrons of a metal
are treated as an electron liquid of high density of about 1023 cmn ™3, ignoring
the lattice in a first approximation. From this approach, it follows that lon-
gitudinal density fluctuations, plasma oscillations, will propagate through the
volume of the metal. The quanta of these “volume plasmons” have an energy
hwp = hv/4nne?/mg, where n is the electron density, of the order of 10eV.
They are produced by electrons which are shot into the metal. This exciting
phenomenon has been studied in detail theoretically and experimentally with
electron-loss spectroscopy.

An important extension of the plasmon physics has been accomplished by
the concept of “surface plasmons”. Maxwell’s theory shows that electromag-
netic surface waves can propagate along a metallic surface or on metallic films
with a broad spectrum of eigen frequencies from w = 0 up to w = wp/ V2 de-
pending on the wave vector k. Their dispersion relation w(k) lies right of the
light line which means that the surface plasmons have a longer wave vector
than light waves of the same energy hw, propagating along the surface, see
Fig. 1.1. Therefore they are called “nonradiative” surface plasmons, which de-
scribe fluctuations of the surface electron density. Their electromagnetic fields
decay exponentially into the space perpendicular to the surface and have their
maximum in the surface, as is characteristic for surface waves.

These surface plasmons have also been studied with electron-loss spec-
troscopy and with light extensively. The excitation with light needs special
light-plasmon couplers (grating coupler, prism coupler), since the dispersion
relation lies right of the light line.

This concept of charge fluctuations on the two-dimensional boundary of
the solid leads to the question: is it possible to realize a real two-dimensional
(2D) free-electron gas? In this case 2D plasmons are expected. It is apparent
that these 2D plasmons propagate inside a large frequency band as a function of
their wave vector k and obey the dispersion relation w = vak, a = 2rnge? /m*,
where ng is the electron density in the 2D device. This concept has been realized
by electrons sprayed on a liquid helium surface. At electron densities of about
108 cm™2, 2D plasmons of an energy of hw~10"3meV have been observed;



1 Eﬂ Fig.1.1. Scheme of the dispersion of plasmons
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this 2D gas behaves like a classical gas. Another device to realize a 2D gas has
been found in a Schottky inversion layer on the surface of a semiconductor,
e.g., a Si-Si0y-metal structure. Electron densities of around 10'2 cm™2 can be
produced in Si at the Si-SiOg boundary, applying an electric field between
the metal and the doped Si. In this inversion layer, 2D plasma waves propagate
parallel to the boundary. Similar to the case of surface plasmons, the dispersion
relation lies right from the light line in Fig. 1.1 so that they can be excited with
light only with a grating coupler. Thus, 2D plasmons of an energy hw of ~1—
10meV with k-vectors of ~1 — 10 X 10~3 A~! have been observed. The low
energy of these plasmons allows interaction with other modes of the lattice and
thus gives interesting information. Since important technical applications are
involved with these devices, this field is developing rapidly.

A further exciting phenomenon has been found: if the electron gas on the
helium surface is sufficiently cooled down, the coulomb interaction of the elec-
trons increases compared to their kinetic energy and the electron gas changes
into an ordered state (electron lattice).

A further reduction of the dimensionality leads to the 1D electron gas
which oscillates along a “quantum wire”. The dispersion relation of these
1D plasmons is schematically shown in Fig.1.1. The detection of these one-
dimensional density oscillations is a genuine problem.

This short overview demonstrates the variety of applications of the plas-
mon concept.

In this article we concentrate on surface plasmons (SPs) which propagate
on corrugated surfaces. This restriction, surprising at first, is because a strong
electromagnetic field is built up in the surface by the excitation of the SP
modes. The corrugation, roughness, or grating structure, acts then as a coupler
between this strong SP field and photons, so that the SP field becomes radiative



and a strong light emission results. These processes are significant for numerous
interesting experiments as the enhanced light emission from rough or sinusoidal
surfaces, or the photoemission enhanced by SPs, the strong Raman scattering
(SERS) or the generation of second harmonics in the strong SP field.

The reverse process is also important: if light hits a corrugated surface,
SPs are excited via the roughness so that strong electromagnetic fields arise in
the surface.

The physics of SPs on corrugated surfaces is described in Chaps. 2-6.
Chapter 2 reviews the properties of SPs on smooth boundaries as far as is nec-
essary for the succeeding chapters. In Chap. 3 the results displayed are those
obtained at small roughness, r.m.s heigth of 5-10 A: the resonant light emission
due to the coupling of SPs with free electromagnetic waves via the corrugation
and the field enhancement in the boundary. The theoretical interpretation is
given which allows the derivation of the roughness parameters from the angular
distribution of the emitted light. Besides, the radiation scattered into the air
space, light “backscattered” into the dielectric part of the ATR (attenuated
total reflection) device is demonstrated. In Chap. 4 one finds the results which
are obtained at larger roughness: the change of the dispersion relation due to
the stronger scattering of the SPs. The theoretical situation is considered. If a
roughness structure is used which is built up by islands and by tips, “localized”
plasmons can be excited which produce high electric fields. The field which can
be determined by measuring the intensity of the second harmonic in the re-
flected light is of interest also for the discussion of the origin of the Surface

Enhanced Raman Scattering (SERS).

Chapter 5 describes the experimental and theoretical facts of light scat-
tering at rough surfaces with the classical light scattering device (no ATR ar-
rangement ). At rougher surfaces SPs are excited which change the distribution
of the scattered light. In Chap. 6, interesting results are collected which display
the effect of a grating on the properties of SPs. Two experimental methods, the
ATR device and the grating coupler, are applied. The resonant emission of light
is described. It can be theoretically treated with the first-order approximation
for smaller values of the amplitudes of the grating. At larger amplitudes, similar
to the findings at rougher surfaces, the dispersion relation is changed. Together
with a discussion of the enhancement on gratings, the generation of the sec-
ond harmonic due to the nonlinear susceptibility is demonstrated. Finally the
coupling of two plasmons or of wave-guide modes with another plasmon via
roughness is demonstrated which leads to a splitting of the dispersion relation.

In the literature the expression “surface plasma polariton” is often used
which is identical to the term surface plasmon.

In [Ref. 1.1, Chap. 9], the author has tried to give a review on “Roughness
and Surface Plasmons”. The following overview is more complete and contains
numerous new results, so that a more consistent picture of the present knowl-
edge results. It is hoped that this new attempt is a useful guide for this field.



2. Surface Plasmons on Smooth Surfaces

In this chapter the fundamental properties of SPs are reviewed and thus give
the background for Chaps. 3—7.

2.1 Fundamental Properties: Dispersion Relation,
Extension and Propagation Length
for the Electromagnetic Fields of the Surface Plasmons

Dispersion Relation

The electron charges on a metal boundary can perform coherent fluctuations
which are called surface plasma oscillations, Ritchie [2.1]. Their existence has
been demonstrated in electron energy-loss experiments by Powell and Swan
[2.2]. The frequency w of these longitudinal oscillations is tied to its wave vec-
tor k, by a dispersion relation w(kg). These charge fluctuations, which can be
localized in the z direction within the Thomas-Fermi screening length of about
1A, are accompanied by a mixed transversal and longitudinal electromagnetic
field which disappears at |z]—o00, Fig.2.1, and has its maximum in the sur-
face z = 0, typical for surface waves. This explains their sensitivity to surface
properties. The field is described by

E = Efexp| +i(ksath.z — wt)] (2.1)
with + for 220, — for 2<0, and with imaginary k., which causes the exponen-

tial decay of the field E,. The wave vector k; lies parallel to the z direction;
ky = 2m/\p, where Ap is the wavelength of the plasma oscillation. Maxwell’s

z
E dielectric kz Fy~ oIkl
2NN NN )
€ N \,/\__/ S~ ky s ’Ez
e Hy plasma

Fig.2.1. The charges and the electromagnetic field of SPs propagating on a surface in the
z direction are shown schematically. The exponential dependence of the field E, is seen on
the right. H, shows the magnetic field in the y direction of this p-polarized wave



equations yield the retarded dispersion relation for the plane surface of a semi-
infinite metal with the dielectric function (g1 = 6’1 +i6’1’), adjacent to a medium
€9 as air or vacuum:

D¢ = Ea1 + k2 =0 together with (2.2)
€1 €9
w 2
& (?) =ki+k% or (2.3)

The wave vector k; is continuous through the interface (for the derivation see
Appendix ). The dispersion relation (2.2) can be written as

1/2
km:f( £1°2 ) . (2.4)

c\&1+¢€2

If we assume besides a real w and eq that ¢{ <|¢|, we obtain a complex k, =
K, + 1kl with

! 1/2
K = f(_fﬂ) (2.5)

e\ €] +e2

3/2
kfl — L_i( 61182 > / elll . (26)
Toc\el+ea) 2e})?

For real k! one needs £} <0 and |¢}|>e9, which can be fulfilled in a metal and
also in a doped semiconductor near the eigen frequency; ki determines the
internal absorption, see below. In the following we write k. in general instead
of k.

The dispersion relation, see Fig.2.2, approaches the light line |/g5w/c at
small kg, but remains larger than /Esw/c, so that the SPs cannot transform
into light: it is a “nonradiative” SP, see below. At large k; or

el— —e9 (2.7)

the value of w approaches

wspz( “p )1/2 (2.8)

1+¢e9
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Fig. 2.2. The dispersion relation of nonradiative SPs (—), right of the light line w = cks;
the retardation region extends from k., = 0 up to about kp = 27/X; (Ap plasma wavelength).
The dashed line, right of w = ck,, represents SPs on a metal surface coated with a dielectric
film (e9). Left of the light line, w(ks) of the radiative SPs starts 13,} wp (—). (The dotted
line tepresents the dispersion of light in a metal: w/k. = /|l % or in the case of free
electrons w? = wg +¢?k2.) The slight modulation in the dashed dispersion curve comes from
an eigen frequency in a monomolecular dye film deposited on a Langmuir-Blodgett film (e3).

The latter depresses wp/v/2 to wp /+/1+ &2

for a free electron gas where wp is the plasma frequency \/4rne?/m, with n
the bulk electron density. With increasing g, the value of wgp is reduced.

At large ke the group velocity goes to zero as well as the phase velocity,
so that the SP resembles a localized fluctuation of the electron plasma.

Spatial Extension of the SP Fields

Wave vectors k,9 and k,; are imaginary due to the relations w/e<ky and 6’1<0,
see (2.3), so that, as mentioned above, the field amplitude of the SPs decreases
exponentially as exp (—|k.i]|z|), normal to the surface. The value of the (skin)
depth at which the field falls to 1/e, becomes

5 = 2.9
e (29
A ! 1/2
inthemediumwitheg : 29 = — (Sl—tﬂ>
27 €
A ! 1/2
inthemetalwithey : 21 = -2;(-8-1—183> . (2.10)
&1

For A = 6000 A one obtaines for silver Z9 = 3000 A and 3, = 240 A, and for
gold 2800 A and 310 A, respectively.

At large kg, 2; is given by about 1/ks leading to a strong concentration of
the field near the surface in both media.



At low kg or large |¢] | values, the field in air has a strong (transverse) com-
ponent E, compared to the (longitudinal) component E,, namely E,/E, =
—i|e) |1/ % and extends far into the air space; it resembles thus a guided photon
fleld (Zenneck-Sommerfeld wave). In the metal, E, is small against E, since
E.]E; = i|5'1|_1/2. These relations are derived from divE = 0, valid outside
the surface air/metal. At large k; both components E, and F, become equal:
E, = +iE,; (air: +¢, metal: —i).

Propagation Length of the SPs

The intensity of SPs propagating along a smooth surface decreases as e~ 2Fs®
with kg from (2.6). The length L; after which the intensity decreases to 1/e is
then given by

Ly = (2&)~1 . (2.11)

In the visible region, L; reaches the value of L; = 22 u in silver at A = 5145 A
and L; = 500« (0.05cm) at A = 10600 A. The absorbed energy heats the film,
and can be measured with a photoacoustic cell, see Sect. 2.3.

Instead of regarding the spatial decay of the SPs along the coordinate
z, the temporal decay time T; can be of interest. The values of L; and T;
are correlated by L; = Tyvg with vg the group velocity. Assuming a complex
w=w"—iw" and real kl,, with T; = 27 /w", we obtain from (2.4)

" '
Ty €1 &1°€2
W' = ke

2(51) 61 -+ g2

(2.12)

More detailed information on SPs can be found in [2.3-5].

2.2 Excitation of Surface Plasmons
by Electrons and by Light

Excitation by Electrons

Electrons penetrating a solid transfer momentum hq and energy AFEy to the
electrons of the solid. The projection of ¢ upon the surface of the film &, deter-
mines the wave vector and, together with the dispersion relation, the energy loss
of the scattered electron AE = hw, see Fig. 2.3. Since the electrons are scattered
at different angles 6, they transfer different momenta hk, = hkl)sin 6 = hkq 6
with ke = 27 /M. If one observes the energy loss AE = hw at an increasing
angle 6 (or smaller \.]) the dispersion relation of the SPs can be measured up to
large k; beyond the Brillouin zone. The physics of SPs has thus been studied
intensively with electrons, especially with fast electrons, and the fundamen-



Fig.2.3. Excitation of SPs by electrons in
transmission of thin films. k,j, k!, wave vector
of the incoming resp. scattered electron; g wave

kel vector transferred to the film; its projection
K on the surface k; and the dispersion relation
T : x film | determine the energy Aw of the SPs. The choice
(a) _/N AE of §(k.;) fixes k; and thus w. From [2.3b]
a : =9,
Kel ‘ 0 B
i e, b .
| / o
E
i i :
Vo
/L
(b} Wg - “?“"
ke

tal properties of SPs have been found in good agreement with the theoretical
concept [2.3b].

Fast electrons are a good tool with which to study the dispersion relation
at larger kg (ke>wp/c), e.g., measurements up to k;~0.3 A~! have been per-
formed in order to study the slow increase of the dispersion relation of SPs
in Al [2.3,6]. However, it is not convenient to reach the region of small k,
with electrons, fast or slow, since the aperture of the electron beam cannot
be sufficiently reduced due to intensity reasoms: A value of the aperture of
5 X 107° rad with g = 0.05 A (50KeV) gives an experimental k; width (Aky)

of 3 x 1073 A7 which is comparable with the extension of the whole retarded
region of the dispersion relation. This demonstrates that fast and slow electrons
are not suitable, as yet, for studying the SP properties at very low k, values.
The reverse is valid for light: a laser beam with a divergence of 1073 rad at
6000 A gives a Ak, of about 1078 =1 and allows thus to probe the SP disper-
sion relation down to very low k; values. It has not yet been possible to reach
the region of larger k, with photons.

Excitation by Light

The application of photons to excite SPs meets the difficulty that the disper-
sion relation lies right from the light line (k;>w/c). At a given photon energy
hw the wave vector hiw/c has to be increased by a Ak, value in order to “trans-
form” the photons into SPs. There are two methods:

a) Grating Coupler. If light (k = w/c) hits a grating with a grating con-
stant @, at an angle 6y its component in the surface can have wave vectors



(w/c)sin gLvg with v an integer and ¢ = 27/a. The dispersion relation (2.4)
can then be fulfilled by the sum

€

w . w
ky = Zsm Goivgzz o =kep ,
or more generally
w .,
ky = — sin Go+Aky = kgp (2.13)

where Akg, in Fig.2.4 the vector 1-2, stems from any perturbation in the
smooth surface; Ak, = 0 gives no solution of the dispersion relation (2.4).

Fig. 2.4. The grating coupler. SP: dispersion
relation of SPs, I : light line. The incoming
light, wave vector k,, point (1) is transformed
into a SP, point (2), by taking up Akgz. The
interaction 1—3 via roughness leads to light
scattered inside the light cone. The process
4—5 describes the decay of a SP into light
via Akg; it is the reverse of 1—2. Upper

art: the full circle represents the values of
f = (k2+k2)!/2 and the light circle (dashed
c1rcle) at w = const. in the two-dimensional
k space

ky Kl ky

The resonance can be observed as a minimum of the reflected light, see
Fig.6.8.

The reverse takes place too: SPs propagating along a grating or a rough
surface can reduce their wave vector ky by Ak so that the SP is transformed
into light, see Fig.2.4, arrow 4—5, and Fig. 2.5. This light emission, a conse-
quence of the photon-SP coupling via roughness, plays an important role.

Correlated experiments have been reported by Teng and Stern [2.7]. This
radiation can be used as detector for SPs: If the SP is excited to its maximum
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Fig. 2.5. Transformation of the SPs of wave vector k. into photons by losing Ak, to the rough
surface and by taking up k. from the surface, so that the relation (w/c)? = (kg — Aky)? 4 k2

1s fulfilled; in the case of a grating: Aky =g

Fig.2.6. Reflection of light at a metal surface [e1(w)]. The medium above the metal is a
dielectric medium (gp) as glass or quartz; below the metal is air or a vacuum (e3). From

[2.32a,b]

value, the emitted intensity passes a maximum too, see Fig. 3.1 (scattering de-
vice) [2.8,9].

b) ATR Coupler. If light is reflected at a metal surface covered with a dielec-
tric medium (eg>1) e.g., with a quartz half cylinder, its momentum becomes

(hw/c)\/2g instead of hw/c and its projection on the surface, see Fig. 2.6,
ky = \/_50% sin 8 . (2.14)

The dispersion relation (2.4) for SPs propagating on the interface e9/¢1 (air/
metal) can thus be satisfied between the lines ¢, beyond which limit total re-

flection at an interface 0/1 takes place, and ¢/,/eq, see Fig. 2.7. The excitation

w A QQO

1:" Y . Fig.-2.7. The ATR method: Dispersion

/ relation DR of SPs for a quartz/metal/air
j system €3 = 1, ¢ : light line in vacuum,
; e ¢/+/e5 : light line in the medium ey. Since
/ i the light line ¢/\/€g lies to the right of the
; L DR up to a certain kg, light can excite SPs
Py of frequencies w below the crossing point P on
Ny the metal/air side. The SPs on the interface
Iy ’ 0/1 metal/quartz cannot be excited, since
ity their DR lies to the right of ¢/,/27 because

gg>1

-
ky = 2Es sing,

10



is recognized as a minimum in the (totally) reflected intensity (ATR minimum
[2.10]).

Another way to understand the formation of SPs in this device: Since
the excitation of SPs occurs in the region of total reflection at the interface
quartz/metal, an evanescent light wave with a phase velocity v = w/k, =
¢/(\/Eg sin By) with \/Zgsin 9>1 propagates in the interface with v<c. The
resonance condition for SPs

w/kg :c”a-:l = ¢/ (/€0 sin ) (2.15)

can thus be fulfilled, particularly because the character of both waves is the
same.

Two devices are possible: in Fig. 2.8 (a) the metal surface is separated by
an air or dielectric slit at a distance of about A from the medium e¢ (glass or
quartz). The evanescent field couples with the SP on the 1/2 interface [2.10}; in
(b) the metal film (1) with a thickness of several 102 A contacts the medium
gg. The electromagnetic field decreases exponentially in the film and excites the
SPs on the 1/2 interface [2.8,11]. The experiments described in this book are
made with the device (b) (Kretschmann-Raether configuration). The objections
to this device are due to an error [2.12]. The Otto configuration (a) is well
adapted to surfaces which would not be damaged or touched by the prism.
This is important e.g., for studying surface phonon polaritons on single crystal
surfaces.

The quantitative description of the minimum of the reflected intensity R
can be given by Fresnel’s equations for the three-layer system 0/1/2: 0 dielectric
medium, e.g., quartz or glass; 1 metal film of thickness d; 2 dielectric, e.g., air,
vacuum, etc. The reflectivity R for p-polarized light, with Ey the incoming and
E; the reflected field, is given by

€o o
{a) £, R air () [ & » | metal
[ €2 ~__] metal €; air

Fig. 2.8a,b. Configuration of the ATR method. (a): The dielectric (air) lies between the
prism and the metal surface, Otto configuration. (b): The metal contacts the prism and
couples the SPs with the evanescent field of the totally reflected light wave, Kretschmann-

Raether configuration. From [2.3a]
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Under the special conditions |¢][>1 and |ef|<]e}| this dependence can be
approximated in the region of the resonance by the Lorentzian type relation
[2.11], which reveals its physical meaning:

R=|rb,° = with (2.16)

R=1- mrgad (2.18)
[kic - ('Iﬂg + Ak-’”)] + (Fl + Frad)2

with k, given by (2.14) and £ by (2.15). The resonance wave vector (k3 + Aks)
is different from (2.4), which is valid only for a semi-infinite metal; here we have
a finite metal film of thickness di between two dielectrica. The term Ak, can
be approximated for exp (2tk.d1)<1 by

w 2 il V72 0 p (1,0
Aky = g T\ -1 exp (—2|kz|d1)|ro; (kz) or (2.19)

Ak, = const. 5, (k2) (2.20)

Its real part causes a displacement of the resonance position compared to kg
(2.5),

Re {Aks} = const. Re {r} (kD)} . (2.21)
Its imaginary part gives an additional damping term

Im{Akgy} = I}aq = const. Im {Tgl(kg)} (2.22)
to the internal damping

I =TIm {3} . - (2.23)

rb, is given by (2.17). For details see Appendix III. Equation (2.18) demon-
strates that R passes a minimum which 1s zero for

I} =1Itaq - (2'24)

This matching condition fixes, as (2.22) and (2.23) show, the thickness dyj, of
the metal film at a given A. For example at A = 5000 A asilver film gives R =0
at dyiy = 550 A. The value of dp;, depends on the dielectric function . Since
it is not known exactly, dp;n varies at least by 10 %.
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Fig.2.9. Reflection at silver films of different thickness measured with an ATR device. A =
5461 A. Inset: the dielectric function (e, &) derived from these curves. Observed data. [2.11]

Figure 2.9 demonstrates the effect of a variation of d; at constant \ on
the position of the ATR minimum, its shape and its height [2.11]. In this case
I ad changes, whereas I} remains constant.

The energy conservation requires: R + A + T = 1, the sum of the relative
reflection, absorption and transmission. Since 7' = 0 and, at dpp;,, R = 0, A
becomes 1, i.e., the whole energy is absorbed in the metal film.

A comment on the reflectivity given by (2.18) shall be added, since the
physics giving rise to the reflectivity minimum are in general not discussed.

The light wave, having passed the hemicylinder (gg), is partially reflected
at the interface 0/1. Partially it traverses the silver film (of thickness d1) as a
exponentially decaying wave. At the interface 1/2 it induces excitations which
radiate light back into the silver film. If the thickness d; increases, the back-
scattered fleld disappears due to I},q—0, so that R approaches the value unity
(more exactly a value just below unity, see Appendix II).

For decreasing thickness d; the back-scattered field increases. Since it is
in antiphase with the incoming wave, see (2.18), the two interfere destructively
thus reducing R. At di = dpjn they even compensate each other and R becomes
Z€ro.

The antiphase radiation field, captured in the metal film, is converted into
heat. In the resonance case R = 0 the total damping amounts to 2I3. This
value determines the half-width of the reflection minimum. A further decrease
of dy leads to increasing I7,q and has the effect that R assumes again a value
close to unity.

More details and derivation of (2.18-24) are given in Appendix II

The same matching phenomenon as above is observed in the reflection of
light at gratings and rough surfaces, see Chaps. 3 and 6.
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2.3 Internal and Radiation Damping

The two damping processes on a smooth surface can be measured separately.

Internal Damping

The internal absorption is given by kj (2.6). The electromagnetic field of the
SPs excites electron-hole pairs at the Fermi level; the following de-excitation
produces phonons and thus heating. The energy can be lost also by the emission
of photoelectrons, if hw> work function; this is not the case with silver, except
that a very thin film of cesium (a few A) decreases the work function of silver
from 4.5eV to <2eV, so that a strong photoemission is observed in case of SP
resonance [2.13]. The heat can be measured with a photoacoustic cell: chopping
the incoming light, the periodic heating of the silver film can be registered by
the periodic pressure variations in a microphone [2.14a]. Such a photoacoustic
signal is seen in Fig.2.10 [2.14b]. It can be compared to the reflection signal
R above it. It has been shown that the energy lacking in the reflected light
1s measured with the photoacoustic cell as heat energy in the silver film; the
power lost by light decaying from SPs can be detected, it is however below the
limit of measurements at rather smooth surfaces, e.g., at §~5 A.

35 40 45 — Ba/deg S0
el R

0.5
O T T T T
39 42 45 —— @j/deg 48
35 40 45 — 8p/deg 5
Ipa i T " T
rv
40

0 ‘
| AA Fig.2.10. The ATR minimum at

Bl a silver film (500 A thick) above,
207 is compared to the signal in a
photoacoustic cell which indicates
the absorbed power (Joule heat)
in the silver film, below. The non-
reflected power is found as heat in
the metal film. From [2.14b]

0 e e L T T
T

39 42 45 — B/deg 48
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Radiation Damping

If SPs propagate in the smooth interface 2/1, air/metal, see Fig.2.6, and a
dielectric material £9>1 contacts the thin metal film from the other side as in
an ATR device, the SPs, an evanescent wave, with the imaginary k,; (2.3)

o\ 2 1/2
ko= ’:61 <z) - k%] with ¢1<0

transform in the medium €0 into a plane wave due to the real k.2, since
ke <\/Eow/c. This leads to the radiation damping, characteristic for an asym-
metric two-interface system.

This back-coupled radiation loss can be observed, if, e.g., as in Fig. 2.11,
SPs are produced by electrons in the interface 2/1. These SPs radiate into the
€o space. Figure 2.11 shows, besides the negligible four lobes of the transition
radiation, produced at the interface 2/1 which are of no interest here, strong
needle-like light beams [2.15]. This radiation produces a light circle around the
normal of the surface and has been observed on Al films [2.16].

In the ATR device this back-coupled light interferes with the incoming
light at the boundary quartz/metal destructively, so that in case of R — 0 no
photons leave the quartz cylinder and the incoming light power is transformed
into heat (4 = 1).

If however the metal surface metal/air is rough, this light can be observed:
If the SPs are scattered out of the plane of incidence, they are decoupled with

8=0° e
leV sterad]™
2x10" 2

I 9)

6=-90° 0=90°

kY
A\

-0,=135.16° 5 X 0,,:135.16°

/ 0=2180° \

Fig.2.11. Calculated radiation damping of SPs propagating on a smooth surface (2/1) of
a thin silver film (1) (600 A thick). Electrons of 25 KeV excite the SPs. These SPs, which
emit light into the dielectric (€0) produce two intense needle-like plasma radiation peaks
(A = 5000 A) of an angular width of 0.4° and an intensity of about 100 times stronger than
the four lobes of the transition radiation. The two needles result from electrons scattered into
the two angles 46, see Fig.2.3. Since the electrons are scattered into a bundle of directions,
an intense light circle around the film normal js produced. From [2.15a]
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respect to the phase and emit light under the reflection angle 8y into a circle
around the normal of the surface, see Fig. 3.10. This light can be used to derive
the roughness parameters of the surface, see Chap. 3.

Damping by Single Particle Excitation

Since the wave vector &, perpendicular to the surface, is not fixed so that a
continuum of &, is disposable for interaction processes, a strong coupling of SPs
with the electron-hole pairs should be possible, since momentum conservation
can be fulfilled. However, as yet there is no indication of this damping pro-
cess. For example, the position and the half width of the surface loss of indium
measured with electron-loss spectroscopy has been compared with the values
calculated from optical constants obtained by ellipsometric measurements un-
der clean vacuum conditions; they showed good agreement at least within some
percentage points [2.17]. Since the optical constants are derived from bulk prop-
erties and therefore are not influenced by the damping just mentioned, one can
assume that this type of damping is not important, at least in In. It is still an
open question as to why this coupling is weak.

2.4 Field Enhancement Due to Surface Plasmons

If the reflectivity R has its lowest value, the intensity of the electromagnetic field
reaches its maximum in the surface, see Fig. 2.12. The value of the enhancement
is given by the ratio of the field intensitiy on the metal surface at the air side
(e2 = 1), given by |H,(2/1)]? (Hy the magnetic field of the SPs) divided by
the incoming field intensity |Hy0(0/1)|2 in the medium €, e.g., quartz (¢g), for
p-polarized light [2.18]:

12,/ _ 2 _ _thithperp ik dy) -
2 = tho12l = . , (2.25)
IHyO(O/l)l 1+ T01712€XP (ZZkzldl)

where Itgmlz represents Fresnel’s transmission coefficient for a two-boundary
system; tf & are the corresponding coefficients for an one-boundary system. The
following correlation is applicable:

th=1+rD , (2.26)

for 7, see (2.17).

Eqﬁation (2.25) can be developed similarly for |r€1212, see (2.18), and thus

demonstrates its resonance character, see Fig. 2.13. With d as parameter, [, IQ
as a function of the angle of incidence has a strong maximum at d = d,p;;, which
comes out as
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Fig. 2.12. Density, of the relative electromag-
netic energy |Hy|” as a function of the dis-
tance from the medium (gg), glass or quartz,
in z direction. Thickness of the silver film:
600 A. Parameter: g angle of incidence. 8o =
45.2° equals the resonance angle for A =
6000 A and shows the maximum enhance-
ment. The spatial shape of the field intensity
in resonance and out of it is demonstrated.
It shows the exponential decay of the surface
waves at both interfaces. From [2.3a,18]

1 T
100 300 , 500 R

11,12
80+
601
404
20
we® L50° o 45A° T 458°
‘o

Fig.2.13. The enhancement factor |t1”|2 of silver A = 6000 A for different thickness d. The
maximum is reached at I} = I',q4 (internal damping = radiation damping). I,4 varies with
exp (—2dk%). From [2.18]

tP 2 — .

‘ 012|max £0 5/1/ 1+ Ia_ll using (2_27)
4a2

|t€1I2 2 and a® = |el|(e0 —1) —€o . (2.28)

max ~ 0,2—{-6(1)
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In general one is interested in the maximum enhancement of the electric-field
intensity which is obtained from

H,(2/1)? E 2
(BEY  _a(EEY _ap
|Hyo(0/D*/ max €0 \|Eg(0/1)]? /max €0
12 12
Ti(fllax = !Ell 2 (2.30)

ez ef 14|}

with a? = |} |(gg — 1) — &g [2.19).

Ifeg = 1 (air) and eg = 2.2 (quartz) one calculates for silver at A = 4500 A-
Tel, = 100; at A = 6000 A: T ~200, and at A = 7000 A - Te, &~ 250; the
dielectric function e(w) is taken from [2.20]. At A = 6000 A a TSy of about 30
is obtained for gold, whereas values for Al of about 40 and Cu of about 7 are
obtained. Since the experimental values of the dielectric function €1(w), espe-
cially €, are very sensitive to the experimental conditions (see the appendix
in [2.21]), the values of T}, are approximate data. The ¢ value of Al has been
taken from [2.22].

It depends on the problem as to which of these terms is needed. For exam-
ple, |th, |2 appears in (3.1) for the light emission emitted from SPs propagating
on rough surfaces, whereas Ty is of interest for the second harmonic generation,
see Sect. 2.8.

If one refers the intensity {£(2/1)|? not to the incoming intensity in quartz,
but to that in air, before the light enters the quartz, we get T, = [thyo |2 which
is smaller than that of (2.30).

The enhancement, at least its maximum amount, can be derived in an
obvious manner by applying energy conservation [2.23]. The Poynting vector
P(z) of the SPs, integrated over z from —oo up to 400, contains the field
intensity |Esp(0F)|? of the SPs just at the metal surface. We wish to calculate
| Esp(0)F]? at the surface air/metal in air. At resonance or R = 0 the power of
the SPs is lost exclusively by internal absorption in the metal or

dP(z)
 dx

= 2kl P(z) (2.31)

with k), according to (2.6). This loss is compensated for by the power of the
incoming light | Ep}? which radiates on the unit surface area. Both have to be
equal in the steady state. Thus one obtaines the quotient lEsp(0+)|2/]E012 as a
function of the experimental parameters as the angle of incidence, the dielectric

function, ete. This is helpful especially in the case of the grating coupler, see
Chap. 6.
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2.5 Determination of £(w) In Situ
Using the ATR Minimum

For a series of evaluations the knowledge of e(w) is needed. Since these data
show fluctuations due to unknown preparation conditions, see e.g., the compar-
ison of e(w) of silver and gold in the appendix of [2.21], it is therefore important
that the reflection minimum allows determination of e(w) of the film surface in
situ very accurately. By fitting Fresnel’s equation (2.18) with the observed ATR
curve, €7, e, and d of the metal film can be obtained very accurately without
using values given in the literature [2.11]. This method has been applied to de-
termine £(w) of Ag [2.11], Li, Na [2.24], Cu [2.25], Au [2.25,26], Al [2.22], LiF
[2.26]. A discussion of the method is also given in [2.27]. The measurements
on lithium and sodium have been made in a special UHV device at pressures
of 2 X 10~ 9 Torr [2.24]. An experimental arrangement for high vacuum work is
described in [3.6].

In the appendix values of g(w) of silver, gold and aluminum are collected
and compared with each other.

2.6 Coating of the Metal Surface with a Dielectric Film;
Thickness Dispersion of Surface Plasmons

Coating, Without a Particular Eigen Frequency

In many experiments the metal surface is covered with a thin, dielectric film
which reduces the frequency of the SPs by the polarization of the dielectricum
produced by the oscillating charges as given in (2.8), for very large k; and very
thick films.

In general we have to deal with finite ky values and thin dielectric films.
Therefore we discuss here the behavior of the SP frequency as a function of kg,
starting with the bare metal surface and depositing thicker dielectric films.

Such investigations which demonstrate the “thickness dispersion” have al-
ready been performed with the methods of electron-loss spectroscopy [2.36]. In
the light-line region of the dispersion relation of SPs, however, optical methods
can additionally give interesting details.

We regard the SPs on a metallic substrate (e1 = gl + iell) covered with
a thin film of thickness dy and characterized by the dielectric function €2 =
ey + is’z', o that we have a two-boundary system, see Fig.2.14. The metal
substrate £1 is represented by a (thick) film of thickness dy which is assumed
to be constant in the following discussion.

Where the dielectric function €9 of the coating film is a real quantity
(¢4 = 0), one observes with the ATR device for w = const. a shift of the posi-
tion 8y of the ATR minimum to larger fp values with increasing thickness ds
[2.28,29]. This behavior is demonstrated in Fig.2.15 with the system LiF/Ag.
Here a LiF film of different thickness is vaporized on a silver substrate. The

depth of the ATR minimum remains unchanged, whereas the half width 9(1/ 2
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Fig.2.14. Layered system for the observation of SPs
with the reflection method. &g quartz, e, metal film
€ ,d2 of thickness dy, =2 coating film of thickness ds, e3

dielectric, air or vacuum etc
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Fig.2.15. Observed displacement of the ATR minimum of silver with increasing thickness
of a LiF coating, e/ = 0, A = 6471 4; ; (Ag) = —18.4 4 i0.55; d; (Ag) = 496 A, gy = 2.61.

Points are calculated values. From [2.29]

increases at thicker LiF films. The latter statement is surprising since the damp-
ing term in this film has been neglected (¢ = 0). A detailed discussion shows
that with increasing thickness da of the LiF film the power flow in the different
layers changes: it increases in the absorbing metal film if &}, >¢3, see Fig.2.15
(the reverse holds for e, <e3), so that internal damping becomes stronger. At
the same time the field of the SPs in the £1 /&5 interface increases with da — and
thus radiation damping of the SPs — in such a way that the matching condi-
tion: internal damping equals radiation damping remains fulfilled, independent
on do. Therefore the depth of the ATR minimum does not change. Numerical

calculations have proved these considerations [2.29].
The dependence of k; on ds (LiF) at constant w or the thickness dispersion,

is displayed in Fig.2.16 for a dielectric film (LiF) of negligible ¢4 : it changes

1/2 1/2
Y (L L L A
e el +1 S e + ¢ ’

from
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Fig.2.16. Observed dependence of the wave vector k. of the resonance minimum as func-
tion of d» (LiF) at w = const. (——): calculated with e (LiF)= 1.75; (—): calculated as-
suming a special layered structure of the LiF film. The ordinate displays the quotient of
k2(2/1)/kz(1/0). Above a value of d about 5000 A the field configuration is that of an infi-
nite thick film. From [2.29]

here e3 = 1. If the condition do>\ is fulfilled, one expects that the medium 5
can be regarded as infinitely thick. This is the case for dy ~ 5000 A in Fig. 2.16.

For a small thickness of the coating dy, the displacement against the posi-
tion for dg = 0 can be written for k;2d2<<1 [2.11]

weg =1/ |eq] el +ea 1 2mdy
c e \legl—-1) |efl+1 A

Akz(dy) = ;
|51l

This linear behavior is displayed in Fig.2.16 up to ~ds = 50A. For larger
thicknesses the less simple relations have to be used [2.29].

If the coating film has a finite value of &4, the behavior is different in
so far as the depth of the ATR minimum changes drastically with increasing
dy as demonstrated in Fig.2.17 for a silver surface coated with thin films of
carbon. In this case the internal absorption increases with the thickness dy of
the absorbing material.

The behavior of dielectric coatings on gratings shall be discussed here,
since the results are almost identical as long as the modulation of the grating is
not too strong. Coating of the silver grating with LiF leads to figures that are
very similar to those ones mentioned before [2.28a]. Experiments on gratings
of Aluminum covered with AlsO3 or with MgFs demonstrated a similar dis-
placement of k; towards larger values [2.28b].

Planar Guided Waves. Coating with Eigen Modes
Increasing the thickness dy beyond the values of dy displayed in Fig.2.16 we
observe a series of ATR minima with the device of Fig. 2.14, or maxima, if we
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Fig.2.17. Observed changes of the ATR minima of silver covered with carbon films of dil-
ferent thickness ds. d1 (Ag) = 490 &, &3 (carbon) = 6.0 +i3.3; the other data are the same as
in Fig.2.15. From [2.29]

observe the light due to the coupling of SPs with the roughness of the surface
(scattering device), see Fig.2.18 [2.31]. These resonances belong to the p- and
s-polarized planar guided waves in LiF. The thickness do has to be at least

>A/(24/¢4) to excite the lowest mode of the spectrum. In Fig. 2.19 the relation
2 g

between dy and k, at constant frequency is displayed. The mode mp = 0 1s
identical with the surface plasmon. If we scan, at constant ds and constant w,
over the angle 69 or k; we obtain Fig.2.18. We recognize also the thickness
dispersion of SP in Fig. 2.16.

mg=3 mg=2 mg=l ms=0

Fig.2.18. Modes of planar guided
waves, excited in a 20pm LiF film
deposited on a silver film of 500A
thickness in an ATR device with
A = 53500A. They were detected
by the light emitted via roughness
(scattering device). The mode m, =
0 is identical with the SP which is
damped stronger than the other guided
modes which do not have their field
maxima in the metal surface. The LiF
film, prepared by vaporization, has a
slightly anisotropic index of refraction,
therefore the sequence of s and p modes
U k changes and is different from that given
in Fig.2.19. From [2.31]

Mp=4 mp=3 || mp=2 mp=1 mp=0

45° 50° 55° 300
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Fig.2.19. Thickness dispersion: the relation between the thickness (d2) of the wave-guiding
film (e2) and the angle of incidence (sin 9) in an asymmetric layer system: e Je2/e3, €1 metal
film, e3#e1, for a given frequency w. Between the light lines ¢/ /=3 and ¢/+/27 in a wlks)
diagram or in the present d vs. sin # diagram at ks /(w/c) = /23 and /&3 the light modes

exist, except the mp = 0 or the SP mode which starts at [e1e3/(e1 + €3)]*/? for dp = 0 and
converges to [e1e2/(e1 + €2)]'/?, for da—00. From [2.3a)

Excitons in a Dye

Another interesting example relates to the excitonic excitation of a dye. A silver
film can be coated with monolayers of cadmium arachidate (C 20) using the
Langmuir-Blodgett method; each layer has a thickness of 27 A and displaces
the ATR minimum by Ay which amounts for small Afy at A\ = 60004 to
about 1/2 degree as Fig.2.20 [2.32] shows. On this C 20 layer a monolayer of
dye molecules has been deposited forming a “Scheibe” or “j-aggregate”. This
dye layer can have a relatively sharp absorption band in the visible range, e.g.,
Ao = 5750 & for the dye “S 120”, see [2.33]. Measuring the dispersion relation
of the system: silver (dy = 500 A)/a layer C 20/a dye monolayer, the curves
displayed in Fig.2.21 are obtained. On the left the dispersion relation of the
bare silver surface is illustrated and on the right that of the layer system. The
figure demonstrates the interaction of the SP with the excitonic excitation in
the coating film by the deformation of the dispersion relation. The same phe-
nomenon has also been observed with other dyes on C 20 layers [2.34, 34a).

A similar situation occurs if a silver surface is covered with a LiF film on
which small isolated silver clusters are deposited [2.35]. The LiF film serves as
a spacer. The clusters have an eigen frequency (“localized plasmon”) of /4000 A
in this case; a displacement of the ATR minimum has been observed, see also
[2.36], but not a kink since the dispersion of this system has been measured
below the eigen frequency at 5145 A, so that no bending back of the ATR
minimum is observed as in Fig. 2.21.

If a metallic coating is used instead of a dielectric, e.g., Mg/Al the exis-
tence of a SP with frequency ws is possible in the interface. In the simple case

23



AB,IDEG)

o

g ) WAVELENGTH X (A]
Fig.2.20 — Fig. 2.21
¢ X Ag AgIC2010ye
7 o}
— 6 b4
-5
X
-4
.S
3
¥
-2
X
— m 0,IDEG]
X, 6 8 10 12 W% B [~ 4550 © 4625
I R NN AU NN R A I | | | |

Fig.2.20. ( X ) Observed shift on the resonance minima, Afy, with increasing number m
of cadmium arachidate monolayers; (o) calculated values. [¢(C20) = 2.28]. From [2.32]

Fig.2.21. The position of theATR minima as a function of §y and of A of the layer system
(silver/C20/dye). Left: bare silver surface. The kink in the right curve demonstrates the
interaction of the SP with the dye. (o) measured data; (—): calculated data. From [2.33]

of a free-electron gas as in Al and Mg with the plasma frequencies wp1 and wpg
the condition £1 = —e9, see (2.7), yields with
2
we.
g =1— L% (2.32)

w?
for the frequency ws

Wi = (whi +wly) (2.33)
valid in the nonretarded region. This result has been verified in experiments
with electron-loss spectroscopy [2.37]. The behavior in the retarded region has
been discussed in [2.38a]. A detailed study of the gold-silver system, i.e., a
metal covered with another metal, has been reported in [2.38b,c].

2.7 Surface Plasmons on Thin Films;
Thickness Dependence of the Damping

Up to now we have treated the physics of SPs which propagate on smooth
surfaces of semi-infinite metals. Surface plasmons exist on thin films, too. Their
properties depend on the film thickness and the dielectric medium on both sides

of the film.
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As we have seen, the metal film between asymmetric dielectrica, e.g.,
quartz/metal film/air allows the excitation of SPs by irradiation with Light,
see Fig. 2.6. The symmetric environment on both sides of the metal film, see
Fig.2.22, also has interesting properties, especially if the thickness of the metal
film becomes small, more exactly k,1d<1. The symmetry causes the SP fre-
quency to be the same on both sides of the film, so that in the case of a thin film
the electromagnetic fields of both surfaces interact and the frequency splits into
w¥, a high-frequency mode w™ (electric field asymmetric to the plane z = 0)
and a low-frequency mode w™ (electric field symmetric to the plane z = 0)
[2.1]. For further details see [2.3b]. The values of w™ and w™ depend therefore
on k; as well as on d, the thickness of the metal film, as Fig. 2.23 displays.

The dispersion relation for the symmetric environment is the following

[2.3b]:

1
wt o LV = g1k, + £k 1tanh o ha1d =10 (2.34)
- 1
w™ LT =¢e1kyo +egk,qctgh ?kzld =0. (2.35)
2
£2

| 2
d & :
————————————————— - Fig.2.22. A symmetric layer system

eo/e1/ea. €1 : dielectric function of the

l metal film. z = 0 is the plane of symme-
try
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Fig. 2.23. Dispersion relations of nonradiative surface plasmons of films of different thickness
d (at constant kp ). kpd = 0.63 means, e.g., at a plasma wavelength of A, = 6000 A:d =6304;
kp = 2r/Ap. kpd = 20 represents a very thick film, so that the SPs of both sides are
almost decoupled and the curve is identical with the dispersion relation of a single boundary
metal/dielectric. The metal is assumed as free electron gas. From [2.3b]
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This is valid for p-polarized light; s modes do not exist. For large kp (ky1 =
k.o =1kz) (2.34) becomes

€2 +€1 q:e—]gxd (2.36)

€9 — &1

which yields for a free-electron gas [2.1] and g9 =1 :
4+ Wp —kydy1/2
= 1te . 2.37
o = 1okt (237)

If the metal foil is covered with a dielectric material 9 we obtain

4+ wp 1+ exp (—kgzd)
T Tt e Trrexp (hed)
g9 —1
=TT (2.38)

These equations demonstrate the splitting in the nonretarded region and
in addition the relation w®>w™ for finite d. For k,d>1 we obtain (2.8) which
we have discussed earlier.

This theoretical prediction has been confirmed by electron-loss spectroscopy
with freely supported Al foils of ~~200 A thickness [2.39,40]. Figure 2.24 shows
besides the 15V loss, the excitation of the volume plasmon hwy, the SPs split
into 4.9 and 9.4eV. This is the surface excitation of a Al film. (It is covered
with a very thin oxyd film which reduces the 10eV excitation of a clean Al
surface to about 7eV) [2.41].

The dispersion relation displayed in Fig. 2.25 has been studied from large
ky values down to k, values of = 1072 A1, In the case of fast electrons kg
is given by ke = 27/Ao, Aeg = 0.05A at 50KeV, and the scattering angle 8

Al
J

Fig.2.24. FElectron-loss spectrum in transmission of a thin
(200 A) Al film (oxydized): the 4.9 eV and 9.4 eV loss display

L9 94 15.0 the split 7eV SP and the 15eV shows the volume plasmon
loss. Observed at # = 0 with an angular aperture of
1.6 X 10~* rad. From [2.3b]

AE [eV]
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Fig. 2.25. Dispersion relation w(kz) of a thin Al foil (oxydized), obtained with electron-loss
spectroscopy at the 6.7 eV loss. The spectrometer has an angular resolution of approximately
Ak, = 10~* A~1. From [2.42]

(see Fig. 2.3): kz = kalf. If @ amounts to about 107 % rad, kg is given as about
10—2 A—1. Applying special electron optics, the aperture of the electron beam
has been reduced by an order of magnitude, so that the dispersion relation could
be observed down to kg ~ 103 A1, which is comparable with that reached
with optical means, see Fig. 2.25 [2.42].

It is obvious that this splitting has also been studied with optical means,
since the observations in the region of the light line are less difficult than those
with electron-loss spectroscopy and give more details in the low k, region. Such
experiments have been reported by Kovacs and Scott [2.43a] who observed the
splitting in a MgFa/Ag/MgFs device and they noticed that the damping of the
wt mode slightly decreased with smaller thickness d of the metal film [2.43b].
Fukui and Normandin [2.44] found in a study of the symmetric system, that the
damping of the high-frequency mode wt decreases with decreasing thickness d
and the reverse of the w™ mode. This result has been confirmed by Sarid [2.45].
The physical reason is the decrease of the field in the film which is pushed out
of it with decreasing d, so that the Joule heat per ¢m® diminishes.

Numerical values of the damping as a function of the film thickness d are
obtained by evaluating (2.34). For a quick calculation (2.34) can be simplified
for small d by putting tghz =~z with & = (1/2:)k;1d which implies (1/3)z2<1.
With A = 63254, |¢}| = 18,and kg = 1.5 X 10~3 A~ this is valid for d<800 A.

For real w the imaginary part k; comes out as

! " 2
wfwy _ 5|51|+52 & ‘*_’d)
km/<c> - €9 2‘€l1| 2‘6’1‘2 c (239)

which shows that k! decreases below d = 800 A with d2.

Tn Fig.2.26 [2.46] the lower full line shows the computer-calculated de-
crease of Im{8} = ki /(w/c) with decreasing film thickness d. Crosses display
measured values; both values observed and calculated agree within a factor
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Fig.2.26. The real part kj/(w/c) (= Re{8}) and the imaginary part &/ /(w/c) (= Im{8})
as function of the thickness d. From [2.45]

2. Values calculated with (2.39), display good agreement with the computer-
calculated data, see Table 2.1.

Table 2.1. Damping of the wt mode as function of film thickness d

KA

Computer  Equation (2.39)
d calculated
[A] data
500 1.4 X 1073 1.45 X 10~32
400 0.9 0.93
300 0.5 0.52
200 0.2 0.23

Figure 2.26 demonstrates some further results: the k) of the w™ mode,
low-frequency mode, upper full line, increases with decreasing thickness due to
the fact that the electromagnetic energy density increases with decreasing d.

Another feature is shown: the real parts of k; (lower dotted line for wt
and upper dotted line for w™) change with the film thickness d in an opposite
manner; this however is easily understood from Fig. 2.27.

Another experiment by Quail et al [2.47] demonstrates how the half widths
of the ATR minima decrease if the silver film thickness is reduced from 505 A
to 170 A: it decreases from 0.5° to about 0.05°, see Fig.2.28. The calculated
data (full line) indicate a smaller width perhaps because diffraction effects are
neglected [2.47]. The device used in this experiment is shown in Fig. 2.29.

Since the propagation length L; is proportional to (2k%)™!, see (2.12), L;
increases by about a factor of 10 compared to L; (d = cc) in the above cases.
A corresponding increase of the enhancement of the field intensity is expected
in these thin films.
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Fig.2.27. Schematic representation of the dispersion relation for w¥ and w™ near the light
line (1I). The numbers beside the curves indicate the thickness of the metal film: d = oo (---)
is identical with kp,d = 20 of Fig.2.23. (1) is valid for a thin film and (2) for a still thinner
film: At a given frequency the resonance angle displaces to smaller values of k; if the film
becomes thinner as shown in Fig. 2.26. d—0 leads to w—c/\/Ezks (light line)

Fig.2.28a,b. ATR minima from a thin silver film in a symmetric environment as a function
of the interior angle of incidence A = 10600 A. (a) displays the splitting of the silver SPs
into the wt (left minimum) and w™ mode. d(Ag) = 505 A. (b) If the film thickness of Ag
is reduced to 170 A, the resonance angle displaces to a smaller angle and the half width
decreases essentially. This displacement can be understood with the help of Fig.2.27. The
coupling distances d(b) amount to 5000 A in (a) and to 12000 A in (b). From [2.47]

Fig.2.29. ATR device for exciting the symmetric SP mode
wt of a very thin metal film (c). The layers (b) (oil n =
1.4564) and (d) (glass n = 1.4569) represent the symmetric
environment of the metal film (c) so that a splitting of the
SP mode occurs. The optimal thickness of the layer (b) can
be realized by changing the mechanical pressure between
the prism (a) and the glass (d). From [2.47]
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2.8 Second Harmonic Generation (SHG)

An interesting way of demonstrating the field enhancement at the SP reso-
nance in an ATR device has been displayed by the generation of SH [2.48]: A
strong electric field of frequency w produces in a nonlinear medium a polariza-
tion P(2w) = X(Z)EQ, with X(2§ the quadratic susceptibility. This polarization
causes a light emission of frequency 2w, e.g., light reflected at a smooth silver
surface gives a signal of 2w light which is easy to detect. The scheme of the
device is shown in Fig. 2.30: Two SPs of frequency w interact in the high field
region in the silver/air surface, so that because of the conservation of momenta,
and energy, we have

ZB%[go(w)]l/Z sin 61 = ﬁsz[sg(Zw)}lm sin 6y . (2.40)

Fig.2.30. The generation of a sec-
ond harmonic in the ATR device and
its detection by reflection

The angle of emission of the 2w beam becomes
sin fg = [e(w)/ep(2%0)]Y? sin 6; < sin 61 (2.41)

with g the dielectric function of e.g., glass or quartz. If th(w) reaches the
resonance value or the enhanced field its maximum, the 2w intensity, emitted
at 6y, goes to a maximum. The SH beam is reflected at an angle 65, 1.5°
smaller than 61 (A = 7000 A, crown glass) as a result of the dispersion of the
glass (Fig. 2.31).

If the surface metal /air is rough, the SH can also be observed by roughness
scattering.

These experiments were recently reexamined under improved experimental
conditions at A = 1.06 x. The structure of the SHG background reflectivity as
a function of the angle of incidence and the observed strong increase of the
SHG peak by about a factor of 100, if the fundamental SP frequency is excited,
have been found to be within 20 % in agreement with theoretical considerations
[2.49].

The generation of SH has been also applied to demenstrate the strong
enhancement in thin films, as discussed in Sect. 2.7.
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T T Fig.2.31. Reflected second-harmonic
10 1 intensity at a silver film of 560A
thickness, deposited on a glass prism as
= a function of the angle of incidence, see
& Air @ inset. The smooth curve is calculated.
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For this purpose the ATR device, Fig. 2.29, is used. The medium (d) in
Fig. 2.29 is replaced by a nonlinear material, e.g., a quartz crystal of special
orientation, so that the dielectrica on both sides are symmetric concerning
the refractive index. The metal film has a thickness d of 135 A. If the funda-
mental SP is excited, a strong intensity of 2w is emitted from the interface
metal/quartz, Fig.2.32 [2.50]. The 2w intensity of the large peak, the LRSP
mode (long range surface plasmon) is more than 103 times stronger than that
of a single boundary SP displayed by the dashed curve.

In the cases just mentioned the resonant excitation of SPs has been pro-
duced in the ATR device. Since SPs can also be excited via corrugation of
the surface e.g., at rough as well as at sinusoidal profiles, and a strong field
enhancement is produced, we expect the SH generation also under these con-
ditions, see Chaps. 3, 5.

Application of the Nonlinear Third-Order Susceptibility

The third-order nonlinear susceptibility X(3) (w1, we, w3) has also been applied
in SP physics: If one regards those nonlinear processes which reproduce the
incoming frequency w or PB) = X(3)E3, the dielectric function can be written
as

eo(E) = eo( E~0) + P (w)E? | (2.42)

where E? is given by the incoming light intensity. This means that the dielectric
behavior of this material depends on the intensity of the electromagnetic field
acting in it. If such dielectrica as Si or GaAs are adjacent to the silver surface
on which the SPs propagate, the dispersion relation is changed. Assuming

eo(E)<e] and ¥ (w)E?<eo(E ~ 0) one obtains
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Fig.2.32. Reflected second-harmonic intensity from the ATR device Fig.2.29 as a function
of the angle of incidence in the prism. The thin metal film (c) of 135 A lies between an oil
film (b) and a quartz crystal (d). By mechanical pressure between (a) and (d) which changes
the thickness of the oil film (), the optimal coupling of the fundamental SP (A = 1.06 u)
into the system can be reached; it is d(b) = 30000 A. The high field at the metal/quartz
interface and the nonlinearity of the quartz produce the 2w radiation peak (full circles). For
comparison the dashed line displays the SH intensity at a single boundary. From [2.50]

_w( Eeg(E) /2
ka(E) = Z(e’ll—l—so(E))

Il

ky(E ~ 0){1 + X(3)(w)6027rE2 } (2.43)

(E=~0)

and as consequence the resonance is displaced; the sign of it and its value allow
measurement of the quantity X(3)(w) [2.51].

The SP field E consists essentially of the inhomogeneous field E(z), the
transverse component, which extends into the nonlinear medium. This E(z)
field can be substituted by the field at the metal surface which is given by the
incoming light intensity [2.51].

In the experiments grating couplers were used. The gratings were brought
up on single crystals of Si and GaAs and covered with a thick silver film. p-
polarized light (A & 1 ) was incident on the air/semiconductor interface. Scan-
ning the angle of incidence reflection minima were observed when the (—1)
diffraction order was resonantly excited. Figure 2.33 displays the result on a
Si/Ag surface at low laser intensities, 10 # Joule/pulse, whereas higher inten-
sities, 70 ¢ Joule/pulse, displace the minimum to larger angles; the reverse
happens at GaAs/Ag interfaces. At Si the X(3)(w) is negative, as Fig.2.33
demonstrates and the value of the displacement yields a change of the refrac-
tive index of 4 X 10™° per MW /cm? of laser intensity at the interface under
the given experimental conditions [2.51].
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2.9 Influence of Corrugation

General Relations

Discussing the grating coupler together with Fig. 2.4 we have seen that the sur-
face wave vector ks of SP or of photons can combine linearly with the vectors
Ak, which compose the Fourier spectrum of the perturbation of the surface.
In the simplest case of a sinusoidal grating these values of Ak, are +27/a, a
being the grating constant, whereas in the case of a statistical rough surface a
continuum of Ak, values is disposable. Since in this case the roughness profile
cannot be described by an analytical function, a correlation function is intro-
duced: The roughness profile may be given by z = S(z,y), see Fig. 2.34, which
is measured against the plane z = 0, defined by

1
z= F/s(m,y)d:cdy—s—o . (2.44)

Fig.2.34. Scheme of a rough surface. The integral (1/L) fOL S(z)dz = § = 0 defines the
level z = 0. The corrugation is drawn much stronger than that considered in this book. For
example, the first-order approximation requirs é /o~1% or the deviations of S(z,y) from the
line z = 0 have to be reduced by a factor of about 100
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It follows that the expression for the correlation function is given by
1 ro / ! Iy,
Glz,y) = F /S(x 9 )S8(x" — 2,y — y)da'dy (2.45)
F

which measures the correlation of S(z’,y') and S(z’ — z,y' — y) in a distance

z,y.
From (2.45) it follows that

G(0,0) = S2% | (2.46)

where (52)1/2 is called the root mean square height 4. It characterizes the
roughness.

A further important relation is the Fourier transform of the correlation
function. It appears as a result, e.g., in light scattering theory, see (3.1), and
can be measured. From (2.45) it follows for the transform that:

(%) !dx dy G(z,y)exp [ — i( Akgz + Akgy)] = |s(AR)[* . (2.47)

The term |S(Ak)|2 is often called “spectral density function” since it gives the
spectrum of Ak values which may be transferred from the rough surface to SPs
or photons.

In some papers the Fourier transform is defined as in (2.47), but with-
out the factor (1/27)2. Then instead of |s(Ak)|? one writes (21)2]s(AK)|? =
82|g(AR)|? = §2xo2exp [— (1/4)02(Ak)?].

In order to evaluate this relation an assumption for the correlation function
1s necessary. For simplicity a Gaussian function is often used, since it allows
convenient calculations

2 2
G(z,y) = §2exp (_m +2y ) (2.48)

o

with ¢ being the correlation length. This shows how quickly the correlation
disappears with larger distances; 0 —0 means the S values are not correlated,
a completely random distribution exists.

The Fourier transform of (2.48) comes out as

2 2
s(AR))? = ﬁa%zexp (—%—) . (2.49)

It shows that the plot of observed |s(Ak)|? values in logarithmic presenta-
tion gives a linear relation between In|s|? and Ak? which allow us to obtain
the roughness parameters § and o from In |.s:(0)[2 and the slope of this linear
dependence.

The experiments showed that the Gaussian function is in some cases a
satisfying approximation. In other cases, e.g., for polished surfaces, the expo-
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nential correlation function describes the experiments somewhat better, see
Chap. 5.

The term Ak, one Fourier component of the roughness spectrum, means
the roughness vector transferred from the rough surface to the SPs or photons.
For example, in the ATR device the incoming light has a component parallel
to the surface kz = /Eow/csin 6, the scattered light ky = (w/c)sin . With ¢

being the angle between the plane of incidence and observation, we have

Ak = %[(\/gasin 60)2 — 2/Eg sin 6- cos ¢ +sin? 8]/ (2.50)
where Ak has its largest value for ¢ = 0 and §<0 (backward scattering):

Ak = %(\/a_gsin 8o +sin 6) . (2.51)

At @ = 0, observation in the direction of the surface normal, the value of
Ak becomes

Ak = \/EEi sin 8y . (2.52)
¢
Since the roughness is regarded as isotropic, we write in the following Ak =
Ak,
If |s(AK)|? is known from the experiments, 52 can also be derived from

(2.47)

2= Zw_/dAkAkls(Ak)lz : (2.53)

without specifying |s(AK)|2.
In the case of a grating described by

2
S(z) = hsin —z (2.54)
a
the Fourier transform becomes

2
(k) = (5 ) 1602 +9)+ 52 =0l (255)

where & means the delta function. It shows that, in this approximation, only
two light emission directions k,+g exist, the two diffraction orders 1, which
are produced by a sinusoidal grating.
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Propagation Length of the SPs on Rough Surfaces
We have seen that the energy of the SPs dissipates on smooth surfaces by
internal absorption. The term L; measures this propagation length, see (2.11).
If the surface is rough, two additional processes have to be regarded which
can influence the propagation length: the transition of the SPs via roughness
into photons emitted into the air space and further the scattering of the SPs
into SPs of different direction but without change of the absolute value of the
wave vector. Both processes have been discussed, see Figs. 2.5, 3.9.
The relations of the mean free path length L,,4 for radiation loss and Lgc
for scattering in the presence of roughness have been calculated [2.52]. The
scattering process at the corrugations in the surface comes out as

2 |yl 1
Lee = 3 (w/c)b o262 - (2.56)
The radiation loss is given by
3 |5’1|1/2 1
== — . 2.
rad = 7 (w]e)® 262 (2.57)

The intensity of the SP decreases to 1/e after having traveled these lengths.
These relations are valid for le11>1 ie., in the region of the light line for
kpol.
Comparing both processes one sees that

Lrad/LSC = %(\/ |5’1D_1 . (2'58)

With longer wavelengths the value of I,q becomes shorter, i.e., the radiation
loss is more effective than the scattering. This is due to the similarity of SPs
and photons near the light line.

For |e}|—1, in the flat part of the dispersion relation, the reverse holds:
the value of Lgc increases more than L,,qg.

For experiments with the ATR device one can roughly say that due to the
condition I} = I,q the damping is doubled or the value of L; is halved, so
that L;/L,,q becomes smaller and the roughness influence is reduced.

The application of the above relations is strongly limited by the condition
kzo<1. In the infrared A = 10y the condition is fulfilled. Most experiments
however are made between A = 1y and 0.5¢. Although at A = 5000 A (e =
—10.5) and ¢ = 500 A: kyo = 0.6 is not small against 1, the numerical values
may be given for § = 154: L; = 22p4, Lypg = 1400u, and Lge = 4000p. It
shows — if one accepts the calculation — that the internal absorption is the
most effective one.

The roughness has been chosen in this example to be § = 15 A. This value
is near the limit of the linear approximation. In theoretica} papers, a value of
6~100 A is often used for numerical caleulations without regarding this limit.
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Fven at 8 = 50 A multiple scattering is so strong that one has to be careful
with the assumption of excessively large ¢ values.

The question arises whether roughness comes into play if the damping (in-
ternal absorption) of the wt mode is strong in very thin films, see Sect.2.7. It
may be that the reduction of the damping is limited by roughness, but this is
difficult to say in a general form. Using the above figures, an increase of the
propagation length L; by a factor of 50—60 would bring L; near L4, so that
the total mean free path length, given by Lt—o:‘t = (L)~ 1+ (Lypq) ™t is reduced.

Localization of SPs

If the surface is rather rough, say with an approximate value of §>50A, the
SPs are strongly scattered and move with increasing disorder and less as an
extended wave. They are strongly scattered so that their propagation along
the surface resembles a diffusion process to be described with a diffusion coef-
feient. This is similar to the case of electrons in a perturbated potential of an
amorphous solid which propagate no longer like a plane wave in a crystal.

Quch a situation is realized if a light beam of frequency w<ws is reflected
at a rough surface and SPs are excited via roughness coupling. The diffusion,
just mentioned, leads to an accumulation of electromagnetic field density which
is higher than that of an extended SP wave on a smooth surface or on a surface
of small roughness.

Theoretical considerations [2.53] which speculate about this enhancement
phenomenon give the following numbers: At § = 2504 and o = 7504 on a
<ilver surface the enhancement increases from the value 4, which is valid for
a smooth surface at small w for a coherent superposition of the incoming and
reflected light, to about 20 at larger frequencies. It increases with roughness
as is expected and depends strongly on o since with larger o the propagation
of the SP resembles more like an extended SP. Using these calculations one
expects no localization on a rough surface with a § of 5~20 A and ¢ = 1000 A.

As is evident, it is favorable for localization that Lec<Lyaq or that scat-
tering is more probable than radiation loss. This, however, is valid only for w
near we and large Ak,. Since most experiments have been made near the light
line these calculations have a limited validity. One needs experiments further
away from the light line. Experimental results of this enhancement on rough
surfaces are not yet available.

2.10 “Localized” Plasmons and Enhancement

Surface plasmons also exist on curved surfaces, e.g., on spheres or cylinders.
We had seen that on a plane surface in the nonretarded case the eigen modes
are given by the equation 1 = —¢g (€1 metal, gg dielectric).

In case of a sphere the corresponding condition for SPs is given by [2.54]

I+1

e1(w) = —€o [=1,2,3... . (2.59)
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This yields an infinite number of modes. The lowest mode ] — 1 can be calcu-
lated from

e1{w) = —2¢g . (2.60)

These modes are radiative — the curved surface couples the modes with photons
—so that they are damped in addition to the internal damping by light emission
[2.53].

This relation can also be obtained from calculating the polarization of a
sphere (radius @) in a uniform exterior field E,

3 e1(w) —eg
= —— " F . .
P(w) 47 61((.0) + 2¢q 0 (2 61)
Equation (2.61) is valid as long as a< A, where X is the wavelength of the
exterior field. The field at the surface outside the sphere (g9 = 1) is

g1 —1 e
Ela)=2 Ey+ Ey = E 2.
(a) €1+ 2 0+ 20 g1+ 2 0 (2.62)
which has a maximum for ¢] = —2 and gives an enhancement of
E(a@)|® |32
T = |—=| = |—+ 2.63

For silver the condition &) = —2 gives A = 3500 A (3.5eV) and ¢/ = 0.28 so
that T ~ 480 results, a value which is somewhat higher than on a plane at the
same wavelength.

This resonance is well known as the collective oscillation of the conduc-
tion electrons. Since it is limited to the sphere, it is often called a “localized”
plasmon, and has been observed on small spheres with light as well as with
electrons (electron-loss spectroscopy). More details and earlier literature can
be found in [2.56].

If the sphere is deformed into a spheroid with a major (@) and a minor ()
axis lengths, the electric field at the tip of the major axis induced by an incom-
ing light wave with Ey parallel to this latter axis 1s, for an isolated spheroid
[2.57,58],

_ (A=A 1)
Bip = 77 (e1-1)A

£1
—1 _F
T+(e—1)4" "

Eo + Ey = (2.64)

with g9 = 1; the light wavelength A\>>a, b; and A is the depolarization factor.
The resonance condition, equivalent to (2.6) is then given by

1+(ef —DA=0. (2.65)
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The maximum enhancement at the tip of the spheroid comes out as

2 LY’ 2.66
res (GI].IA) ( )

With decreasing b/a (more elongated ellipsoids) or decreasing A, the res-
onance displaces to longer wavelengths and the enhancement increases. For
example, Wlth A =0.1 (b/ax21/3) one obtains from (2.65) €] = —9 or fiwres =
2.5eV and 5 = 0.3; this gives Tyax = 10°.

These values are of importance for the experiments of the second harmonic
generation as well as for the surface enhanced Raman scattering, see Sect. 4.5.

Since the oscillating charges radiate, the field enhancement does not reach
the calculated values and in addition the resonances are broadened. This cor-
rection is introduced into (2.64) by replacing the real A by a complex term
[2.59]

Tel — Etip
maXx EO

A2V .
which represents a first correction of the electrostatic solution; V' is the volume
of the spheroid. The local field enhancement factor Etj,/Eq then becomes, with

eg7£1 [2.60]:
Etip
Ey I
61/50

T 14 (€} /e0) — D)]A + i(e} /eo)A + Re /eo + iR(1 — €1 )\/Eo

R = 0 or no radiation damping gives (2.64). Using the resonance condition
(2.65), one obtains

, (2.68)

Ei — 61/60
( E0p>max i(e /e0)A + [¢] R\/Eo + iR(1 — €7)/Eo] (2.69)

The radiation damping can be neglected if €] <¢} and

e /e0A>R(1 —€))\/eg or (2.70)

II

- L _A(e9)*/?>R  hold.
- 1

An Ezample: For a sphere [A = 1/3, V = (47/3)a’] the diameter of the
sphere 2a can be estimated from (2.70), e.g., for silver with A = 3. 500 A and
e =—2+10.3) we get 24600 A for the value, below which radiation damping
can be neglected.

For prolate spheroids these numbers are approximately the same; more
precise numbers depend on the detailed conditions, see, e.g., [2.59].
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3. Surface Plasmons on Surfaces
of Small Roughness

In this chapter, the influence of small roughness (6 = 5-10 A) on SPs measured
with the ATR method, is reported. The remarkable result is the resonant light
emission due to the SP-photon coupling via roughness. The angular distribution
of the emitted light allows determination of the roughness parameters, using
the linear approximation of light scattering theory.

3.1 Resonant Light Emission Observed
with the ATR Device

Looking at the surface of a thin silver film deposited on the base of a prism or
of a half cylinder of glass in the arrangement of Fig.3.1, a strong light emission
1s observed if the dispersion relation is fulfilled and the reflected light shows a
minimum intensity, below left in Fig. 3.1 [2.8].

These experiments demonstrated, that

a)  the excitation of SPs on a thin metal film in direct contact with the glass
prism produces an ATR minimum;

b)  the SPs propagating on a rough surface radiate light into the air space
of a Lorentzian shape by SP-photon coupling; and

¢)  the strong light intensity in the resonance case indicates a strong electro-
magnetic field in the boundary air/metal (field enhancement).

In Fig. 3.2a the enhanced radiation is registered: it displays the intensity max-
ima at different wavelengths reflecting thus the dispersion relation. The num-

bers on the curves mean: nsin y = /&g sin 6y = \eh/Q +¢}) given by the

intersection of the dispersion relation and the straight line in the (w, k) dia-
gram with the slope (¢/n)sin 6y, see Fig.2.7. Changing nsin 6y by choosing
another w at fy = const, the maxima of Fig. 3.2a are observed. In Fig. 3.2b the
corresponding experiments are displayed at w = const and at varying angle of
incidence 6y [2.9].

These experiments demonstrate that the first obvious effect of roughness
on the SPs is the emission of light. The nonradiative SPs become radiative. The
enhancement of this radiation is quantitatively expressed by the factor |#g1a] 2
in (3.1).
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Fig.3.1. If the SP excitation reaches its maximum at the resonance angle 6o, the reflection
intensity goes through a minimum, top right; at the same time the light emission due to the
coupling of the SP with photons via roughness has its maximum, bottom left. Both methods
allow detailed experiments with SPs. # means the fixed direction of observation. From [2.4]
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Fig.3.2. (a) Light emission of a rough surface, 6~5 A, due to the coupling of photons with
SPs, see Fig. 3.1 bottom left. The resonance excitation of the SP produces an enhancement
., | of the electromagnetic field in the film surface which becomes higher with longer wave-
lengths. The emitted intensity is plotted (a) as a function of the wavelength of the incoming
light A at a fixed angle of incidence. The maxima of excitation at different wavelengths A
demonstrate the enhancement of the radiation field and reflect the dispersion relation of the
SP. Note the logartihmic scale! A secondary effect is seen: At A = 3200 A silver has a max-
imum of transparency which appears also in the measurements with s-polarized light (---)
and which comes from light scattered at the interface silver/quartz. From [2.8]. (b) The same
light emission as a function of the angle of incidence fg, for Ag and Au at constant A. The
enhancement of the emitted radiation in resonance is evident. Different sensitivities for both
metals have been used. Both curves demonstrate a Lorentzian profile. From [2.9]
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3.2 Measurement of the Roughness

Theoretical Remarks

The strong intensity of the scattered light in Fig. 3.2 can be used to derive the
roughness parameters of this silver surface. The theoretical relations of this pro-
cess have been developed in 1974 by Kretschmann [3.1] and have been applied
to evaluate the experimental data. The relation of the intensity dI emitted into
the solid angle df2, with Iy, the intensity of the incoming p-polarized light, is
given in a first or linear approximation with §<&A (phase change in z direction
neglected) and <o by

Ldl _ 1w\ WO, o 2
F=1Ta 4(C> Ve osh, fonal [s(Ak ) (3.1)

where 8y is the angle of incidence; |751812|2 Fresnel’s coefficient of the two inter-

face system quartz/metal/air, (2.25); |3(Ak'm)]2 the Fourier transform of the
roughness correlation function, (2.47); and |W(6)|? the dipole function. The
latter two functions both determine the angular distribution of the emitted
radiation. The dipole function |[W|? represents the angular radiation charac-
teristic of the intensity distribution of one single emitter, whereas [s(Ak;)|?
describes its correlation with the surrounding dipoles and thus the coupling of
the photons with the roughness, see Sect. 2.9. The term Ak, has been explained
in (2.50). The emitted intensity is proportional to /g, £¢ is the dielectric func-
tion of the half cylinder, mostly SiOs.

The term “linear” approximation stems from the development of the field
above the rough surface, here the magnetic field Hy, :

(3.2)

Hy,(z) = Hy(0) + S(z) (%)

z2=0

For calculating the intensity of the emitted light the value of _H—yz is needed,

so that due to § = 0, S(z)? = 62 (2.44) comes into effect. Thus the linear
approximation gives a degendence quadratic in é.

The function |W(8)|” can be split up into the three components Wz, Wy,
and W, which can be represented as follows: One of the theoretical approaches
to get (8.1), is to start with the model of polarization currents induced by the
incoming electromagnetic field. This current has three components, z, v, and
z, each acting as a Hertz dipole on a metallic surface. The three components
of the Hertz dipole can now be associated with the three components of W(8).
The relative positions of the plane of observation and the plane of incidence,
measured by the angle ¢, determine which components come into play.

The usual method is to make observations at ¢ = 0, i.e., the two planes
(1,2), see Fig. 3.3, are parallel. The dipole function for ¢ = 0 is given by [3.2,3]:

2

\W(8)|2 = A(G,el)sinzslfl(l + sllsll ) —siné

with (3.3)
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Fig. 3.3. Experimental arrangement for the observation in the plane of incidence (1) and in
a plane of observation (2) inclined by an angle ¢ agains plane (1). 8y : angle of incidence,
6 : angle of observation; p indicates the direction of polarization. If the polarization p lies
perpendicular (parallel) to the plane of observation, it is called s polarization (p polarization).
The two short arrows at the origin denote the ¢ and z component of the radiating dipole.
From [2.4]
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lex |

A(9,€1) = (34)

The angle ¥ means the angle of the plane of polarization and the plane of
observation: for ¥ = 0° both planes are perpendicular (s polarization) and for
¥ = 90° both planes are parallel (p polarization).

Equation (3.3) shows that s-polarized light, i.e., light which vibrates per-
pendicular to the plane of observation or ¥ = 0 does not exist theoretically in
this linear approximation. The emitted light (p light) has its maximum in the
backward direction as Fig. 3.4 demonstrates, a result of the interference of the
light emitted by the tangential (z) and the normal (2) component of the dipole.
This behavior can be seen immediately from (3.3): if the term sin? 8/|e1] is ne-
glected against 1, the relation (1 — sin 6)? yields a larger value for §<0° than
for 0>0° (the forward direction).

The theoretical result of Fig.3.4 cannot be verified directly in the exper-
iment since the unknown factor |s(Akg)|? has a strong influence and changes
the angular distribution of the emitted light as Fig. 3.5 displays. This gives the
possiblity to determine |s(Akz)|?.
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Fig. 3.4. Calculated dipole function IW(O)I2 for ¢ = 0, A = 5500 A, silver, fmax = —55°,
which does not change significantly with X. The preferred backward scattering is remarkable,
a result of the interference of the light emitted from the z and 2 component of the dipole. The
roughness function |s(Ak)|”, see (3.1), turns the lobe more or less to the right, see Fig. 3.5,
From [2.4]

©=0 "P=9O

Fig.8.5. Intensity distribution from a rough

x10 surface at ¥ = 0. §y and # are the angles of

( W=0 incidence and observation. The incoming light

is p polarized. The angular distribution of the

T 77777747777 777777777777 p light (¢ = 90°) is determined essentially by

: the roughness. A weak s light (¢ = 0), 10 X

Q° enlarged, is observed, forbidden in the linear
approximation. From [3.2]

Additional Remark

It is of interest to look also at the case ¢ = 90°, crossed planes 1, 2 see Fig. 3.3,
since this configuration allows a control of the theoretical concept. The calcu-
lated dependence for ¥ = 0 gives roughly for |¢|>>1

[W|? = A(8,¢) cos® 6 and for ¥ = 90° (3.5)
|W|% 2 A(8,¢)sin? g .

For more accurate expressions see [3.2]. The roughness has practically no in-
fluence since 6k, changes very little between § = +90° and —90°, see (2.50).
Turning the detector around the z axis in the plane of observation (y, z) with
the analyzer perpendicular to the plane of observation (“s-polarized” light) we
look at the z component of the dipole and expect the distribution ¥ = 0 in
Fig.3.6. In the case where ¥ = 90°, the polarizer in the plane of observation,
we expect a double-lobed distribution of the y component of the dipole. Both
distributions of ¥ = 0° and ¥ = 90° are measured and agree with the calcu-
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$=90 Fig.3.6. Intensity distribution from a rough surface at
¢ = 90°, turning the detector around the z axis, see
Fig.3.3, with the analyzer perpendicular (# = 0) and
parallel to the plane of observation (¥ = 90°). # means
the angle of observation. Silver, 700 A thick, X = 5000 A.

Y=0 From [2.4]
9

¥=90
[T

lated data [3.2]. At § = 90° a small rest intensity indicates that deviations of
the linear theory come into effect, see Fig. 3.12.

Experimental Remark

The experimental arrangement to measure the angular intensity distribution is
shown in Fig. 3.7, suitable for reflection and scattering. At the air/metal inter-
face of the metal film, SPs are excited. The film is deposited by evaporation on
fire-polished quartz plate (& 1 mm thick) which is stuck on the base of a prism
or half cylinder (P) using an immersion oil for optical contact. This system is
fixed on a goniometer (G). The light beam (L), laser, or xenon high-pressure
lamp plus monochromator, passes the chopper (C), the prism polarizers (P1,
P2), the diaphragm (BL1), and a cylindrical lens ZL to compensate the re-
fration at the cylindrical surface so that nearly parallel light hits the surface of
the metal film. The detectors are either photomultipliers (PM) or photodiodes

S1

v

Fig.3.7. Scheme of the experimental arrangement to measure the angular distribution of
the light emission in reflection as a function of fy (incoming light) or of the scattered light
as a function of # at a given y. From [2.4]
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(PD). The signals are recorded by the lock in (LI) or amplified in (V) and
plotted in (S). Calibration is made by marks through MG. This arrangement
has been improved [3.4] by replacing the goniometer with two separated rotary
tables of a diameter of ~ 60 cm; the system P is mounted on the interior table,
whereas the detectors are fixed on the exterior, both driven by stepping motors.
The whole unit is enclosed in a box into which the light beam enters through a
small diaphragm, which improves the signal-noise ratio. The manipulations are
performed electrically from the exterior. For the observation in a plane different
from that of the plane of incidence (¢>>0), the two rings can be inclined against
each other. They can also be displaced by ca. 7.5cm to measure the emitted
light along the surface of, e.g., a wave-guide system.

The accuracy of the position 6y amounts to Ay = 0.01° (absolutely); that
of 6§ regarding the accuracy of the determination of the edge of total reflection
(0.02°) gives Af = 0.04°; the divergence of the laser is some 0.01°, and that
of the xenon lamp plus monochromator is 0.05° at a spectral width of a few
angstroms.

With the accuracy given above, it has been noticed that after evaporation
the resonance minimum (or maximum according to the method used) displaces
to smaller angles and its half width gets narrower in the first hour by the order
of approximately 1%. This has been stated for silver measured in air [2.9] as
well as for silver films prepared and measured in a vacuum, some 10~7 Torr
[3.5] and 3—4 X 10~8 Torr [3.6] without being exposed to air. Apparently re-
crystallization comes into play in the first howur.

The measurements were in general performed after enough hours had
elapsed for SP data to remain constant. After one day the samples exposed
to air change due to contamination; these data are not used.

The sensitivity of the method has been considerably improved, so that
relative displacements of 4 X 10~* deg were detected in a vacuum chamber
of 3—4 X 10~8 Torr [3.6]. Processes of absorption have been studied, e.g., the
absorption of Oy of about 2% of a monolayer on clean silver films could be
detected. The height of the scattering maximum allows observation of changes
of the surface roughness. For more details see [3.6].

Most of the experiments on SPs are carried out with silver, which has a
number of advantages: as a noble metal it resists chemical reactions to a high
degree. The optical properties are favorable, since € in the visible region is
small, e.g., compared to gold, so that the damping of the SPs is small, see
(2.6). At A = 6000 A the value of e”/2|e:'|2 for silver is 1 X 1073, however,
for gold 1t 18 1 X 102, Small changes of the position and width of the ATR
minimum can thus be detected. Furthermore the energy of the volume plasmon
(3.78+0.02 or A = 3270 A) and of the surface plasmon (3.6+0.02 or A = 3450 k)
are rather close, due to the band structure of silver, and in a spectral region
accessible to usual lasers. Finally, silver is a metal which has no difficulty in
forming continuous films of a thickness of about 102 A and more by evapora-
tion.
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Determination of the Roughness Parameters

The configuration ¢ = 0 is of special interest because it allows us to measure
the roughness function |3(Akx)|2 using (3.1). The value P(8) = (1/1y)dI/df?
is measured, and the factor Itﬁm]z as well as |[W(8)]? are calculated with the
e1(w) obtained from fitting the ATR minimum of the silver surface in situ, see
Sect. 2.5 so that one obtains |s(Ak$)|2. The plot In |s(Akg)|? as a function of
(Aik:m)2 can be described in the linear region, Ak,>10"3 A1 by a Gaussian
correlation function, see Fig. 3.8:

In [s(Akg)|? = In $6%0% — 22 AKL . (3.6)

2
|5Ak|

0 1 2 3 H 5106 &2
Fig.3.8. Observed roughness function |s(Akm)|2 as a function of (Akg)? for a silver
film, 550 A thickness, at different wavelengths. The arrows indicate # = 0° or Ak; =
VEo(w/c)sin 8, the observation is along the normal of the surface. The solid angle of the light
detector is 62 = 4 X 10~3 sr. The back-scattered light, right side of the curve, is determined
by the roughness of the silver surface. From [3.1]

The slope yields ¢ and the linear extrapolation to Ak, = 0 gives 6. The values
of the roughness parameters obtained with this method are collected in Table
3.1 [3.12]. They are measured in the Ak, region given in the Table 3.1.

The strong forward scattering at Akz 1 X 1073 A1 which shows an in-
tensity varying with the substrate is remarkable. This Ak, region indicates

Table 3.1. Observed roughness parameters of silver filins [3.12]

§[A] o[A] Ak [A71] d(Ag)[A] Reference
7 1180 (0.5 —3) X 1073  400-900 3.1,2

45 850 (1-27) X 1073 500 3.7

5—17 (1-22) xX10~% 350 3.8

5—7 (1 -25) X 1073 400-850 3.9

7 800+150 (1—2.2) X 1073 540 3.4

5 1000 3.11

6 1400 550 3.10
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roughness components of rather long wavelengths A = 27/ Ak, in excess of 1p
[3.1]. This has been interpreted as due to a waviness of the fire-polished quartz
plates which serve as a substrate and which may be caused by the produc-
tion process. It is interesting that such excess scattering at low Ak, values has
also been observed at highly polished surfaces of Zerodur, see Fig. 5.10b. This
waviness at §>0 is characteristic for the substrate, whereas the linear part of
Fig. 3.8 or mainly the backward lobe shown containes the information of the
roughness of the silver film.
This interpretation is supported by two experiments:

a)  If the quartz substrate is replaced by a “supersmooth” quartz plate, the
forward scattering diminishes drastically, see Table 3.2. This improves
the quality of measurements considerably.

b)  If the metal film is roughened by underlying crystalline material such
as CaFg3, MgFs, etc., the forward scattering is reduced in favor of the
backward scattering, compare Fig.4.5 and 3.8. Thus the linear part of
In |s(Akg)|? is extended and the accuracy of the (6, 0) determination is
improved.

Experiments of the same type under comparable conditions have been
performed by Braundmeier and Hall [3.13]. The experimental results are es-
sentially in agreement with the observed phenomena just described: the ap-
pearance of a strong forward lobe and a backward lobe. After what has been
said, the waviness of the quartz substrate has a strong influence on the intensity
of the forward lobe, so that the angular distributions can vary. An evaluation
of the angular intensity distribution to get the roughness parameters has not
been made since the interpretation of the backward lobe failed due to an error
in the computer programm [3.14].

Similar measurements of the roughness of evaporated copper films have
been published [3.15]. The authors could not reliably derive the |s(Akg)|?
function from the data observed at their films. They could, however, calculate
a lower limit of § of Cu films of 5000 A thickness on quartz: §>4.4 A and Cu
on mica: §>5.84. In experiments with aluminum films, ~ 340 A thick, using
the ATR device for the generation of the second harmonic (see Fig. 2.30) the
roughness has been determined from the scattered 2w light. The values obtained
are: § = 25 A and o = 1390 A [3.16].

Table 3.2. Comparison of values of the roughness spectrum |s(Aky) |2 for silver films (d =
500 A) evaporated on “smooth” and “supersmooth” quartz substrates, for Ak, <1 X 10~23 A—1
[3.8]

A=2r/Ak, |s(Aky)|” [A4)

[A] Supersmooth Smooth

10 000 4 X 106 12 X 108
15000 7 X 108 35 X 10°
20 000 1 X 106 73 X 108
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These experiments have been performed in the quartz /metal/air configu-
ration, see Fig. 2.8. Scattering measurements in the quartz/ air/metal configu-
ration which are less convenient to handle, have also given §~5 A at thin silver
films [3.11].

One has to bear in mind that the experiments with scattering of light for
x-rays yield values of the roughness parameters only in a limited Ak region
given by the scanned @ region, which is approximately 2 X 27 /A, in the region
of visible light 1-2.5 X 1073 A~ (see Table 3.1) and for x-rays 1.5 X 10~° up
to some 107* A=, It is an open question whether the whole Ak, region can be
described with one Gaussian function and the same two parameters; to get this
information these measurements have to be made with different wavelengths
on the same sample.

"The profile of a statistically rough surface is, in the case of an evaporated
metal film, given by the arrangement of crystals of different diameter and ex-
terior shape. One can conclude from the results discussed in this chapter, that
such an arrangement can be described in the region of visible light by a Gaus-
sian correlation function.

3.3 Directional Scattering

On a rough surface the SPs are scattered in the surface out of the direction of
ke without changing its value, “directional scattering”, see Fig. 3.9:

AF=T-T, (3.7)

with [k| = |kz|. The plasmons take up different values of |Ak| = 2|kg|sin 4/2
from the roughness spectrum and are deviated by different angles ¢. These
deviated SPs propagate in the metal surface and emit light under the reflection
angle into the backside of the metal, see Fig.3.10, a process which has been
described in [3.10,17]. By the way, this is still a first-order interaction. The
angle ¢ varies between 0° and 180°, so that a light circle is produced which
can be photographed, see Fig. 3.11.

The intensity along this circle is proportional to the roughness function
|s(Ak)|? and thus allows derivation of the roughness parameters § and o [3.10].
The result of this evaluation of silver films, 500 & thick, are given in Table 3.1
with 6~6A and o~14004 in agreement with the results obtained from the
observations on the light scattered into the air side.

The radiation scattered back into the &g side results from the following
processes: The incoming field permeates the silver ilm and excites the resonance
field at the metal-air surface. This field penetrates back through the metal film
and has therefore to be multiplied with ltgml2 so that the light scattered back
comes out as [3.10]:

1 dI

4
w
el =4 =) [¢&, 215, .2 W (6. 0 AR)|? .
To 412 back (C) | 012| |210| ( is S>¢)|S( )| (3 8)
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Fig.3.10» Al

Silver
(3) (2) (1)

Fig.3.9. The SP with the wave vector kO is scattered without changing its absolute value:
“directional” scattering

Fig.3.10. Scheme to illustrate the “directional” scattering phenomenon. From 3.10
g

This equation displays two enhancement factors, one for the incoming, the
second for the scattered light.

It is the same result which has been found in later calculations of SERS
theory; the difference is that there the scattered light has suffered a small
energy loss by the excitation of Raman transitions, Here one regards the elastic
scattering.

The back-scattered field is determined by the reverse Fresnel transmission
factor 210 instead of 012 which contains the same resonance denominator,

Fig.3.11.The light circle emitted
from the SPs back into the quartz.
The SPs are scattered in the rough
surface of the thin silver film. It is
photographed directly exposing the
(photographic) film. From [3.10]
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since r91 = —r12, see (2.17), so that its relative intensity is proportional to
[1 + ro1ri2exp (i2k21d1)]_4. Comparing the relative intensity scattered into
the air space (3.1) and into the glass side, one must notice that the angular
functions W (6, ¢) and |s(AE)|? are not identical. Choosing special experimental
conditions, good agreement of both the intensities, calculated and observed, has
been found [3.10].

In addition this back-reflected light is strong on account of the rather
narrow resonance width, at least in silver, so that the angular width of the
circle is

01/2 = 240 = ZkZ(w/c cos 9)_1 (3.9)

e.g., at A = 5500 A, e = 0.5, ¢} = —12, amounts to 1073 rad.
It is thus possible to photograph the light circle directly on a photographic
film, see Fig.3.11.

3.4 Surface Roughness and “Volume” Roughness

Ideal surface roughness has been assumed, i.e., it is taken for granted that the
radiating dipoles fed by the polarization current are distributed on a surface
(the fictive surface z = 0 in Fig.2.34). It is, however, possible that the “rough-
ness” is due to inhomogeneities in the bulk [3.18,19] which can be described as
spatial fluctuations of the dielectric function &1(w) :

El(xayvz) =&+ A61($7ya Z) (310)

with Z1 the average dielectric function and Ae; the fluctuations about 2;.

A detailed theoretical study [3.19,20,21] has shown that for volume scatter-
ing, the z component of the dipole W : W, has to be replaced by W, = W, /|¢]|
due to the continuity condition at the boundary for the field D, = ey E,. Work-
ing with wavelengths of A = 5000 A, where ¢1(w) = —9.4 4 ¢0.37 in silver,
a strong difference is expected for W) in the case of surface scattering with
|¢}| = 1 and volume scattering with |e}| = 9.4. This difference has a strong in-
fluence on the quotient I(¥ = 90°/I(¥ = 0°) = I,/Is measured in the ¢ = 90°
configuration, see Fig. 3.12. The calculated quotients are

(B
Is surf. 1+ _L'thG

El

L I
(—B> = (-‘—’) ,12 : (3.11)
Is /ol Is surf. |51|

The observed data in Fig. 3.12 demonstrate that the light is produced by surface
roughness. Figure 3.12a further demonstrates that the value I, /I does not go
to zero with §—0°. The reason for this deviation is the multiple scattering
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Fig.8.12.The ratio I(¢ = 90°)/I(¢p = 0°) at ¢ = 90° or I,/I,, is plotted as function of
f, measured against the z direction, for surface (s) and volume (v) scattering at different
wavelengths. The experimental data agree with the surface scattering concept confirming
that (nonradiative) SPs are responsible for a light emission. From [3.2,3]

of SPs; this has been confirmed by the observation that the “rest intensity”
increases with 62 [3.21].

The experimental results demonstrated that the nonradiative SPs interact
with surface roughness.

Volume Roughness and Radiative SPs
The dispersion relation of the radiative SPs lies left of the light line, see Fig. 2.2.
It starts at small &k, with w = wp and increases for %kpd<<1 as

o (B ()] a2

Its damping grows with kg,

1 ANEIA

== (5) () @1
(see [2.3b]). One recognizes these properties in Fig. 2.2.

The damping is due to light emission since the radiative SPs are directly
coupled with photons lying inside the light cone, so that k, of the SPs is
identical with k; of the light.

These radiative SPs are observed in transmission of a thin film of silver
scanning the frequency of a p-polarized light beam, which passes a silver film,
see Fig. 3.13, a pronounced dip in the transmitted light is seen for hw = hw,, =
3.8eV (A = 3250 ) indicating the resonance excitation of radiative SPs [3.22].
The film has to be inclined against the direction of the incoming beam, so
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Fig.3.13. Schematic figure of the
experimental arrangement to observe
plasma resonance absorption and emis-
sion. From [2.3b]

n /d

Iz

that the E, component of the E vector of the light (the z direction is the
direction normal to the film) can excite the radiative SPs. It corresponds to
the high-frequency mode w™ of the nonradiative SPs.

These modes are also observed in reflection: If a p-polarized light beam is
incident on a silver film under the angle 8y, one expects a specular reflected
beam at 8. The experiments, however, show that in addition radiation is de-
tected in a large angular region if the frequency exceeds w = w,. The explana-
tion is given in Fig.2.2: a continuum of roughness vectors distributes the light
emission inside the light cone, due to the nearly horizontal dispersion relation
w = wp for kgy<kp [3.23-25].

The detailed study of this phenomenon had the result that the roughness
1s due to volume or interior roughness mentioned above: The theoretical consid-
erations show that in this case the z component of W(#) has to be replaced by
W(6) = W(0)/|e}], which predominates for |¢]| being very small at w = wy,.
This has the consequence (a) that the scattered intensity I,/ comes out as
a function of 1/|¢) |* which produces a strong intensity maximum at w = wp
in agreement with the observations [3.24,25], see Fig.3.14, and (b) that the
angular distribution of the scattered light is essentially determined by a dipole
in the z direction, the normal of the surface. It follows that I,/ I, the quotient
of the scattered p-polarized intensity and the s-polarized light, as a function fo
the angle of observation 6 has larger values than for surface scattering [3.26].

Fig. 3.14.Light intensity of scattered (ra-
diative) SPs around the plasma frequency
(3250 &) of silver (500 A thick). § = 8 =
30°. (—): calculated volume contribu-
tion; {---): calculated surface contribution;
(xxx): observed data. From [3.26]
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Both dependences, the intensity as a function of A as well as its angular
distribution are in agreement with the concept of volume roughness responsible
for the emitted radiation.

3.5 Roughness Measurement
with the Tunnel Electron Microscope

The small values of the r.m.s. height é on silver films evaporated on glass or
quartz substrates obtained with light scattering methods can be controlled by
direct methods. The application of the tunnel electron microscope which has a
resolution of ~ 1A perpendicular to the surface, and in the surface of about
10 A, confirms the mean roughness of =5 A obtained from light scattering, as
Fig.3.15 displays {2.19].

This method can be extended to surfaces of higher roughness and promises
to become a useful nondestructive procedure to determine surface corrugations.
It further allows comparison of roughness data with those obtained by the light

scattering method.

e —
—_—
2 2 P4
fa) (b) fc)
204 20A 10A
X - x x
40 A 20A 20A

Fig. 3.15a~c. Tunnel microscope picture of a vaporized silver film, 500 A thick. Along the
lines the tunnel current is constant. The scale in the z and z directions is indicated; the
different lines in the y direction are registered within a distance of 510 A. Each reproduced
section correlates to about 250 A. The sections show regions of smoothness of in general 5—
10 A (a) alternating with regions smaller than 5 A (b). Large areas are very smooth (o).
Sometimes irregularities around a dust particle, probably, are observed. From [2.19]
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3.6 Roughness on Planar Wave Guides

As mentioned in Sect. 2.6. the ATR method can be used to excite modes in
a wave guide which is built up as a layer system, e.g., quartz/silver, 350 A
thick/LiF 1.39 p thick/air. When resonance occurs, the excitation can be de-
tected by the light reflection minimum or the light scattering maximum via
roughness, see Fig.3.1. A detailed study showed that the source of light emis-
sion is essentially the interface LiF/air [3.27]. The evaluation of the angular
distribution of the scattered light as it has been described above, yields val-
ues of § = 40-50 A independent on A and ¢ = 500 A. The authors point out
that the field in a wave guide has its maximum not in the surface but more
in the interior; thus it is possible that the first-order approximation is more
suitable for rougher surfaces with light modes than for such with SPs. This
result is supported by the good agreement of observed and calculated positions
and half widths of the modes using this linear approximation. An effect of the
roughness on the dispersion relation is not observed.

As an example the observed reflection curves at a layered system are re-
produced for different modes in Fig.3.16. The narrow minima belong to the s
or TE modes, the electric field being perpendicular to the plane of incidence,
the broader minima belong to the p or TM modes. This difference stems from

10— T T T T T T T T T
0.5~ E
L m_=4 m s=3 mp=3 B
ol—t L PP W EPN W S B
46.2° 46.6° 49.0°492° © 529° 53.3°
10— =T T 4 I T T T
- -
L V ]
05 .
. ms=2 mp=2 m=l m5=0 mp=1 ]
ol L] 1 [ | T I ! |
548° 550° 585° 589 592° 594°  623° 627°
‘c T T T 1 4 1 1 1 ¥ T
o 4 Fig.3.16. Measured reflection curves
05 1 at alayered system: quartz/silver/LiF,
i 1 produced by resonance excitation of
i 71 different planar waveguide modes in
: mp:O ] LiF: TE,—TE3 and TMp—TM4. From
0 ! ! L 1 1 1 ' L ) 1 [3.27]
68° 72° 740 76° 78°
—» 9
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the field distribution: the fields of the p modes dip more into the metal than
the fields of the s modes, so they are absorbed more strongly. A comparison
of observed values of 8y and AG(I)/ 2, position and half width of the resonance
minima, and calculated values gives good agreement, see Table 3.3.

Table 3.3. Comparison between experimental and convoluted data of the resonance minima
for the s modes at the wavelength A = 5309 &; conv. means that the calculated data are
convoluted with the laser beam divergence of 0.03°

fo (deg) 65" (deg)

ms exXp. conv. exp. Cconv.

62.20 62.20 0.05 0.05
59.34 5931 0.05 0.07
54.94 54.86 0.08 0.08
49.11 49.14 0.11 0.11

LN = o

Light scattering experiments on planar glass wave guides of 0.65 i thickness
have been reported in [3.28]. As expected they are somewhat smoother than
the crystalline LiF films at the boundary air/glass.

A similar result comes out for wave guides with sinusoidally corrugated
surfaces [3.29], see also Sect. 6.6.

3.7 Enhancement of Inelastic Light Scattering
(Brillouin Scattering)

Thermally excited surface acoustic waves produce surface ripples on surfaces
of different materials, the transverse component of the Rayleigh modes. These
surface phonons with frequency wg and wave vector gg have been observed
using light inelastically scattered at these moving gratings (Brillouin scattering)
[3.30]. A phonon of this type at a frequency vg = 6 X 10°s~1 has a wave
vector of gg of several 1073 A~1 and a wavelength of some 103 A. Surface
plasmons on an ideally smooth surface do not radiate. However, when Rayleigh
waves are switched on the SPs couple with them so that surface waves of
ke +qr with an energy hw+hwg are produced. Since the wave vectors g are
comparable to those of the SPs (e.g., SPs with A = 5000 A or hw~2.5€V have a
ky =6x 1073 A"l), the SPs are scattered into the light cone, for each phonon
gr into another direction, with an energy change of +hwp (a few 10meV).
In the resonance maximum of the SP excitation, a strong enhancement of the
emitted light is therefore expected. The unavoidable roughness of the surface
yields an elastic component which has been discussed in this chapter.

The experiments were performed with a five-pass interferometer, to sepa-
rate the small frequency difference of several 10 GHz of the elastic and inelastic
component [3.31]. When the ATR minimum showed maximum excitation, the
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inelastic as well as the elastic scattered light exhibited a maximum. The en-
hancement comes out to be about 25. The comparison has been made against
the intensity observed without ATR excitation, see Chap. 5, Fig.5.1. Regard-

ing the angular function of the devices with and without ATR, the value of the
enhancement differs from |t?|2, see also the remark to (5.1).
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4. Surfaces of Enhanced Roughness

In the following the results obtained on rougher surfaces are resumed: Besides
the light emission, a change of the dispersion relation compared to that of a
smooth surface i1s observed. Whereas the light emission comes out in the first-
order approximation, a higher order approximation is necessary to describe
the influence on the dispersion relation, which is a consequence of multiple
scattering. How the enhancement changes at rougher surfaces is not yet known.
The sttuation is clearer at very rough surfaces, here the model of “localized”
plasmons allows a rather good understanding of the observations.

Rougher surfaces can be produced by evaporating crystalline films of CaFs,
MgFg, Chiolit, etc., on the substrate as underlayers before the metal is de-
posited on it. This procedure, used in general as a qualitative roughening pro-
cedure, allows also a reproducible enhancement of the roughness of the metal
films to be obtained. One obtains, for silver films, 500 A thick, evaporated on
CaFg layers, a linear relation of the r.m.s. height § with the thickness d of the
CaFq film. Instead of a CaF9 underlayer, silver-istand films have been used to
roughen the silver film vaporized on them [3.8]. For more details see Sect. 4.2.

4.1 The Change of the Properties of the Surface Plasmons
Due to Roughness

If the ATR minima of silver films are observed for different roughnesses pro-
duced by different thickness d of the CaFy film, the curves of Fig.4.1 are
obtained. It displays: at a given wavelength the resonance angle (ATR min-
imum) displaces to larger wave vectors and the width of the minimum in-
creases strongly [4.1,2]. This effect is already measurable at d(CaF3) of 250 A
or 6§ =10 A (total roughness) as Fig. 4.2 shows. Here the dependence w(ky) is
replaced by the plot: A (wavelength) against 8y(ky = /e(w/c)sin ) with A de-
creasing from below to above. This A(fg) representation allows small changes
of the dispersion relation to be displayed much better. The values between
d(CaFy)=0 and 100 A are within the error of measurements. Figure 4.2 demon-
strates that the phase velocity w/k; of the SPs is reduced with increasing 6.
The data are independent of whether they are derived from reflecting or scat-
tering experiments [4.3]. The evaluation of the experiments yields Fig. 4.3a.b

showing the rapid increase of Afy and A9(1]/ 2 with d; it demonstrates further
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0.8

4400

AA)

5200

6000

- Fig.4.2

Fig.4.1. Relative reflected light intensity R, dependent on the angle of incidence 6 (A=
5000 A) at silver films 540 A thick, roughened by underlayers of CaFs of 0, 500, 1000, and
2000 A thickness. The strong effect of roughness on the displacement of the ATR minimum
and its width is obvious [4.1]. The reflection minimum reaches its lowest value at 1000 A
CaFy; here the matching condition: internal damping equal to radiation damping is satisfied.
The experimental device is shown in Fig. 3.1

Fig.4.2. Displacement of the angular position of the reflection minimum at different wave-
lengths A. The numbers on the curves represent different thicknesses of the underlying CaF,
film: 0: 04; 1: 1004; 2: 250 &; 3: 500 &; 4: 1000 &; 5: 1500 &; 6: 2000 A [4.3]. The curves 5
and 6 show a “backbending” at larger 6y which is produced by the strong damping of the
mode, see [4.5-7]

the influence of the wavelength, especially the stronger effects at shorter wave-
lengths.

Similar results have been observed at gold surfaces; here, larger effects are
observed [4.4].

Table 4.1 shows the observed numerical values of Afy and Aﬂ(l,/ 2 for the
different wavelengths and, in addition, the calculated values using the second-
order approximation, see below. The latter are about a factor 10 smaller than
the observed data.
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Fig.4.3a,b. The angular displacement Afy (a) and the increase of the half width (A91/2)

¢}

(b) of the reflection minimum at silver films (540 A thick) at different wavelengths (1) as
function of the roughness. (1) A = 6200A; (2) X = 5600 4; (3) A = 50004; (2) X\ = 4400 A.
The roughness is given by the thickness of the underlyil}; CaF, films, see Fig.4.2. The
observed values at d>1500A CaF; and larger than A9(1] = 6° and 66y>5° have been

suppressed. From [4.3]

Table 4.1a. Af, values (in degrees) of a Ag film of thickness 540 A at different roughness
and light wavelengths A [3.12]

AA] d(CaF3) [A]

0 250 500 1000 1500

4406 Obs. 0 05 1.8 5 8
Calc. 005 01 0.2

5000 Obs. 0 025 0.8 25 4
Calc.c = 10004 0.065 0.15 0.26

= 500A 017 04 0.7

5600 Obs. 0 05 15 2.5
Calc. 6.07 0.16 0.28

6200 Obs. 0 0.4 1 1.8
Calc. 0.07 0.17 0.3

Table 4.1b. AB;” values (in degrees) of Ag film (540 A thick) at different roughness and
wavelengths

A[A] d(CaFy) [A]
0 250 500 1000 1500
4400 Obs. 0 1 2 8 -
5060 Obs. 0 05 0.9 2.3 4
5600 Obs. 0 — 0.3 1 1.5-2
6200 Obs. 0 — <02 0.6 1
Cale. — - 1.2 X 1072 27X 1072 4.8 X 102
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In Fig.4.4 a comparison is made between the dependence of Afy on a
rough silver surface as a function of § (A = 5600 A) and the same dependence on
a grating with a grating constant a = 4400 A (\ = 5000 A) as a function of the
grating amplitude h. The choice of the grating to be compared with the rough
surface is somewhat arbitrary; we choose a grating of a = 4400 A which shows
a relatively strong dependence of Afy on the value of h, at A = 5000 A. The
comparison demonstrates that a sinusoidal profile has a much weaker influence
on the dispersion relation than a rough surface. This is understandable, but it
is surprising that the difference is so strong.
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Fig.4.4. Comparison of the observed displacement Afy (in degrees) on a sinusoidal grating
(a = 4400 A) and on a rough surface of a silver film, 540 A thick, as a function of the grating
amplitude h (-+) resp. of the roughness height 6(s). The data (e) have to be multiplied by
the factor 10(!). For the calculated (o) and the grating data (+) the given scale is valid

4.2 Determination of the Enhanced Roughness

To get the correlation of the r.m.s. height § with the thickness d(CaF2), the
angular distribution of the scattered light (1/1Io)dI/df2 has been measured at
silver films deposited on CaFy layers of varying thickness. Figure 4.5 shows an
example of this distribution at a silver film deposited on a 1000 A CaF5 under-
layer. Characteristic is the pronounced backward lobe compared to the forward
lobe; the latter is reduced by the 1000 A CaFy underlayer which diminishes the
effect of the waviness of the substrate [3.8]. The wavelength dependence is
relatively small.

If we had at our disposal a light scattering theory of higher order, the
evaluation to get 6 should be possible. The linear approximation (3.1) loses its
validity with larger roughness. Therefore an empirical way has been applied
to get the 6 values. As described in Sect.2.5 the fitting of the ATR minima
with Fresnel’s equation is used to derive the values of ¢(w). As long as the
thickness of the CaF film is small, less than about 200 A, the values of e(w)
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Fig.4.5. Scattered p-polarized intensity per solid angle element d{2 and per incident intensity
Iy versus angle of observation ¢ in polar coordinates for different wavelengths: (——) A =
5500 &; (——=) A = 5000 &; (---) A = 4500 &, d (CaF,) = 1000 A; d(Ag) = 500 A. In contrast
to Fig. 3.5 the light I comes from the right. From [4.3]

obtained with this procedure do not differ from those in the literature. With
larger thickness of the CaFy film the data deviate more and more at constant
frequency w as Fig. 4.6 shows. The values of Im{e} show fluctuations between
d(CaF3)=0 and 500 A which have been smoothened.

These “effective” e(w) are now introduced into (3.1), a procedure which
represents a correction of the linear approximation of (3.1). Thus all terms in
(3.1) are known in order to calculate |s(Ak,)|%. Assuming a Gaussian correla-
tion function the roughness parameters are obtained for Akg of 1-6 X 1073 A1,
With these § values a linear relation of § and d(CaF3) results, see Fig. 4.7 [3.7],
curve (a). Curve (b) of Fig. 4.7 presents interferometric data [4.8] obtained with
the FECO method, see [4.9]. Curve (a) gives the values of § so that d(CaF3)=0
means the “natural” roughness of the silver surface whereas curve (b) means
the increase of § due to an increase of d(CaFg); the starting values of o are
not reported in [4.8]. If we assume §g = 5 A, both plots agree. This relation
is nearly independent of the wavelength as the observations at 4500 A, 50004
and 5500 A show. These values are reproducible within about 25 %.

4.3 Discussion of the Theoretical Situation

Whereas the radiation due to photon-SP coupling results from the first-order
approximation (3.1), the displacement Ay does not come out, it needs a higher
order approximation of the dispersion relation, as has been shown with different
methods by Kréger and Kretschmann [4.10] and Maredudin and Zierou [4.11].
The solution of this dispersion relation is given by kg + Akg with complex Aky
which is proportional to the r.m.s. height 62
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Fig.4.6. The “effective” dielectric function dependent on d (CaF,) at different wavelengths:
(1) A=6471 4, (2) X = 53094, (3) A = 4762 A. From [4.3]

Fig.4.7. Relation between the r.m.s. height 6 and the thickness of the underlayed CaFs
film for silver films of 500 A thickness. (a) results from light emission; (b) increase of the
roughness by underlayers of CaFs (FECO — Figures of Equal Chromatic Order — method).
From [2.19]

A= (%‘))3 /dzk-g(k ~ k%) A(k, k)
27
B = (“’_0>3 /dk-g(k — k%)-B(k°, ) with (4.1)
¢ 0
Aky = %(A+iD) . (4.2)

The real part of Ak, produces the displacement (A#y) whereas the imaginary
part of Akg is responsible for the damping: (Aﬂ(l)/z). The product 62g(k — k)
means |s]?. More details and the relations for A and B can be found in [4.10~

12]. Here wq is taken as constant. In the case where k; is taken as constant,
the frequency changes as

Ay = —vgAky (4.3)

with vg the group velocity of the unperturbed SPs.
The dispersion relation in this approximation which gives the above solu-
tions of Akg, has the form [4.12,13]
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Dy =eDg — 62 (%)2(5 —1)? (%)2 /d2 ! g (-‘;—)-Ikx - k;|)H(k-;) (4.4)

with Dy the dispersion relation for smooth surfaces (2.2), ¢9 = 1 and 1 = ¢
(metal) and

1

H(k,) = v

[k:c'k;- - kzOkzl(k;)]'[kz‘k; - kzO(k.{c)kzl] . (4'5)
In this relation the k values are given in units of w/ec.

Physically, the lower phase velocity of the SPs on rough surfaces is a con-
sequence of multiple scattering; in the simplest case

(1) KO-kl + Ak, = K,
(2) E,—kl, — Ak, = kO . (4.6)

It means: (1) scattering in a new direction, followed by a rescattering (2) into
the original direction. Thus a field in the original direction, built up by the
scattered waves propagates with a reduced phase velocity whereas the original
field is quickly extinguished (Ewald-Oseen extinction theorem).

If (4.2) is applied to rough surfaces assuming a Gaussian function for ISI2

[4.14], data for A8y and Aﬁé/ ? are obtained which are much smaller than the
observed [3.12], see Table 3.1. The effect of sinusoidal profile on the properties
of the SPs, however, is rather well described with a second-order approximation,
see Chap. 6. Apparently, multiple scattering on rough surfaces comes already
into play at rather low § which cannot be calculated as yet.

Recently, however, a theoretical treatment has been published that in-
cludes all higher orders [4.15]. Applications to experimental results do not yet
exist.

A suggestion to understand the strong effect of the roughness can be the
following: Discussing the influence of the roughness, we had assumed §/0<1
to get the first approximation; this condition is valid for the average profile.
But Fig. 3.15 demonstrates that the structure at an atomic scale reveals some
regions of the profile which have steeper slopes h/a than about 0.4 (h~5 A,
a~20 A) Since the number of such regions is probably relatively small on the
rather smooth surfaces of 6~5 A, their influence is weak. But if their number
increases rapidly with increasing roughness, they can have a strong effect. It is
therefore understandable that, e.g., the second-order approximation fails.

Concerning Fresnel’s equations, we have seen that the small roughness
assumed in the first-order approximation produces negligible power loss by the
diffuse light emission and leaves Fresnel’s equations unchanged. Second-order
approximation, however, leads to changes as calculations for normal incidence
have shown [4.16]. These relations have been extended to oblique incidence in
order to evaluate the roughness of evaporated Al films, irradiated with electrons
of 15KeV (~0.2W/cm?) [2.16]. A higher order approximation, however, is
lacking for a quantitative evaluation.
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4.4 The Attenuated Total Reflection Minimum
as a Function of Damping

Figure 4.1 displays the influence of the increasing roughness on the ATR minima
or the SP modes. In addition, it shows that the height of the reflection minimum
passes a value of nearly Ry, = 0. This happens at d(CaF3) about 1000 Aora
roughness height (total) of about 15 A. This resembles the situation at smooth
surfaces if one chooses the thickness d of the metal film, so that (2.24) is fulfilled.
Here, in the case of rough surfaces, one has to introduce into (2.24), in addition
to the radiation damping term I%,q, a further term I'} ; which describes the
damping by light emission into the air space; it increases approximately with
62 and contributes to the displacement of 6g. At

It =Taa + :ad (4.7)
the matching condition is fulfilled and the maximum field enhancement is ex-
pected. In silver film thicker than about 1000 A, I'.,q can be neglected and I’
is determinative.

The same behavior as shown in Fig. 4.1 has been observed at the reflection
minima on gratings: if, e.g., the amplitude of the sinusoidal profile is increased,
the height of the reflection minimum goes through zero, see Chap. 6.

In order to understand the curves of Fig.4.1, at least qualitatively, we
calculate L; and L,,q for different roughnesses. In Sect.2.9 the values of I; =
224 and L,,q = 1400x have been obtained for § = 54 and ¢ = 15004;
this means that I'1>I,q for the curve d(CaF2)=0 in Fig. 4.1. Roughening the
surface increases I 4, so that the minimum gets deeper. At d(CaF3)~1000 A
or §~154 (total roughness) one expects Lj & Lyaq. Applying (2.57) we obtain
a value of § ~40A. (¢ = 1500 A), which is somewhat larger than 15 A. Here
one needs more experimental material.

4.5 Enhancement and Roughness;
Second Harmonic Generation (SHG)

The field enhancement |t€12|2, (2.25), has been applied to describe the strong
light emission from rough surfaces in the linear approximation, see (3.1). In this
approximation one assumes that the average field in the surface is enhanced by
the same factor |t’612|2 as on a smooth surface.

For larger roughness, §>~20 A, the light scattering experiments could be
evaluated approximately: they showed that the &' values have to be reduced for
larger roughness. Tt follows, using (3.1), that the enhancement factor (2.27),
decreases with larger § values. For example, with A = 6000 A and silver the
term |tp|2 decreases from 80 to = 50 at § =~ 15A. See also Fig. 16, Chap.9 in
[2.4]. This result can be formulated thus: that the quotient PSC/IS2 decreases
with larger 6, here P = (1/Ig)dI/df2. It would be interesting to verify this
experimentally and theoretically.
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It is remarkable that the same behavior has been found on gratings: the
diffracted intensity enhanced by SP excitation divided by the grating amplitude
T/h? decreases with h for A2 70 A see Chap.6.

In this context we shall discuss a proposal to determine the roughness
by measuring the intensity of the 2w light [4.17]. If an intense light beam
of frequency w<ws hits a rough surface at an angle 6 the photon can take
up Ak, from the roughness spectrum, so that k, = Ak, + (w/e)sin Oy =
(w/c)\/e/(e +1) is fulfilled (grating coupler). A strong electric field is built up
in which a second incoming photon of frequency w produces via the quadratic
term of the susceptibility light of frequency 2wj its intensity is proportional to
| Do(w)| =2 (for Dy see (2.2), [4.17]). This process corresponds to the SHG in the
ATR device, see Fig.2.30. The calculated intensity of the 2w radiation based
on a linear approximation (27/))6<1 shows a strongly peaked 2w intensity at
certain angles on a 2w broad-band background. The roughness parameters were
chosen in [4.17] as § = 100 A and ¢ = 500 A; but the results remain valid if one
reduces 6 to 10 A, so that the region of the linear approximation is reached and
the assumption that the dispersion relation is not changed by the roughness, is
fulfilled. The intensity is thus reduced by a factor of 100, but it should be high
enough to be measurable. Experiments with extended SPs on rough surfaces to
detect this angular distribution of the2w intensity have not yet been published.

Large Roughness and SHG Generation. Localized Plasmons. SERS.
Up to now there exist no ATR experiments at larger roughness of more than
20-30 A.

Without ATR a number of interesting results on rougher surfaces have
been found which will be discussed in Chap. 5.

Here we present results obtained for very rough surfaces consisting of par-
ticles of about 500 A radius. They are treated here, since the central concept is
the localized collective oscillation of electrons or localized plasmons in contrast
to the extended or propagating modes. Such localized modes are well known

e.g., as the eigen modes of small spheres.

In the following, a series of such experiments is described and explained.

Experiments on silver surfaces, roughened in an electrolyte (HoO + KCl)
by a reduction-oxidation cycle are desribed by Chen et al. [4.18]. By the way:
With such a device Fleischmann et al. have discovered the SERS. Electron
micrographs indicate that the roughness comsists of particles of about 500 A
diameter separated from each other by a distance of 1500 A—3000A. In these
experiments a laser beam (A = 1.06y) is directed towards the rough surface at
an angle of 45°. The scattered light is diffuse and nearly isotropic in the angular
distribution. Its spectral distribution, displayed in Fig. 4.8, shows a strong peak
at 2w on a broad-band background. In contrast, the signal from a smooth silver
foil 1s well collimated in the specularly reflected beam. The total 2w intensity
emitted from the rough surface into the air space is about 10% times stronger
than the 2w intensity in the beam specularly reflected at the smooth surface.
In gold this enhancement is about 10 times weaker. The authors estimate that
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0ol ] . B Fig.4.8. The spectrum of the light signal

reflected at a very rough silver film.
The incoming light frequency amounts
to 1.06 p; the spectral distribution shows
a strong signal at the double frequency.
From [4.18]
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— depending on the intensity — the local field in silver is enhanced by about a
factor of 20 to 400.

Further experiments have been published on very rough surfaces by Boyd
et al. [4.19], which were produced by vaporizing different metals on a strongly
etched glass substrate. The surface consists in this case of protrusions of dif-
ferent thickness (100—1000 A), varying heights and distances; the tips are re-
garded as hemispheroids and have thus varying eigen modes depending on a/b,
see Sect. 2.10.

If this roughness structure is irradiated with monochromatic light, here
1.06y, the tips with a suitable geometry a/b are excited in resonance and emit
a certain amount of 2w light intensity. This SH intensity is compared with that
produced on a smooth silver surface.

The quotient of both intensities has been measured for a large number
of metals and germanium. The observed data are plotted against calculated
quotients using the assumptions just mentioned and averaging over the surface;
they lie better than an order of magnitude on a straight line with a 45° slope.
This supports the interpretation of the observed SHG light as due to the high
local electromagnetic fields in the resonance case.

The theoretical dependence of the SERS intensity on the field enhancement
is essentially the same as the dependence of the SH generation on the field
enhancement. It has been confirmed by experiment, see [4.19], and implies
that under these conditions the SERS is mainly an electromagnetic effect (the
chemical interaction between the absorbed molecule and the metal plays no
important role).

These examples and a number of similar experiments lead to the result
that the strong enhancement of SERS of about 5 X 10% can be obtained on
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surfaces which are composed of more or less isolated silver particles of about
500 A radius separated by distances of about 1500—3000 A. Samples with larger
particles, e.g., 2000 A radius which are in contact with each other give Raman

signals about 10 X times smaller [4.32].

This interpretation of SERS as collective electron resonances in small par-
ticles has been proposed by Moskowitz who stated that “this behavior may be
explained by taking the effect to originate in adsorbate covered metal bumps
on the metal surface” [4.33].

Surfaces, which have a roughness of 150 A height under the Scanning Elec-
tron Microscope, show no enhancement. In this context “no enhancement”
means a value below about 100 for one monolayer of pyridine on silver. How-
ever, this does not say that the “conventional surface plasmon model” has to
be modified [4.32]. As we mentioned earlier, an enhancement of about 100 is
expected at a roughness of §<20-30 A and has also been measured in the ex-
periments of Girlando et al., see [4.34], so that more sensitive methods would
have detected a Raman signal in the experiment of [4.32].

It is remarkable that the strong enhancement is not limited to the first
layer of adsorbed molecules which is in contact with silver. The enhancement
of certain Raman lines of pyridine on silver in SERS experiments at A = 4880 A
Increases with coverages up to seven monolayers which corresponds to a dis-
tance of about 50 A, by a factor 3 [4.32].

An interesting step towards better defined experimental conditions con-
cerning the roughness structure has been realized by constructing a controlled
roughness structure, see Liao et al. [4.20]. This progress is realized by pro-
ducing with microlithographie techniques a regular array of posts with nearly
hemispheroid-like tips, see Fig. 4.9, so that the wide variety of shapes and sizes
is very much reduced. The posts, about 5000 A high, less than about 1000 A
in diameter and at a distance of about 3000 A apart, consist of Si0y standing
on a Si surface. Then silver is vaporized on them at grazing incidence, so that
the tips are mainly covered with the metal and thus are more or less isolated
from each other. Irradiating this array with laser light, the eigen modes of these
metal tips are excited in resonance and thus produce strong fields. To a first
approximation the modes vibrate independently: “localized” plasmons.

Fig.4.9. On the tips of the SiO2 posts of this regular array which have the shape of a
hemiellipsoid a silver film is deposited. Their eigen frequency is given by the quotient b/a of
the tip. Irradiation of this array with light of variable frequency shows a resonance in the
SERS intensity as Fig.4.10 displays
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This idealized structure allows one to calculate the expected enhancement
values taking the a/b ratios of the ellipsoidal shape of the tips from electron
micrographs [4.21].

As a detector of the field enhancement, the intensity of the surface en-
hanced Raman scattering (SERS) of CN molecules adsorbed at the silver sur-
face has been used, which increases by many orders of magnitude if high-electric
fields act on the adsorbed molecules.

The advantage of this controlled roughness structure with a rather well-
known value of its eigen mode becomes evident, if one measures the SERS
mtensity as a function of the incoming wave light: it displays a pronounced
resonance character as demonstrated in Fig. 40 of [4.22].

In Fig.4.10 the full line (silver curve) is obtained by fitting the mea-
sured data with A and V as adjustable parameters, see (2.69); A = 0.08 and
V = 3.1 x 10 cm?® give the best fit. With the same parameters the curve ob-
served at gold (dashed line) is calculated which agrees surprisingly well with
the observed data. This supports the assumptions. The calculated averaged
enhancement is about 5 X 10* whereas the observed value is 100 X larger, a
point still under discussion.

Here a number of questions arises: e.g., what happens if the tips are rather
close together so that they are not isolated but coupled with each other. An-
other coupling is possible if an array of tips is covered with a continuous film.
Here a continuous transition into the extended SP is expected.

INCIDENT WAVELENGTH (nm)
700 600 500

Fig.4.10. Resonance-like depen-
dence of the Raman signal as a func-
tion of the photon energy measured
\ at an array of tips covered with two
** N different metals. Gold: ees, Silver:
0.0 ! ! Lo 1 1 ooo. From [4.22]

1.8 2.0 2.2 2.4 2.6 2.8
INCIDENT PHOTON ENERGY (eV)

RAMAN ENHANCEMENT (relative)
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4.6 Efficiency of the Plasmon-Photon Coupling

For certain purposes it is of interest to know at least approximately the number
of photons emitted per second from the decay of SPs into the whole air-side
space (27) divided by the absorbed light power or the “efficiency” of this pro-
cess. In the matching case (R = 0) the incoming light power Iy is completely
absorbed; if this condition is not fulfilled, I, 0(1—R) is the absorbed power. For a,
smooth surface this efficiency is zero. A silver surface with § of a few angstroms
has an efficiency of &1 % which can be derived from the values of (1/Ip)dI/ds?
as a function of 8, the angle of emission against the surface normal. This agrees
with observations using the photoacoustic detector [2.14] which show that the
efficiency of a similar silver film has a value of 2 %, the lowest limit of detection.
On similar films [4.23] the whole light emission, J(1/Ip)(dI/ds2)ds?, and the
absorbed power, I(1 — R), were measured and gave an efficiecy of ~5% at sil-
ver films of 500 A. These data agree roughly considering the different conditions
of preparation.

If the roughness is increased by underlying CaF5 films, the efficiency in-
creases as is expected. Values up to 9% are published for d(CaF3)>1000 A
[4.23]. One obtaines similar values by integration over df2 for d(CaFs)= 1000 &
as after actual observation. Larger figures have been found using the photoa-
coustic method [4.24] at d(CaF4)= 0 A: the efficiency is measured as ~ 15%
which increases up to & 35% at d(CaF3)= 800 A. The reason for the discrep-
ancy between the efficiencies of the rougher surfaces from those measured with
a light detector is unknown.

4.7 Light Emission from Inelastic Electron Tunneling
in MOM and MIS Junctions

Another experiment demonstrates the SP-photon coupling in a tunnel junction
[4.25]. A voltage V; is applied to a metal /metal oxide/metal system, e.g., Al/Al-
oxide (about 30 A thick)/Ag (silver is vaporized onto the Al-oxide), so that
a tunnel current crosses the oxide barrier. If the surface of the silver film,
thickness about 100 A, is roughened by mild etching or by CaFy underlayers,
the SPs produced by the tunneling electrons, couple via roughness with light.

The spectrum of this radiation shows a broad band; its upper limit is given
by the quantum relation hw = e|V|. Light emission between 2000 A (6eV)
and 10000 A (1.2 €V) can easily be observed. This effect is independent of the
polarity of the applied voltage. The efficiency of this light source is, at best,
10~*, which is rather low.

For applications, e.g., as a light source which can be modulated, one needs
a higher efficiency. A possibility is to improve the coupling electron-photon by
a special microstructure of the counter-electrode.

An interesting version is displayed in Fig.4.11: there the rough surface is
replaced by an (unroughened) gold counter-electrode (80 A thick). This sys-
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T i T T Fig.4.11. The emission spectrum (photon
flux) of the junction: Ag+MgFs +Au/Al-
Al = & = oxide/Al at a voltage of Vi = 3.22 €V without
AU TRTRTTTES MgFp the MgFy+Ag structure (uncoated) and with
w2 O3 it, see insert. From [4.25]
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tem and its emission spectrum is called an “uncoated” junction; it extends up
to 3.22eV given by the applied voltage. The gold electrode is then covered
with a 50 A MgFy film and there upon a silver film of about 100 A thick-
ness is deposited. Heat treatment transforms the silver film into an assem-
bly of silver particles of about 100 A diameter, so that the configuration in
Fig.4.11 is produced. The emitted spectrum changes drastically into a peaked
one. The resonance-like shape indicates the excitation of “localized” modes, see
also [4.26]. The MgFy film serves a spacer, its thickness has a strong influence
on the emitted intensity, demonstrating the decay of the coupling field. For
theoretical considerations see [4.27].

Experiments with metal/insulator/semiconductor or MIS junctions have
been performed, too. As a semiconductor Sn-doped indiumoxide has been used,
the efficiency, however, was not improved [4.25].

This device has been modified in so far as the rough profile is replaced
by a grating profile which couples with the field of the tunnel electrons as is
discussed in more detail in Chap. 6. The tunnel junction, here Al/ Al-oxide/Ag,
is laid down on the silver grating as shown in Fig.4.12 [4.28,29]. In this case
the light emitted from the junction is concentrated in a few diffraction maxima.
as displayed in Fig.4.13. This is similar as demonstrated in Fig. 6.3 where the
SPs are excited by an exterior light source and not by slow electrons as in
Fig.4.13 or by fast electrons as in Fig. 6.14. This junction has been explored
in more detail in [4.30]. Although the quantum efficiency is still rather low,
about 107 with a bias voltage of 2.3eV, there is the possibility of increasing
the bias voltage by about 1€V to get a quantum efficiency comparable to those
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Fig.4.12. The tunnel junction Al/Al-oxide/Ag is placed on a sinusoidal grating of photore-
sist, which couples out the nonradiative SP field into light. From [4.28]
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into different diffraction directions 6. The
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Junctions with roughened electrodes. It is a technical problem to fabricate such
Junctions.

The question is discussed where the coupling of the electrons and SPs
happens. The early idea has been that the tunnel electrons suffer in inelastic
collision in the barrier and thus produce the SPs in the metal electrodes, e.g.,
in the silver film.

Another concept proposes that the tunnel electrons penetrate into the
metal (silver) as hot electrons, where they relax and excite SPs besides phonons
etc. This proposal is discussed in more detail in [4.30]. For theoretical consid-
erations see [4.31].
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5. Light Scattering at Rough Surfaces
Without an ATR Device

In the following, the results of experiments are described in which light hits
the rough surface directly, see Fig. 5.1, and is scattered into all directions 6.
In order to derive the roughness parameters of the surface, two methods have
been developed:

1) Measurements of the angular distribution of the light scattered into the
light cone (kg <w/c). The light intensity is measured which is scattered into the
solid angle df2 out of the specularly reflected beam. It is the well-known diffu-
sion of light produced by the roughness which is represented in Fig. 2.4 by all
the scattering processes starting at the point 1 with &, the wave vector of the
incoming beam, and ending at all points inside the light cone, transferring Ak,.
Surface plasmons become involved if the roughness is increased and thus larger
Ak, become more frequent. This process is demonstrated by 1—4 (grating cou-
pler). The excitation is visible in the angular distribution of the scattered light.

2) Measurements of the deficit of the intensity of the specularly reflected
light AR due to the loss of light scattered out of the beam and exciting SPs via
a grating coupling. This deficit is hardly to be seen at low roughness. To get
a pronounced dip AR which can be evaluated, a greater roughness is needed,
see below.

The first method registers (1/I)dI/df2, the second integrates over all angles §
so that one loses important details.

Fig.5.1. Scheme of the light-scattering
experiment at a rough surface. Besides the
reflected beam (Rg) diffusely scattered light
TTTIITT T T [T T T T T T T 7T is observed

E'—'EAg
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5.1 The Angular Distribution of Light Scattered
at a Rough Surface

The phenomenon of diffusely scattered light at rough surfaces is well known.
Since SPs are not involved, i.e., no resonant enhancement interferes, p as well
as s polarization has to be looked at. The experimental arrangement is that
in Fig. 5.1, the detector, however, does not register Ry but the light scattered
into the solid angle df2. It is an angle discriminating procedure.

Theoretical Considerations

This effect has been calculated first for the scattering of radio waves by the
waves of the ocean [5.1]. The same relations result when applying different
approaches assuming 6< A and §<o (first-order approximation) [5.2-5]. The
relative intensity scattered into the solid angle df2, in the plane of incidence
¢ = 0, comes out as

w1 drk W\ * Wi
ik _ - 1{ X ViR Ak 2
Foc Iék ds? 4(0) cos g [s(Akz)]™ (5.1)

It contains no enhancement by SPs; however,it cannot be said generally how
strong the numerical intensity reduction comes out without this factor |t812|2,
since the angular functions |Wi|? (5.2,3) and |W(©)2 (3.1) depend on the
experimental configuration. Furthermore, one has to consider that |s(Ak,)|?
may be different except Ak, is identical comparing both configurations. The
indices ¢, k indicate the polarization p or s.

One obtaines for W;; at ¢ = 0° with complex ¢(w) and assuming surface
roughness:

4(e1 — 1)cos fycos 8

W.,, =
rp (e1cos by + Ve — sinzao)(61c089 + e — sin29)
X (£1 sin 6 sin 6 — \/61 —sin? 6, \/51 — sin? §) and (5.2)
4(egq —1 7 7
W, = (g1 — 1)cos fycos (53)

(cos @y + /€1 — sin?8p)(cos 8 + \/e1 — sin?f)

or, more general, for any ¢, the angle between the plane of incidence and the
plane of observation, instead of |W;|?

lep|2c052¢—|— |Wis|?sin® ¢ . (5.1a)

Figure 5.2 displays the functions Wj;; p-polarized light is stronger than
the s-polarized. (W, = 0 gives the Brewster condition), Wy, and W, are zero
in the linear approximation (for ¢ = 0 as is evident looking at the radiating
dipoles in Fig.3.3). The |W(8)|? for 6y = 0 is symmetric about 8y = 0, while
it becomes asymmetric for 83>0.
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Fig.5.2. The, dipole func-
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20 A = 6328 A and silver. From [5.8]
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The denominator of Wy, is identical with the dispersion relation (2.2) for
SPs; it cannot be fulfilled since the observation takes place inside the light comne,
kz = (w/c)sin fp<(w/c).

The value of Wy, can be approximated for Im {e1(w)}<Re {e1(w)} by

Wi = 4 cos 6o cos 6 - (5.4)

see Fig. 5.2 which is independent on X, whereas W, is weakly dependent on it.

We shall see that second-order processes come into play already at rather
small roughness: (a) the appearance of SP and PS intensities and (b) the ex-
citation of SPs via grating coupling with subsequent emission of radiation, see
process 1—2—1 in Fig. 2.4

Experimental Results

Experimental data for the angular distribution at normal incidence are shown
in Fig. 5.3. The intensity decreases monotonically, whereby the pp intensity lies
above the ss intensity. Thls d1ﬂ'erence is apparently due to the different angu-
lar functions, since |Wyp,|%>|Wss|? whereas the decrease of the reflectivity is
caused by the roughness function.

The comparison of the quotient I,,/Iss = |I/V‘,,‘,,]2/[W'ss[2 with the calcu-
lated quotient as a function of § shows good agreement and the consistency of
the assumptions, see Fig. 5.2.

The roughness function |s|? can be deduced as described in Chap. 3; it is
displayed in Fig. 5.4 for two angles 8y and demonstrates that the linear part is
better defined for 8y = 60°; it gives a value of § = 14 A and o = 1550 A [5.7].
A comparison with Fig. 3.8 shows that in the ATR device the |sl2 function can
be observed up to larger Ak, values, so that the longer linear part allows a
more prec1se determination of the roughness parameters. The nonlinear part of
the |s|? function at small k, values is interpreted as being due to a waviness
of the substrate as in the experiments with SPs. Some data é and ¢ obtained
on films of different thickness d Ag are shown in Table 5.1. It confirms also the
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Fig.5.3. Angular distribution of diffusely scattered light (A = 5145 &) at a silver surface
of 4000 A thickness and 6§ =5 10—15 A at normal incidence. p and s indicate the different
polarizations. The depolarized intensity (sp and ps) is about 10 times smaller. The solid
angle of the detector amounts to df2 : 8 X 10~5 sr. From [5.6]
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Fig. 5.4. Roughness function lnls(Akz)lz versus (Aks)? of a silver ilm, 4000 A thick. fo =
0°, normal incidence (—~); 6y = 60° incidence {(—); A = 5000 &, The evaluation vields
§ =144 and ¢ = 1550 A. From [5.7]
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Table 5.1. Roughness parameters of silver films of different thickness (A =6328A) [5.8]

dag[A] 6[A] o[A]

500 4 2050
1000 7 1900
4000 9 2300

observation that the roughness increases with the thickness of the films. Further
data of roughness of silver films, 4000 A thick, as a function of the thickness of
CaFy underlayers can be found in [5.8].

The experimental arrangement of Figs. 3.7,1 allows one to compare the
determination of |s(Akz)|? of the film surface with both methods, with and
without SPs by turning the half cylinder by 180°. A good agreement has been
stated for film thicknesses of 500~700 A with 6 ~5 A, as Fig. 5.5 displays [5.9]
In addition it demonstrates the independence of § on ).

Measurements of the angular distribution of the light intensity on evapo-
rated thick silver and gold films at normal incidence were first published by Bea-
glehole and Hunderi [5.10]. They observed an angular distribution of scattered
light as Fig. 5.6a shows; ¢ has not been evaluated. A comparison of the relative
reflectivity values, however, demonstrates that these surfaces are rougher than
those of Fig. 5.3. Further, there is a difference between the observed (dots) and
calculated values (with the first-order approximation, dashed line). The authors
show that the full curve can be obtained by regarding a double process: with
increasing roughness, the pp scattering excites SPs which are scattered into the
light cone and produce an excess of radiation of pp light. This explanation is
supported by using photon energies above the surface plasma energy (3.7eV)
so that SP excitation cannot take place, see Fig.5.6b. This second-order ef-

=]
B\ +:A=L579A, 0,20
@ ot A=6471A; 04=60°
\ *A=5145A; 0,=60°
51 . 0:2=45794; 0,=60°
Y a:A=4579A; SP
AW
% Ng Fig.5.5. Roughness functions of a
T ANy silver film, 500 A thick, obtained
- Q'\ at different angles of incidence 6
+ond and wavelengths up to Ak, =
13F e, 15X 10~3 A=1. For comparison,
eI~ Jata obtained on the same sample
using the SP resonance are shown.
12 1 1 L ! From [59]
0 10 2.0x107°

(Ak )2 [A2)

! The ordinate of Fig. 2 in [5.8] has to be divided by df2 = 1.4 X 103 sr in order to give
the right (1/1,)dI/d$2 values.
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Fig.5.6a,b. Angular distribution of the light intensity scattered at rough silver surfaces
measured below (a) and above hws, (b). The dashed line shows the shape of the curves in
the linear approximation. From [5.10]

fect is seen to be stronger in Fig.5.6a than that in Fig.5.3 due to a larger
value of § of the sample. The larger roughness is displayed by a comparison of
Pse = (1/1p)dI/df2 in both figures; e.g., at 8 = 40° one observes in Fig.5.3:
PL = 1.4 % 10~* whereas in Fig. 5.6 PEF = 60 x 10~* is registered. If one as-
sumes that (5.1) or P~6 is still valid, a value of § of about 60—70 A results for
the film referred to in Fig. 5.6a which seems reasonable. Beaglehole and Hunderi
[5.10] have made a calculation of this second-order scattering intensity which
fits the observed behavior.

A further argument for such double-order processes is the observation of
reflectivities with crossed polarizers: incoming light p polarized, outgoing light
s polarized or vice versa. In case of normal incidence s-polarized light means:
E vector perpendicular to the plane of observation and p-polarized light: F
vector in this plane.

These observations display that there is an intensity of sp and ps scattering
which in the case of Fig. 5.3 is more than an order weaker than the pp intensity.
It is characteristic for the sp intensity that it is a maximum at a 6 value of
about 50°, see Fig.5.7, whereas the ps intensity decreases monotonically as
the ss scattering. This bulge in the sp scattering is because of the double
process just mentioned, i.e., transformation of the incoming light into p light
and excitation of SPs which de-excite into radiation.

This explanation is confirmed by the same experiment as presented in
Fig. 5.6b: measurements with light of frequency w>ws demonstrate that the
bulge disappears under these conditions.
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Fig.5.7. Angular distribution of the crossed intensities (sp and ps). The left figure shows
the bulge which disappears if the incoming light has a frequency w>ws. From [5.10]

It is informative to note that these characteristics due to the double pro-
cesses are still more striking on a silver film deposited on latex spheres of 890 A
diameter [5.11], see Fig.5.8.

Similar experiments with diffusely scattered light form silver films, 5000 &
thick, roughened by underlayers of CaFy of some 1000 A thickness have been
reported [5.11]. The results confirm the measurements just described as, e.g.,
the different shape of the angular distributions of the pp and ss light and of sp
and ps light,
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Fig.5.8. (a) The intensity (1/Iy)dI/df2 scattered from a rouih silver film as a function of
the scattering angle §. Normal incidence (§y = 0). A = 4579 A. A four parameter fit gives
6§ =40A and ¢ = 790 A and for the waviness 4 A and 7000 A. (b) The same sample yields
the angular distribution for the s-p and p-s intensities. A = 4579 A. From [5.12]
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In these experiments as well as In those mentioned before, the observed
intensity rises for smaller Akg values in the region of § = 20-30° instead of
approaching the ordinate much smoother, as expected from F 1g.5.2. These long
wavelength correlations are reduced on rougher surfaces.

If the scattered intensity would be described by one Gaussian function in
the whole Ak, region, the dependency (5.1) could be written at small Ak,
values

1 dI k202
P = EE = const. (1 — 4 ) (55)

for k3<4/ o2, whereby Ak, = k, at normal incidence. The constant contains
the k; dependent term Wik, but as Fig. 5.2 demonstrates, Wpp can be regarded
as constant for the k; region discussed above. The curve (5.5) approaches the
ordinate nearly horizontally if P is plotted against k, for < 30°. The ob-
served P values, however, increase steeply at small k,, see F ig. 5.3 etc. This
indicates that the region of small k; or of the long wavelength components
(A) of the profile (ke = 27/A) stem from another roughness structure, very
probably of the substrate profile.

This long wavelength component at Aky<1 X 1073 A-1 can be evaluated
and yields a A of about 1 my [3.1,18]; 6 values of about 2 Aand o = 7500 A are
reported in [5.11].

Comment on the Double Processes
The above experiments demonstrate the influence of secondary processes. Re-
cently, the linear relation (3.1) which yields the dependence of the scattered
intensities Ppp and Psg on 62 has been extended by using terms with §%. Thus,
double processes can be taken into account in Fpp and Psg and further for the
crossed intensities, Py, and Pys. These calculations are based on the theory of
Brown et al. [4.15].

Calculations have been performed with one Gaussian function and differ-
ent 6 values: 5, 15, 25, 40, 70, 120, and 1504, o = 10004 and )\ — 5145 4.
Figure 5.9 demonstrates an example for § = 40 A. It shows the characteristic
bulges: the pp curve is larger than the ss curve for two reasons: (1) the angular
function Wpp is larger than Wss; this is valid already in the linear approxi-
mation. (2) The double process: SP excitation followed by de-excitation and
emission of light, which produces additional p light. Furthermore, in contrast to
the monotonically decreasing ps light, here the strong bulges in the sp curve
are recognized in the crossed intensities,

Comparing the curves of this model with different § values the following
results can be derived:
1. the quotient (55/Pp)max at 8 ~ 52°, the maximum of the $p intensity, is

nearly constant, 2.5£0.3, independent on 6,
2. the quotient (sp/ PS)max decreases very slowly from 6.7 to 3,
3. the quotient ss/ps, taken at § — 52°, decreases rapidly by about 103 with
increasing roughness.
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— Pep Fig. 5.9. Calculated angular distribution of light
~ U~ scattered at a surface with § = 40A and ¢ =
s\, ~. 1000 A, (—): XA = 51454, (——); A = 4579 .
"~ ' ~. The correlation function [s(Aks)[” is a Gaussian
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Results (1) and (2) are a consequence of the fact the Py, and Py are
essentially dependent on §2, whereas Psp and Pps depend on 6*. Result (3)
comes from the different dependence on §, so that ss /ps~1/62.

Very schematically the result of these calculations can be condensed in the
following relations: For normal incidence with 6y = 0°, the relative scattering
intensity (or the relative reflectivity) follows

RPP = [first order term] {1 — 6248}
R°P = [first order term] { — §2AB;)}

] {1-6%24By}
] {-6°4By} ,

R?®® = [first order term
RP® = [first order term
{ } represent the corrections to the first order terms. The relations for A, By,
By are too cumbersome to be reproduced here, see [4.15].

It remains to understand that Fig. 5.3 shows no bulge in sp scattering at
small roughness. A possibility is that the long wavelength scattering at small
ky<10~3 A~1 which depends on the structure of the substrate given by &
and o is more or less independent of the roughness of the silver film as has
been already mentioned. Apparently the bulge intensity sp disappears in this
“background” of the long wavelength scattering at small roughness. Since Py,
(and Pps) increase rapidly with 64, the bulge structure will become visible at
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larger § values. One can estimate that this will happen at a § value of about
504
Further experiments with supersmooth substrates could clarify this issue.

5.2 Scattering of X-Rays

In the context of scattering without SPs the experiments with x-rays and their
results shall be mentioned, based on the same equations. The observation with
x-1ays is performed at grazing incidence to fulfill the condition §< . With 6,
the angle of specular reflection, this condition is more precisely

cos fy-6< A (5.6)

or the projection of the roughness on the beam direction has to be <A\ If
A= 5-104A and § is comparable to A or smaller, o has to be near 90°. For
example, A = 8.3 A (ALK) and 6y = 89° fulfills this condition and thus allows
the application of the linear scattering theory. Further, the reflected intensity
will be high. The grazing incidence has the advantage that 4, <1° is smaller
than the critical angle of total reflection which guarantees a reflectivity of at
least 20 %.

The interest of such x-ray experiments lies in the feasibility of constructing
telescopes of the Wolter type for x-ray astronomy. These need very smooth
mirrors to reduce the losses due to roughness scattering since the x-ray objects
emit at a very weak intensity.

The scattered intensity is given by the relation (5.1)

Ldl _1/o\* W2 ,
P—fo':zﬁ—z(z) cosdg°l - (5.7)

Since ¢ and 6, are nearly 90°, the dipole function |W|2, see (5.2,3) degenerates
with ¢ = 90 — 6 into [2.4, Chap.9, p.397, (48)].

Wop = Wes = 4 (5.8)
w\* 2 212
P= (—) FAesl? (5.9)

This relation is valid for insulators as well as for metals if ¢ and wp are
smaller than \/le — 1] = \/2|n — 1], see (5.3). For gold with In—1]~ 1073 at
A =8.3A; this means that o has to be smaller than 3°. Under this condition
the scattered intensity is practically concentrated around the specular reflected
beam. This is a typical limiting case in which the result becomes independent
of the polarization direction of the electromagnetic field, see (5.7). Tt is often
called “scalar case”.
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An example of such a measurement is seen in Fig.5.10a. The scattered
intensity appears as a halo around the central beam. The latter is not well
pronounced since the surface is not very smooth, but the wings around the
center clearly display the intensity due to the scattering by the roughness. The
best fit with (5.7) is obtained with an exponential function for |s|?. In this case
one assumes a correlation function

G(z) = 6%exp (-%) (5.10)

so that the Fourler transform

—
Y
L
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Fig.5.10. (a) Diffuse scattering of x-rays, A = 83 A, of a Kanigin surface around the
specular reflected beam. Angle of incidence 98°. Different roughness functions are fitted; the
exponential function gives the best fit. The left-side intensity distribution is influenced for
¢ — @o>40arcmin by the reflecting surface. From [5.13]. (b) Intensity distribution around
the specular beam reflected at a Zerodur mirror at a grazing angle of 60 arc min for A = 8.3 A.
This surface is essentially better polished (8 a few A) so that the specular beam is much more
intense. The halo is due to the diffuse scattering of the surface, whereas the intensity in the
Immediate environment of the specular beam at small k; values points to long wavelength
modulation similar to the phenomenon at light scattering, see Chap. 3. From [5.13]

83



1 620
271+ (o Ak )22

ls(Akg)|? (5.11)

comes out. The roughness parameters are § = 86+10A and ¢ = 11+6 my
[5.13].

Better polished surfaces of Zerodur glass overcoated with a gold film of
several hundred angstrom thickness give values of § = 2.7+0.1 up to 4.94+0.1 A
with ¢ = 2.64£0.7 up to 5.042.5mu. These scattering patterns have a pro-
nounced specular beam of nearly four orders higher than the halo intensity, see
Fig.5.10b [5.13]. It is remarkable that these patterns display very near to the
primary beam (within 45 arc min) an excess intensity which has very probably
the same origin as the intensity at low Ak, values in Figs. 3.8 and 5.4, namely
in the waviness of the substrate. It is surprising that A, its wavelength, in these
examples has similar values of about several millimicrons. It stems probably
from the fabrication of the surface.

These values of the r.m.s. height of the mirror surfaces have been confirmed
by measurements on the same samples with the electron interference microscope
which has a high spatial resolution normal to the surface; the lateral resolution
is of the order of the light wavelength. For example, the mean roughness value of
§ = 2.540.4 A obtained with x-rays agrees with the value of 2.740.9 A evaluated
with the electron microscope from the same specimen [5.12].

The method of reflection of x-rays in grazing incidence has also been ap-
plied to investigate the “roughness” of a water surface; a r.m.s. height of 3.2 4
has been measured, averaged over a surface of 3000 & X 3000 A [5.14].

5.3 Measurement of the Reflectivity Deficit
as a Function of the Wavelength

Earlier experiments on Al surfaces at nearly normal incidence, #y several de-
grees, showed a dip in the reflected intensity as a function of A near A = 1300 A,
see [5.15,16]. This “anomaly” has also been observed for silver and magnesium.
It is due to the excitation of SPs via roughness by the incoming light (grating
coupler) and reduces the reflected light in the energy region hw<Shwsy. This
interpretation has been verified by depositing CaFs or MgF5 layers on the
substrate before vaporizing the metal films on it: The deficit increases with
increasing thickness of the crystalline layers or with the roughness of the Al
film, as Fig.5.11 demonstrates at Al [5.17].

This dip AR causes a peak in the absorption A since in 1 = R+ A+ T the
transmission T' is zero so that a reduction in R implies an increase in A. It is seen
in the dependence of ¢”, the imaginary part of e(w), on the wavelength A, in a
silver film, see Fig. 5.12. The films 1—4 have been prepared with a vaporization
rate of = 100 A /s on an untreated glass substrate in four different preparations
under equal conditions. The roughness has been enhanced by underlying MgFs
films, 2000 A thick. The fluctuations are due to variations of the preparation
parameters [5.18].
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Fig.5.12. The imaginary part of e(w) as a function of the wavelength of a silver film evap-
orated on a glass substrate coated with MgFy. This additional absorption is due to surface
roughness (excitation of SP). From [5.18]

Additional absorption in the region of ~ 3500 A on a rough surface of a
thick silver film compared to the surface smoothened by annealing has been
reported in [5.19].

Another proof of this explanation is given by the displacement of the dip
to longer wavelengths if the silver film is coated with thin films of CaFy, MgFs,
LiF, or carbon. An example is displayed in Fig.5.13; here carbon leads to a
nearly complete damping of the SPs [5.20]. More detailed measurements of
this deficit have been made on different metals as Ag (Stenford in [5.21]), Al
(Endriz and Spicer [5.17], Daudé et al. [5.21]), and Mg (Gsell et al. [5.22]),
and compared with calculated results to obtain the roughness parameters.
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Theoretical Considerations

Elson and Ritchie [5.23], using first-order perturbation theory, have calculated
the intensity deficit ARgp due to the SP excitation. They obtained the prob-
ability with which a photon produces one SP on a rough surface at normal
incidence:

12
&y

4
Pep = (i) k)

(5.12)

ls( Ak)|? = |s(]cm)|~2 because of the normal incidence k2 = 0. To include damp-
ing the expression Pgp is incorporated with a Lorentzian damping function, so
that

Wsp

Psp(w) = /Psp(w/) e '
0

(w - w/)2 + (7//2)2 dw ’

(5.13)

~' includes all effects damping the SPs. In the case of a free-electron gas with
e = (1/wr)(wp/w)?, 9/ becomes v = 1/7 with 7 the relaxation time of the
free-electron gas. The value of 4/ will increase on rough surfaces by additional
processes as radiation damping. The function Pgp has no pole at leh] =1

since the term |s|?, an assumed Gaussian correlation function, goes to zero for
leh|—=1 or kg—oo.
For Pgp <1 (first-order approximation) one obtaines, see e.g., [5.22]

ARgp /Ry = Psp . (5.14)

This value of Psp has to be completed by the loss probability Ps. produced
by the light scattered diffusely into the air space inside the light cone and is
given by (5.1). Its contribution is about a factor 510 smaller than Psp in the

deepest part of the reflection minimum depending on the ratio o/ Ap, Where A
is the plasma wavelength, see Fig. 4 in [5.23].
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The observed curves were fitted with the equation
ARtot/RO = Psp + Psc (5'15)
and yield 4, o, and ~.

Experimental Results

The observed reflectivities of Ag, Al, and Mg films, produced by evaporation,
have been evaluated. The results of Al, measured in UH vacuum, are displayed
in Fig.5.11. The roughness has been increased by overcoating the substrate
(quartz plates) with CaFy films of different thickness. The comparison of mea-
sured and calculated curves shows that the shape of the minimum and its
change with increasing roughness can be reproduced using the Gauss model
for |s(kz)|? with the data given in Fig. 5.11. The value of 4/ came out with a
relaxation time of 7 = 1.5 X 10~ %5 which is very near to 7 = 1.4 x 10~ 1%¢
measured from the width of the volume plasmon hwy, = 15€V with a half width
AEY? = 500 meV [2.3b] and 7 = 1.3 X 10715 ¢ from reflectivity measurements
[5.24].

The reflectivity deficit at photon energies higher than hwgp is due to light
scattering into the light cone ky<w/c, which is indicated in Fig.5.11 by dashed
curves and shows the strong increase with larger photon energies (~w4).

It is very probable that due to the relatively small § values of the two upper
curves, validity of the linear approximation can be assumed and the changes of

the dispersion relation, Ady and Aﬁé/ 2, therefore remain small. Furthermore
the agreement of v and 4/ is a good reason to believe that § and o represent real
data of the surface. The value of § = 37.7 A of the lowest curve lics probably
at the limit of the linear approximation.

Similar experiments on Al films and the determination of their roughness
parameters have been published with comparable results [5.21]. These authors
found, for example, a § of 8 A and a value of o = 320 A on an Al film, 900 A
thick.

Furthermore, measurements have been published on magnesium films of
different thickness d evaporated on glass microscope slides, which have been
evaluated as just described for Al. The results for three films are:

d:450A 6:27A o:1804

450 A 29 A 160 A
1000 A 45 A 375 A

The value of 4/ comes out as by’ = 1.9-2.4eV whereas the metal has a
value by = 0.4eV. This increase of compared to vy indicates that roughness
has a strong influence on the data, since they lie at the limit of the linear ap-
proximation.
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Application of Measuring AR,,,, to Roughness Determination

The deficit in the reflectance offers a practical method to obtain the roughness
rather quickly. Cunningham and Braundmeier [5.25] report that the maximum
deficit ARmax of Ag at about A = 35004 as a function of é yields a linear de-
pendence. The value of § has been obtained by interferometric methods (FECO:
observation of the Fringes of Equal Chromatic Order) [5.26], which allows mea-
surement of § values of about 10 A up to several 103 A; its lateral resolution
is of the order of the light wavelength. Using this calibration the roughness of
a silver surface can be derived from ARpmax without referring to theoretical
formulas.

There is an uncertainty concerning the calibration: the correlation of ARmax
as a function of § agrees with that of Fig. 7 in [5.17] only in the region of about
1520 A (ARpay =~ 15-20 %); the reason for this is unknown. This discrepancy
in the calibration should be resolved so that this method could have wider
applications.

A further advantage of this method is that a silver film of 500-1000 A
thickness overcoating surfaces of other materials, replicates their structure and
thus allows measurement of their roughness. Measurements with the ARmax
method have been made to study the roughness of undoped and phosphorus-
doped polycrystalline Si films [5.27].

Surface Plasmons on Metal-Electrolyte Interfaces

Experiments with SPs have been reported in which the metal surface is covered
with an aqueous solution instead of a solid thin film as described in Chap. 2. A
second electrode allows application of a bias voltage to the system.

For the physics of the metal-solution interface it is of interest to study the
behavior of SPs under these conditions. Light reflection at different wavelengths
has been used. Surface Plasmon excitation is possible by surface corrugation
and will be observed by the intensity deficit of the reflected light, see Sect. 5.3.
In order to improve the sensitivity of the electro-reflectance method the signal
has been differentiated, so that small changes of the reflectivity AR/R can be
detected.

Instead of roughening the silver surface by an anodic potential cycle (dis-
solving silver and redepositing it), a stepped (110) Ag plane has been used,
tilted by 3° against the (110) plane with the steps along the [001] direction;
this gives a better defined roughness than a statistical one [5.28]. Figure 5.14
shows the strong difference, between the measurements of AR/R perpendicular
to the steps (full line), and parallel to the steps (dashed line). In the latter case
a small statistical roughness is effective, whereas the pronounced corrugation
of the steps is responsible for the SPs at around = 3.5V instead of 3.63eV
at a free silver surface. An evaluation of the reflectivity deficit similar to that
described in scattering experiments in air, see Sect. 5.1, is not reported.

For further experiments on such metal-solution interfaces and more de-
tailed information see [5.29].
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Fig.5.14. The figure displays normal incidence electro-reflectance spectra AR/R(\) and
static reflectance spectra R() of a stepped Ag (110) surface in an aequeous solution (0.5 MNa-
ClO4) with p-polarized light. The dashed curve AR/R is measured parallel to the steps and
shows only a weak structure besides the plasma edge. Perpendicular to the steps a remark-
able additional structure is observed (—-); it lies at around 3500 A (3.5eV) at which the
condition &’ (Ag)= — &o (Hy0) with €9 = 2 for SPs (with large k5 ) is fulfilled. The excitation
of SPs is possible due to the coupling of the light with the stepped metal surface. From [5.28]

Total Integrated Scattering (TIS)

In this context the procedure of determining the roughness by the “total inte-
grated scattering” method will be discussed: a light beam hits the surface under
investigation nearly in the normal direction, # ~0°. A hemisphere (Coblentz
sphere) covering the rough surface, collects the diffusely scattered light R, on
a light detector inside the half sphere. The specularly reflected light plus R,
yields the total reflected light Rio:. The “total integrated scattering” is defined
as TIS = Rsc/Riot; where Rg. and Ryt are measured.

To determine the roughness one assumes first |¢} |>1 and le|>€!, together
with a Gaussian correlation function. Then one introduces the condition that
the illuminating ) is small compared to the correlation length o : ko>>1. Large
|e1 | are identical with very long wavelengths, so that the angular functions (5.2)
and (5.3) reduce to ]pr|2 = |Ws|? = (2 cos8)?=4, since Oy~0, see Chap. 9
of [2.4].

The integration of the scattered light (1/Iop)(dI/df2) (5.1) over df? can be
performed, since the roughness function |s(Ak,)|? = |s(kg)|? (kY = 0) can be
approximated by a Dirac delta function [4.16].

5 2
lg:t - (fl—’;_) . (5.16)

The assumption |¢}|>>1 implies that the relations (5.2) and (5.3) become inde-
pendent of the polarization of the light Wpp = W (the so-called “scalar case”).

89



Further SP excitation is excluded since the energy of the exciting photon is too
small, see (5.4).

As (5.16) is valid only under the above restricting conditions, the appli-
cation to visible light leads only to approximate results. The integration of
the intensity over the half sphere prevents further control of the applied cor-
relation function. The advantage of this method, however, is its simplicity to
obtain quickly an approximate roughness value, which is important for practical
purposes. A more detailed discussion can be found in Elson et al. {5.30].
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6. Surface Plasmons on Gratings

In the following, experimental and theoretical results are reviewed which de-
scribe the effect of a grating on the propagation of SPs. Similar to Chap. 3
first the emission of light, enhanced by SP excitation, is discussed at smaller
amplitudes of the grating; it is compared to that of gratings without SP ex-
citation. Stronger corrugation leads to changes of the dispersion relation of
the SPs which can be recognized by the changes in position of the reflection
minima with increasing roughness. Correlated with the excitation of SPs, the
electromagnetic field at the surface is enhanced in a similar fashion to smooth
surfaces; the importance of the enhancement for the generation of the second
harmonic and for the surface enhanced Raman scattering (SERS) is discussed.
If SPs are reflected at the grating under special conditions, the reflected and
the primary SPs couple with each other and energy gaps are produced.

A rough surface can be decomposed into its harmonic components with a
continuum of k; = 27 /a values. It is therefore promising for a better under-
standing of the SP-phonon interaction to look at a surface containing only one
of these components, i.e., gratings described by S(z) = hsin(2n/a)z.

This restriction on a sinusoidal profile brings not only a simplification
in the experiments since a holographic or interference grating can be better
reproduced than a rough surface, the theoretical treatment is also easier.

The experiments can be performed in two ways:

a) The ATR Method. Here the silver/air interface has the profile of a grat-
ing, see Fig.6.1. The gratings are produced by vaporizing a metal film, e.g., Ag
of about 5 x 102 A thickness, on a photoresist grating which has been prepared
by illuminating a plane photoresist (Shipley AZ 1350) film, deposited on a glass

prism (fused . )
silica)  Fig. 6.1. Experimental device to study

the properties of SPs on a sinusoidal
surface. The grating constant a and the
amplitude A can be varied independent
of the light frequency and metal. From
[6.1]

Ky =kn sin®
photoresist |- i N T T
silver
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or quartz slide, with the interference pattern of light of wavelength A. Chem-
ical development of the illuminated photoresist film yields a sinusoidal profile
[6.1-3]. The amplitude A of the profile, which depends on the time of exposure,
1s obtained by measuring the relative intensity of its first-order diffraction with
s-polarized light using the relations given below.

This device can be used in two ways: either observing the reflected beam
or looking at the light scattered from the grating surface, “scattering device”.

b) Reflection Method. The light coming from the air side is reflected at the
surface of the grating described above, see Fig.6.2. This is the classical device

for light spectroscopy with gratings. Here the SPs are produced via a grating
coupler, see Sect. 2.7.

Both experimental devices have been used. The results are described in
this chapter.

A S A
\\\\\\\\A \\,&Q\\T Fig.6.2. Reflection of light at a grating

6.1 Emission of Light from Sinusoidal Gratings
Supported by Surface Plasmons

Analogous to the observation on rough surfaces, the excitation of SPs on grat-
ings can be observed by the emitted light. In the experimental arrangement, see
Fig. 6.1, the rough surface has been replaced by a metal film with a sinuscidal
surface. In contrast to rough surfaces the scattered intensity is concentrated in
some needle-like diffraction maxima. Figure 6.3 demonstrates the light emis-
sion into the (—1)th diffraction order at the air side as a function of the angle
of incidence 6y for two h values: h = 3.34A (above) and h = 1604 (h is the
amplitude of the sinus profile) [6.4]. On the left the correlated reflection curve
is reproduced. Both (a) and (b) differ in position and width due to the dif-
ferent value of h. The maximum excitation produces maximum light emission.
The resonance case is not completely adjusted in Fig. 6.3, since the reflection
minimum does not reach zero.
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Fig.6.3. Observed reflection Ry and diffraction intensity 77+ (n = +1) at a grating with
a=59304, h=3.34 (a) and h = 160 A (b) (A = 6471 A). The value of df? of the detector
has been decreased to df2 = 5 X 10~ sr in order to reduce the diffuse stray light produced
by the statistical roughness of the grating. From [6.4]

Remark

It is surprising that a grating of A = 3.3 A can produce such a pronounced sig-
nal, although the statistical roughness is § & 5 A: The solid angle df2 has been
5% 10 4srin Fig. 6.3, 10 times smaller than in Fig. 3.8. This gives for the rel-
ative intensity scattered approximately dT1t/df2 = 4 x 107%/5 x 107% = 0.8.
In contrast to this the intensity due to the statistical roughness of § ~ 5 A
amounts to about 0.6 X 1073, The latter value, due to the background, can
thus be neglected.

Whereas in the case of statistical roughness it is of interest to know [s]?,
the Fourier transform of the roughness function in order to derive the rough-
ness parameters, here the corrugation parameter, amplitude h and the grating
constant a, are known from other reliable experiments see below. We therefore
have the possibility to control the calculated relation between light emission
and the corrugation parameter and to determine the limits of its validity.

Analogous to (3.1) a relation of the light intensity, emitted from a grating
into air, can be derived, if SPs propagate along its surface; it has a similar
structure to (3.1). For example, the relative p-polarized intensity emitted into

the diffraction maximum, e.g., n = —1, is given by the relative transmitted
intensity
(1) — (=1 /70 Lo\ o o2
T =71 /I = const. Z Z |t0R12(9)| h (61)

with h? the square of the amplitude of the grating or the Fourier transform
of the profile function S(z) = k sin(2r/a)z, see (2.52), and |¢tP|? the enhance-
ment of the field intensity in the surface metal/air. The value of the constant
contains the angular function, see [6.5]. This relation is a first-order approx-
imation as is (3.1): h<a and h<A. The important term in (6.1) is given by
the factor |t} R12l27 the Fresnel transmission coefficient for smooth surfaces for
the layer system quartz (0)/resist (R)/silver (1)/air (2) which does not differ
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essentially from |tf,, 2 given in (2.27). Tt reaches a maximum for the resonance
angle and produces the peaks in Fig.6.3. The numerical evaluation for different
wavelengths and a = 5930 & is shown in Fig. 6.4, which displays (T(_l)/h2)1/2
as a function of A. It should be constant as long as (6.1) is valid. Its value
agrees with the calculated value with an error of less than about 10 %, up to an
h of about 70 A for a sinusoidal profile, apparently the limit of the Linear ap-
proximation [6.4]. The numerical agreement for h<70 A demonstrates further
that the enhancement is described by ltgnlz correctly. The observed decrease

of (T(=1) /22 for larger values of h agrees formally with the result that the
enhancement on rough surfaces decreases with increasing roughness. A theory
for higher corrugations will bring a better insight, but this does not vet exist.

This value of about 70 A for the limit of the validity of the linear approxi-
mation of (6.1) can be compared to 6, the r.m.s. height of a rough surface: this
limit lies at § = 1520 A, about 5 times less than h =70 A.

A A=6L71 A
o A:5145 A
. O h=i5T3A
Tl
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Fig.6.4. The amplitude of light \/Tty emitted from a grating with ¢ = 5930 A into the
first-order diffration divided by the amplitude k as a function of A at different wavelengths.
The horizontal line (——) represents the result calculated with the first-order approximation.
From [6.4]

Emission of Light From a Grating Without SPs

Irradiating gratings with light produces the specularly reflected beam (n = 0)
and in general diffraction maxima. The excitation of SP resonances can be
avoided by using s light or p light outside of the resonance angles. It is of inter-
est to look at the intensity of the diffraction maxima as a function of &, which
is important for the determination of the amplitudes h of gratings. In the long
wavelength approximation, ¢} large and h/A< 1, the reflected intensity of the

nth order at normal incidence for s- and p-polarized light (“scalar” case) is
given by [6.6]:

I s2[2m
Iy A

R, = = -——h(l + cos On)J (6.2)
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where Ji denotes the Bessel function of the first kind. For h/A<1 one obtains

1™ 1(72xn 2
R, = T =1 [%(1 + cos 9n)] or (6.3)
0
R, 1[2# 2
h_2 = const. = Z ,:—/\—(1 4 cos Gn)} . (64)

This relation which is valid up to 2~300 A, see Fig.6.5 [6.7] gives the possi-
bility to determine the value of A by measuring I, /Iy with s light to avoid
the resonances, a procedure which has been used for the measurements of the
amplitudes h [6.1,2]. The accuracy of the determination of % is <4 % for sil-
ver, if 61<45° and h/a<0.1 using n = 41. This method has its advantage for
small h values. At larger amplitudes %, the scanning electron microscope can
be applied.
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Fig.6.5. The quotient V' R(~1) /h measured on gratings with ¢ = 5930 A as a function of
their amplitudes % at different wavelengths A and with light of both polarizations. Angle
of incidence #(%) = 45°. The values of h have been determined with s-polarized light (A =
6471 A). Horizontal lines: calculated; signs: experimental data. These observations show that
the formulas are reliable up to values of h 2 300 A. From [6.5]

If the values of ¢} are not limited, Maxwell’s equations give different ex-
pressions for s and p light. Again the quotient (Rn/h?) is a function only of
A. The experimental control confirmed this behavior up to about A = 3004
quantitatively for s and p light and different wavelengths at a silver grating of
a = 5930 A [6.7], see Fig.6.6.

These measurements, especially those of R? and R(—1) have been extended
up to about A = 2500 A [6.8]. The results are displayed for s light in Fig. 6.6a
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Fig. 6.6. (a) Relative reflected intensity R°(0) and diffracted intensity R(-1)(e) of s-polarized
light (A == 6328 A) as a function of the amplitude of the sinusoidal grating with a = 5200 A.
(---): the linear approximation which is not valid beyond about 10nm. (b) The same for
p-polarized light. From [6.8]

at 09 = 30° and 6(-1) = 45° with ¢ = 5200 A, silver, whereas Fig. 6.6b shows
the same for p light. The oscillations of R® and R(-1 as a function of & are
remarkable; they are not yet explained. The dashed lines indicate the linear
approximations for a qualitative comparison with the results described above.
At these large amplitudes A, the skin depth (2.9) is smaller than k which
complicates the situation.

6.2 Dispersion Relation of Surface Plasmons
on Sinusoidal Surfaces

If the amplitude h of the grating is increased, the observations demonstrate
that besides the light emission, changes of the dispersion relation due to the

96



sinusoidal perturbation of the surface become evident: These results are derived
from the behavior of the reflection minimum as a function of the amplitude h
whereby the minimum is either observed in an ATR device [6.1,2] or in direct
reflection [6.9].

The results are displayed in Fig.6.7 for gold and silver. The positions of
the minima displace to larger resonance angles by A#y, and the half widths
A6Y/2 increase with increasing amplitudes h. In both cases an approximate
dependence on A% has been found. The dependency of \ and « (grating con-
stant) are not yet known in detail; a comparison of Fig.6.7a and b (silver,
a=149104& and a = 4400 A) displays that at constant \ the dependence on
k is much stronger at 4400 A than at 14910 4. Apparently the steeper walls
of the grooves at a smaller grating constant support multiple scattering. The

increase of Afy and Aﬂé/ 2, however, with increasing perturbation is not as
large as on a rough surface, see Fig.4.4.

The results shown in Fig. 6.7 mean a decrease of the phase velocity with in-
creasing perturbation of the surface similar to that obtained at a rough surface.
There is, however, a quantitative difference: An amplitude h 2 10 & of a sinu-
soidal grating shows no detectable effect; at A ~ 100 A (a = 4400 A, A = 5682 A,
silver) a value of Afy~0.1° can be observed, see Fig. 2 in [6.9], whereas a sta-
tistical roughness of § of about 10A displaces the minimum by about 1° at
A = 5000 A. Similar results are received for A(J’é/ 2,

The qualitative interpretation of these effects is as follows: the increased
damping arises from the radiation losses into the air space which increase with
h? in the first-order approximation, i.e., up to h = 70 A; beyond this limit the
increase is slower than h2, see Fig.6.3. The decrease of the phase velocity is
due to multiple scattering as discussed in Chap. 3.

Theoretical Remarks

In Fig. 6.7c, besides the experimental data, calculated values are shown. These
data are obtained with the well-known Rayleigh method. The development of
the field above the grating into the eigenfunctions of up to 20 harmonics, re-
garding the complex character of the dielectric function, yields a remarkable
good agreement between observed and calculated data for silver and gold. The
convergence is satisfled and is in agreement with the theoretical considerations
that the Rayleigh method can be applied up to h/a~0.07 for real metals [6.10].

The Rayleigh method has had the same success in describing the effect of
the secondary harmonic in the profile of the sinusoidal grating on the shape of
the first-order reflection, see below.

A look at the curves for gold Fig. 6.7¢ shows that the observed curves (full
lines) lie somewhat beyond the calculated curves (points). The reason of this
discrepancy lies probably in the relatively large value of &’ of gold [6.9]. If £”
is reduced formally by a factor of 5 the convergence improves [6.11].

In Fig.6.7c the result of the second-order approximation of Kréiger and
Kretschmann [4.10] has been added as dashed lines. It shows a qualitative
agreement and reproduces the general trend rather well, but the quantitative
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Fig.6.7. The position of the resonance minima 6y (left) and their width ApL/? (right) as a

function of the amplitude h of the sinusoidal grating, (a) silver, a = 14910 %, A = 5682 4:
(b) silver, a = 4400 A, X = 5682 &, (c) gold, a = 7965 A, A = 5682 A. Circles: observed. Full
and broken lines: calculated data. The values of A = 0 are obtained by extrapolation; the
dashed line is calculated with the second-order approximation. From [6.9]

g
-}

agreement is lacking. It is necessary to add many more higher orders to fit the
observed values; this is accomplished by the Rayleigh method.

Anocther successful approach to calculate these observed curves has been
developed: the exact integral formalism [6.12] which has been successfully ap-
plied to earlier measurements of the dispersion of SPs on sinusoidal profiles as
a function of the amplitude of the grating [6.3].

6.3 Reflection of Light at Gratings with Excitation
of Surface Plasmons

In Sects. 6.1,2 we have described the fundamental phenomena which occur by
the interaction of SPs with a grating, especially a sinusoidal grating: the light
emission in the resonance case and the change of the frequency and damping
of the eigen modes by the grating.

In the following a more detailed description of some special effects are
discussed which happen if SPs are excited by the grating coupler. The device is
shown in Fig. 6.2; it is the classical method of light spectroscopy in reflection.

The interest comes from observations which state rapid variations of the in-
tensity in a rather narrow region of the angle of incidence or of the wavelength.
Such changes of intensity happen if diffraction maxima emerge or disappear
and also if SPs are excited; the latter phenomencn is of special interest here.
The results obtained at sinusoidal corrugations are rather clearly be described
theoretically; if higher harmonics come into play, the situation gets complex.

Reflection of Light at a Sinusoidal Profile

If a grating is used for reflection experiments, see Sect. 6.2, which consists of
a metal fulfilling the conditions for the excitation of SPs: £/<0 and |¢'|>1 and
"<, the intensity of the zero-order diffration (n = 0), the specular reflected
beam, shows at the resonance angle given by (2.13) an intensity minimum see,
Fig.6.8 [6.13,14]'. This is valid for p-polarized light, s light shows no mini-

mum. The resonance appears for k; = (w/c)y/e}/(e] +1) = (w/c)sin §+vg,
see Fig. 2.4 where Ak, = g, provided we neglect the influence of the amplitude
h.

This reflection minimum has been used as described already in Sect. 6.2
to determine the influence of the grating amplitude 4 on its position and its
shape.

} A displacement of the ATR minimum with increasing amplitude of the gold grating up
to A = 600 A which should be at least 1° has not been observed in [6.14]. The reason of this

discrepancy is not clear.
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Fig. 6.8. Intensity of the zero-order reflection at a

ILL grating for p-polarized light. The minimum indi-
cates the energy absorption due to SP excitation.
LL means the positions of the light line. 26.1° is
the calculated, 29.0° the observed position; the dis-
placement is due to the corrugation of the silver
surface. From [2.3b]

Relative intensity

26.1° 29.0°

i

T T T T T T T T T
10° 20° 30° 40°  50°
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Furthermore, it is interesting that the depth of this minimum depends on
the height & of the amplitude of the grating, see Fig.6.9. There is a critical
amplitude h. at which the reflected intensity becomes zero, which indicates the
strongest coupling of photons with SPs via, corrugation. A similar situation has
been found at rough (Fig. 4.1) and on smooth surfaces.

Another less pronounced structure “Wood’s anomaly” is seen in Fig. 6.8
at 0y ~24° a discontinuity of the diffraction intensity is visible which is due
to the disappearance of the diffraction order n = +1. The difference of the
intensities above and below the break increases with A2, since the diffraction
intensity does so with h2.

If the value of & passes the critical amplitude h¢, the minimum I° becomes
rather asymmetric and the value of R above hc no longer reaches the value
below h,, as the points for I in Fig.6.10 demonstrate. Figure 6.10 shows, besides

o~ ST~ e ] I
0.8;.4/ __,_._-—»—~—“""‘_"';
Q4 |
+1
O (deg)
! 1 ! | 1 | j] I |
00 10 12 14 16 18

Fig.6.9. The observed reflected (I° + I71) of a sinusoidal silver grating (¢ = 6015 A),
the amplitude of the sinus profile as parameter as a function of the angle of incidence fo
(A = 51454), At h = 130£ the resonance is strongest leading to an enhancement of the
electric field intensity of about 231. Values of & in [1%] (=++=) 25; (---) 75; (—-) 135; ()
215; (—+—) 315; (~—-) 550. From [6.13]
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Fig.6.10. Observed (points) and
calculated (full lines) intensity re-
flected at a sinusoidal gold (inter-
ference) grating with a = 7965 A
and A = 6471 A. I° and T~ are
the intensities in the zeroth and
(—1)st diffraction order; I® 4 11
means the sum of both light in-
tensities. These are relative inten-
sities referred to the incoming in-
tensity (Ig). The amplitude h of
the profile is given as a parameter;
(1) 894, (2) 1744, (3) 3084, (4)
514 A. The deepest minimum oc-
curs at A = 3004, at which an
enhancement of |tP| /2 59 is calcu~
lated using (¢',&") = (-9.75;1.1).
the displacement of the minimum
to higher angles and the increasing
width of the minimum with larger
h display the dependence of the dis-
persion relation of SP. (o) : ampli-
tude A of the grating. From [6.16]

12 1 16 0 (deq) 18

I9, the data of I™1 reflected at a sinusoidal gold grating with ¢ = 79654 at
A = 6471 A. If the intensities IO and I~! are added, the intensities IO 4+ -1
are lifted up so that a well-defined minimum is obtained, see Fig. 6.10 below.
These experimental results can be quantitatively described by existing the-
ories. As we had explained in Sect. 6.2 the changes of the displacement A6y of

the ATR minimum as well as the increase of its width AG(I)/ ? are quantitatively
described by a Rayleigh method, which has its limit at A /a = 0.07. To calcu-
late values at larger h/a, the extinction theorem of Toigo et al. [6.15] has been
applied which enables sufficient convergence to be reached up to h/a~0.5. A
number of special grating questions have been treated which are discussed in
Sect. 6.5.

Here in Fig. 6.10 the observed reflection curves as function of 4 with % as
parameter [6.9] are directly compared with the calculated curves of Digz et al.
[6.16]. The changes of the shape of the reflection minima are nearly quanti-
tatively reproduced. Small discrepancies appear, e.g., on the silver grating at
A = 5145 : the calculated minimum position comes out 0.5° smaller than the
observed resonance angle. The ¢ values have to be taken (—11/0.33) instead of
the value of the literature (—10.4/0.38); both ¢ values however are within the
limits of the accuracy of the measurements.

Another example is shown in Fig.6.11, in which the reflected intensity for
a silver grating of @ = 201404 and A = 1200 A at a wavelength of 5682 A is
displayed for different orders n = 0 up to n = +4 as a function of the angle
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Fig.6.11. Calculated reflectivities (a) (—-) and experimental data (b) (—) of different
diffraction orders n. The grating parameters are & = 1200 A and ¢ = 20140 A; X =56824,
(ees, 000) in (a), n = 0, are observed data. From [6.16,17]

of incidence 8y [6.17]. Whereas the measured values, at right, demonstrate for
n = 0 the deformation of I similar to that in Fig. 6.10, the observed orders
n>0 show well-developed minima: At the top left, the measured values of n = 0
(dark dots, the same curve as n = 0 in Fig. 6.11b) are found to be in agreement
with the calculated data (lower full line). In addition, the sum of the observed
light intensities of all the orders ZT("), including n = +5 and n = 46 which
are not reproduced in Fig.6.11, is displayed by the open circles, showing a
well-developed minimum. The upper full lines are the calculated values, in
agreement with the observed data. At 45.9° the diffraction order disappears
under the “horizon” so that the intensity has a discontinuity similar to that
shown in Fig. 6.8. Further examples can be found in [6.17].

These direct comparisons of the calculated and observed data demonstrate
that the extinction theorem is a very helpful procedure to reproduce the ob-
served results. The physics, however, do not always become evident.

Reflection of Light at Tunnel Junctions on Gratings
In the preceding parts of this section the reflection of light at metallic grat-
ing surfaces and their interaction with SPs has been reported. A variant has
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been discussed in Sect. 4.7, where a tunnel Junction has been laid down on the
metal grating, see Fig.4.12. But instead of looking at the light emitted from
this junction, caused by the coupling of the tunnel electrons with the rough or
sinusoidal metal layer, here the effect of the SPs excited by the light reflected
at such a structured junction on the photocurrent through the Junction is dis-
cussed. The enhanced field of the SPs influences the tunnel current in the MOM
(metal-oxyd-metal) junction depending on the bias applied to both metal elec-
trodes. Such junctions are Ag-Aly03-Al and Al-Al;03-Al [6.18]. The quantum
efficiency, the number of electrons per photon, has a relatively small value of
some 10™*. The physical process of the described observations is in principal
the same as the SP supported photoeffect, e.g., at a silver surface, which has
a strong maximum in the resonance case, a phenomenon already described in
[2.13] and later in [6.19].

Recently MIS junctions have been studied in which the metal e.g., silver,
is replaced by a semiconductor as InP [6.20] and p-Si [6.21]. An interesting
example is the Al (100-400 4)-Si04(20 A)-p-Si junction, see Fig.6.12. If one
observes the junction current through the Schottky barrier at a fixed angle of
the incident light, strong and narrow light maxima. are observed, if the take-off
angle and the wavelength are varied (both depend on each other through the
dispersion relation), see Fig.6.13. This enhanced current is due to the strong
field of the SPs on the Al surface, which produces electron-hole pairs in Si and
thus the high current. The quantum efficiency depends on the thickness of the
Al top layer; it amounts to 0.3 for a 110 A Al top layer at A = 6328 A [6.21].
These devices are of interest for fast light detectors in narrow frequency bands.

1.0

(a)
{b)

0.8f

0.2¢

0

1 H
600 700 A [nm]
Fig.6.12. The reflected intensity R(=1) at the MIS Jjuntion, see insert. Curve (a) for a
flat MIS structure, curve (b) for the Junction Al(310 A)-SiO5-p-Si on a grating (a = 3640 &,
h = 80 A), curve (c) for the junction Al(90 A)-SiO3-p-Si. At §; = 44° the reflection minimum
at A = 6328 A indicates the SP resonance. From [6.18]
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Fig.6.13. The relative photocur-
rent (Ipe) of the MIS junction
A1(250 A)-SiO4-p-Si at different X
6=10° B:=20° B=40° 9550 for various take-off angles (both are
Jjoined by the dispersion relation).
The light intensity has been kept
constant. The dashed line is ob-
served with s-polarized light. Grat-
osl- ing parameters: a = 36404, b =
80 A. From [6.18]

IRal

400 500 600 700 Mnm)

Light Emission from SPs Excited on Gratings by Electrons

If electrons hit a metallic surface, SPs are excited, see Fig. 2.3. This happens
on a smooth surface too, since — in contrast to photons — the transferred mo-
mentum is sufficient to fulfill the dispersion relation of the SPs.

If the surface has periodic perturbations, e.g., a grating profile, the SPs
interact with the grating and exchange multiples of the vector g = 27 /a. Those
wave vectors kJ£vg, where v are integer numbers, kY = (w/c)(e1 /eq + n/z)
which fall inside the light cone, give rise to strong p-polarized light maxima
[6.22]. Figure 6.14 demonstrates these beams for different wavelengths, which
are selected with a monochromator together with a polarizer and a photomul-
tiplier. The silver grating has the parameters a = 8850 A and h — 500 A The
evaluation of Fig. 6.14 is shown in Fig. 6.15 and displays the periodic structure
of the SP dispersion produced by multiple scattering processes. The accuracy

4

I Larb units]

Fig.6.14. Light of various wavelengths emitted from a sinusoidal grating (@ = 88504,
h = ~500 A) which is irradiated with 80 KeV electrons at an angle of incidence of o = 70°.
From [6.22]
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Fig.6.15, w — k; diagram with the peak positions of Fig. 6.14 inserted. At a given fiw of the
SP, excitations occur at k, = k) tvg with g = 27/a. The number of scattering processes is
given by v. From [6.22]

of the measurements allows detection of the position displacement of the light
maxima as well as the increase of its width with increasing amplitude A of the
sinusoidal grating, as has been described in Sect. 6.9 Both results agree. The
difficulties and limitations in the electron experiments, in spite of many efforts,
cannot reach the same accuracy as in the optical experiments.

6.4 Influence of a Second Harmonic in the Grating Profile

Since the photoresist has a nonlinear response characteristic, the sinusoidal
grating profile can have contributions of higher harmonics. These can be varied
by preexposing the resist uniformly. The amplitude A(2) of the second harmonic
is measured by the intensity of the diffraction maximum n = 2 of s-polarized
light as just described. Figure 6.16 shows the shape of the (—1)-order reflec-
tion with h(z)/ R as parameter. The resonance minimum is nearly symmetric
for small A(2) /R = 0.06 and gets more asymmetric the larger the value of
R(2) /R A maximum is formed; in addition a displacement of the minimum
occurs. This result has been found at silver [6.23] as well as at gold gratings
[6.9). These results give a hint for an understanding of the observations with
p-polarized light at silver gratings of different amplitudes h [6.19]. At values
of h below about 700 A the intensity minimum in the resonance case at 7, — 0
remains a minimum nearly independent of &; the higher orders n>0 however
assume different shapes with Increasing A, either a minimum or a maximum
or an oscillator-like curve. These changes are due to the influence of higher
harmonics which results from the production of gratings with large A values
and to which the n>0 orders are sensitive as just described. This is supported
by the following example: Figure 6.17 [6.17] shows the shape of the reflection
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12°
Fig.6.16. Observed relative intensity R,(,_l) (—) of the n = —1 diffra,
of By at aﬁratin with the profile S(z) = b cog (27/a)z + h(2) cos (4r/a)z. a = 6000 A,

ction as a function

A = 51454, A1) = 150 A. Parameter: R /(1) Z 905 (1); = ~90.11 (2); = —0.16 (3);
= ~0.26 (4). Calculated curve: (---). The silver film had a thickness of 2000 A From [6.23]

.0
55 0O (deg) . 45 50 55 O(deg)
Fig.6.17. Calculated reflectivities of different orders n (—) at a silver grating of h = 700 4.
The left curves are calculated with a sinusoidal profile, the right ones are modified by adding

a second harmonic component of £(2) = _gq A; e = 20140 and A = 5682 A Open circles
are observed data. From [6.16,17]
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minima at different orders, n = 0 up to n = 4, at a grating with h = 700 4; the
other parameters are the same as in Fig. 6.11. The full lines (left) are calculated
values, whereas the observed data are given by open circles. The shape of n = 0
— apart from a slight difference of the positions of the minima — is rather well
reproduced. For n>2 the discrepancies between calculated and observed curves
are important, since maxima are observed instead of the calculated minima. If
one recalculates the curves by adding a second harmonic A(2) = —84 A, the full
lines at right are obtained. A rather good agreement can be noticed. Such a
contribution of #(?) can arise during the preparation of the grating as we have
seen in the example of Fig.6.17.

In this context it shall be mentioned that in earlier experiments on (ruled)
gratings of Al and Au the resonance positions are observed as peaks of inten-
sities and not as intensity minima [6.24]; this observation can be explained
similarly by the contribution of the higher orders in the grating profile.

6.5 Resonance Enhancement of the Electromagnetic Field

Theoretical Considerations

As we have seen in Sect.2.4 the intensity of the electromagnetic field in the
interface silver/air (at the air side) passes a maximum if resonance (zero re-
flectivity) is reached. This enhancement can be calculated for smooth surfaces
using Fresnel’s relations and has been experimentally confirmed at surfaces of
small roughness. Such an enhancement exists on sinusoidal surfaces also and
has been estimated using energy conservation in the same way as mentioned
above, see Sect. 2.4, with the result [2.23]

_ 2|e!|%cos 8g+(1 — R)
ETEAE
cos 8y can be derived from (2.13):

! 1/2
sin€0=(,611> —i.
€1+ a

el

(6.5)

The maximum of T¢! is given by R = 0, see (2.16) and (2.14). We obtain for a
grating with @ = 8000 A and X = 6200 A (hw = 2€V) a value of ~250 (Ag), ~60
(Au), ~35 (Cu). The dependence on &} (w) shows the strong influence of the
wavelength: the value of 250 (Ag) at A = 6500 A decreases to 80 at A = 4200 A.
More details can be seen in Fig. 2 of [2.23]. These values are somewhat larger
than those obtained at smooth surfaces, if T¢ is referred to air g = 1, see
(2.30), so that TE,, = |t€12|2.

These data of enhancement on gratings due to SPs are maximum values
to be expected. The advantage of (6.5) is that it gives a quick overview of the
influence of the different parameters. The field enhancement varies by a factor
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of more than 10 along a saw-tooth profile. Probably due to interference effects,
its maximum value does not lie at the peak of the profile.

Further the calculations are applied to sinusoidal bigratings and to a bi-
grating formed by a square lattice of hemiellipsoids on planar surfaces [6.25].
Especially the enhancement has been calculated as a function of the incident
angle, it passes through a maximum if the reflectivity reaches its minium (zero)
at the resonance angle. The values of the enhancement are comparable to those
of a sinusoidal grating.

Calculations with the extinction theorem on the enhancement at sinusoidal
and saw-tooth profiles of silver, gold and copper have been published. They
demonstrate that the enhancement on sinusoidal and saw-tooth profiles are
comparable [6.26]. A

In addition, this method has been applied to compute the attenuation and
dispersion of SPs on sinusoidal and saw-tooth gratings. For detailed results see
[6.27].

In Sect. 6.3 we have seen by direct comparison that a quantitative agree-
ment of calculated and measured data exists and that the observed structure of
the reflectivity at sinus-like gratings and its dependence on the grating param-
eters are obtained if the effective extinction theorem is applied. A first order
approximation does not lead to these results. Such an approximation yields too
large enhancements, if one exceeds the limits of the approximation (small 2 /a),
see [6.28].

It is noteworthy that the enhancement values Tl . from (6.5) agree rather
well with the computer simulations on sinusoidal gratings, that use the extine-
tion theorem. For example, the value of ¢ for a Ag grating with a = 6015 4
and A = 5145 4, see Fig.1 of [6.16], amounts to 7 — 230, the same value
results as well from (6.5). The enhancement T¢! of the Au grating, see Fig.1
of [6.16] calculated with (6.5) is ~ 60, using the e-values (—=9.7; 1.1). This
number is equal to the one due to the extinction theorem (Te) = 59) using the
same e-values.

Experimental Results
There are a number of publications which can be used to compare these theo-
rtical data:

a)  The good agreement of the calculated scattered light intensity (1/I)
(dI/d$2) as function of h2 (A amplitude of the grating) discussed in
Sect. 6.2 shows that the enhancement factor |t512|2 introduced by Kretsch-
mann into the expression for the intensity from rough surfaces, describes
the results fairly well [6.4]. One concludes that the enhancement amounts
to a value of about 80 under the referred conditions.

b)  Another result has been derived from the enhancement of the Raman
scattering (SERS) [4.34]: In order to measure the fleld increase, the
grating (silver, a = 4507 &, 2k = 396 A) has been covered with a thin
polystyrene film 100 A thick. The surface has been irradiated with light
of 6328 A and the Intensity of the Raman line (1000cm™1) at resonance
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is compared to the intensity out of SP resonance. A value of about 30 is
obtained, which the authors correct to 80-100 due to the presence of the
polystyrene film.

¢) A similar method has been used in which the silver grating is doped with
nitrobenzoic acid. The intensity quotient of the Raman line 1600 cm™> in
and out of resonance has been determined to be about 2530 [6.29, 30].

Calculations of the enhancement at sinusoidal gratings have been per-
formed using a special approach in order to be compared to the results of
(b) and (c). The results obtained agree rather well with the calculated figures
reported above [6.31].

Summarizing the results, we can say that the enhancement factors of these
extended SPs confirm the assumptions. A better agreement would be more
satisfying. But nowadays these low T values are not attractive compared to
the high values of T of 104-107, obtained with localized SPs, see Chaps. 4, 5,
which are of special interest for applications.

6.6 Second Harmonic Generation on Gratings

The excitation of SPs produces a strong enhancement of the electric feld in the
surface. Similar to the situation on smooth surfaces, see Sect. 2.8, the generation
of second harmonics in these enhanced fields is also expected.

Experiments have been published on silver (interference) gratings (a =
5500 A) of different amplitudes A, at which laser light (A = 10.6 ) is reflected
[6.28]. The scheme of the experimental device is shown in Fig. 6.18. One expects
contributions of the second harmonic intensity at resonance in the direction
of the diffraction maxima of the zeroth and + first order of the w light. If
there were a dispersive medium on the silver grating, the two beams with the
frequencies w and 2w would have different directions similar to those in the ATR
device, Fig. 2.30. Since the grating of Fig. 6.18 is located in air, the conservation
of momentum and energy 2(hw/c)sin 63 gives 61 = 6. In order to suppress the

Mo  GLAN PRISM ROTATOR
LASER \\ R: i &
; H 0, AGRATING
1) 7
| S Y
' ’ w
[;'] SOLUTION

Fig.6.18. Scheme of the exper-
imental arrangement to measure
the second harmonic signal in
ppn. the light beam reflected at a
" grating. From [6.28]

PIN PHOTODIODE
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Fig.6.19. The second harmonic intensity R(=1)(2w) in
the (—1)st diffraction order as function of the angle of
incidence at different amplitudes h of the grating: (1)
230 4, (2) 350 &, (3) 460 A. One notices that the half width
of curve (1) of 0.5° corresponds to the half width of the
resonance of the fundamental frequency w. From [6.28]

(10 7cm2 W

R_42w)

ANGLE OF INCIDENCE 8

w frequency, a filter (CuSO,4 solution) together with the monochromator (MC)
are located before the photomultiplier. The result is displayed in Fig.6.19 for
the R(_l)(Qw) as well as for the R%(2w) reflectivity as a function of the angle
of incidence gy at different heights A of the grating. One observes a resonance
behavior as a function of o which shows a maximum of the 2w intensity at
the critical amplitude A,. Here the fundamental SP excitation has its strongest
value or the ATR minimum its lowest value. The observed values of h. are
250 A for R%(2w) and 300 A for R™1(2w); both values should be equal, but it
seems that measurements with smaller steps of h between 250 and 300 A lead
to the same value.

The enhancement of the second harmonic comes out as 15 for R%(2w)
and 36 for R™1(2w) if the peak heights are compared to those obtained at
a flat surface. Calculations lead to values of 5 and 11.5, respectively [6.32].
Perturbation calculations up to the second order of h/XA demonstrate strong
peaks at those angles of incidence at which the maximum excitation of the
fundamental SP occurs. The relative enhancement can be regarded as roughly
in agreement with the observed values [6.33].

6.7 Coupling of Surface Plasmons Via Roughness

In Fig. 6.7, the effect of a grating on SPs has been described. A new situation
appears if the SPs are scattered by the grating so that the scattered SPs (k'
together with the original SPs (x) fulfill the reflection condition, see Fig. 6.20

k—k' =g with (6.6)
] = x|
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Fig.6.20. The wave vectors of
the SPs fulfill the reflection

‘\\ K condition k — k' = g with lg| =
s 2nfa
g
K
This gives
kg =% 6.7
g — 39V , ( . )

v integers with k&, the projection of & in the ¢ direction.
If g lies in the z direction, we have

s
k‘_—,; = :I:V:L' , (68)

the SP suffers an Umklapp process and standing waves arise which produce an
energy gap, as is well known in wave physics; the frequency becomes complex
and SPs do not propagate. The dispersion relation has discontinuities at ky
given by (6.8) as Fig. 6.21a demonstrates.

Measurements with p-polarized light of varying wavelengths reflected at a
commercial grating of gold and aluminum display these discontinuities at the
(w, kz) values characterized by (6.8), see Fig.6.21b; s-polarized light shows no
anomalies [6.34].

Experiments with holographic (interference) gratings (a = 6080 A) of si-
nusoidal profiles have been performed to study the splitting, using the ATR
device [6.35]. Here the observations were made in the plane of incidence also,
but the vectors k and g are no longer parallel, see Fig. 6.22. The angles o and
8o can be varied to determine the maximum excitation, both at constant w.
The detection of the excitation is measured by the light scattered from the
statistical roughness on the grating, which is maximum if the excitation of the
SPs is strongest. The results [6.35] are displayed in Fig.6.23a. The half width
is to be seen in Figs. 6.23b, 6.24; at the crossing point the half widths are nearly
equal. If one follows the intensity on the dispersion circle SP (x) which is pri-
marily excited by the incoming light, the decrease of intensity near the gap is
remarkable, see Fig.6.24. The circle SP (k + g) is weaker in general since it is
excited indirectly by coupling with the g vector.

If the splitting 6k of Fig. 6.23, is plotted as a function of the modulation
height h, the coupling parameter, a nearly linear correlation is obtained up to
h/a of about 0.14 as Table 6.1 demonstrates for \ — 6328 A and a = 6080 A.
Calculation of the splitting on sinusoidal gratings and saw-tooth profiles, us-
ing the extinction theorem, have been performed especially in the nonretarded
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(103 &)
Fig.6.21. (a) The dispersion relation of SPs w(ky) propagating on a grating splits at those
ks values where two branches cross each other. The straight line in the (w, k;) plane fixes an
angle 4 in real space on which the dispersion relation is fulfilled. For example, splitting can be
observed when scanning the frequency w at a given 4. (b) Observed dispersion relation of SPs
on a gold grating. Commercial grating, ruled. At left of the figure the structure of Fig.6.21a
can be recognized; it demonstrates the periodic repetition in the extended Brillouin Zone. At
right the branch (w, k) as shown in Fig.2.2 is split if the Bragg condition is fulfilled. From

[6.34]

_ SP(k+g)
//:‘/(i\\\ S\\\
\ SP k)
N\
N\
-0
g

base 4
| SP
1l
Fig.6.22.Device to measure the surroundings of the crossing point of the two dispersion

circles £ and k + g varying o and 6 : The quadrangle represents the grating sticking to the
base of the ATR prism
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Fig.6.23a,b. Experimental results of the cou’plmg of two SPs via the reciprocal vector

g = 2n/a. (a) the resonance positions k =

k| (eee) and & = | + gl {000) and the

halfwidths k;,, of the resonance as a function of the angle a between g and k; o = 0

means g k. A = 63284, a = 6080 A, and h = 185 &. From [6.35]
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Fig.6.24. The intensity of the two coupled SPs as a function of the angle o near the gap.

fo is the angle of incidence. From [6.35]
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Table 6.1. Coupling strength measured by 6k as function of the amplitude h [6.35]

h[A] 6k X 107%&7"]

200 0.4
400 0.8
600 1.1
800 1.4

region [6.36]. (A calculation in the retarded region which is accessible to ex-
periments would have allowed a comparison with these observed values). The
calculations confirm the experimental results of Table 6.1 in so far as they also
give in general a linear splitting 6k with increasing h/a up to 0.2.

Experiments of the same type have been performed on two crossed gratings
(angle 60°). Under special conditions three circles can meet in one point which
leads to a pattern with three branches see Fig. 6.25 (6.37].

In the cases just described the coupling via the grating occurs in the sil-
ver grating/air interface. Besides this coupling there is also a coupling through
the metal film. Surface plasmons cannot be excited on a smooth quartz/metal
interface by light having passed the half cylinder (€0), since the dispersion rela-
tion of the SPs in these interfaces lies right of the light lines ¢/n, where n is the
refractive index of the photoresist or quartz (n =16, n= 1.5, respectively):

ws 1s depressed to wg[1+ nz(quartz)]_l/ 2. If, however, this interface has a sinu-
soidal profile, its dispersion relation can be displaced in the reduced Brillouin
zone, so that crossing of both dispersion relations takes place; both modes are
thus coupled through the thin silver film of 600 A thickness, so that a splitting
can be observed [6.38], see Fig. 6.26.

k(x10-3 -1
1.000 1.050 )

Fig.6.25. Splitting at a crossing point of three dispersion circles produced by a sinusoidal
bigrating (angle of 60°) of amplitudes h; and hy for p- and s-polarized scattered light. From
[6.37]
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1 Fig. 6.26. The branches of the dispersion curves (1)
and (2) of the SPs of the two surfaces of the silver
film in e.g., an ATR device. In general both SPs
cannot couple. I the surface has a sinusoidal profile,
curve (2) can be displaced into the reduced Brillouin
zone, so that they cross and a gap is observed. The
coupling occurs through the thin silver film. From
[6.38]

]
olg
=g

Crossing in Wave Guides
As we have seen in Sect. 2.6, guided light modes can be excited in the device
Fig. 2.14. Figure 6.27 displays the behavior of the TM mode as a function of
«@, the angle between the wave vector x and g, the reciprocal lattice vector.
Rotating the lattice, see Fig.6.22, a splitting at certain « values is observed
due to the coupling of different modes via the grating. The position in which
the horizontal line in Fig. 6.27 splits, one branch up, the other down, happens
when two circles in k space at w = constant cross each other, see also Fig. 6.21
or 6.23, e.g., the crossing of the circles of the dispersion of the TM; () mode
with the TMj (k + g) (= TMll) mode. It is also possible that the TM; mode
couples via g with the TEL) mode, since the crossing point of TM; (k) and
TEqo(k + g) splits up.

Further, it is of interest, that the excitation maxima — neglecting the split-
ting at special angles o — do not change the excitation angle 69 in Fig.6.27,

I 11

M50l TM~TE] TMa—=TM ™ ~—>spgl] ™M~—TEl  a (deg)

1 1 !
| ] I 1 1 ] | |
0 10 20 30 L0 50 60 70 80 30
Fig.6.27. A LiF film, 4000 A thick, is deposited on a grating with a = 6080 A and h = 330 A.
The planar guided light mode TM; is excited at 8y. If this layer system is rotated by the

angle o, see Fig. 6.22, f; is registered as function of a. From [6.2]
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8o = 38.8°, between o — 0° and « = 90°. This means that the sinusoida]
perturbation has no influence o the resonance angle 6y. (This is in contrast to
the behavior of the TMp mode which is displaced at an amplitude of & = 300 A

modes within the error of Ineasurements, due to the fact that the planar guided
modes have their field maximum in the interior of the material, further away
from the surface.

Splitting of the Dispersion Relation on Rough Surfaces

Reflectivity measurements on potassium revealed s, small splitting of 0.2¢V of
the 2.8V SP [6.39]. The same value has been obtained on sodium [6.40]. A
similar effect is reported from reflectivity measurements on silver roughened in
an electrochemical cell [6.41]. Further experiments demonstrate this splitting
in the emission spectra of potassium films which are irradiated with electrons of
1.5KeV at an angle of 35° [6.41]. It has been proposed that this splitting is due
to the presence of high wave vector components in the roughness spectrum of
the surface [6.42], see also [6.43, p. 501]. Since the frequency of the SPs lieg near
Ws, we are in the horizontal or nonretarded region of the dispersion relation. A
large wave vector in this region couples via roughness with all the wave vectors

the roughness spectrum at which they are reflected, see Table 3.2. If one de-
velops the function | s|? into delta functions and assumes that one (or some) of
these functions have a higher amplitude than the others, the calculation yields
reasonable results. Such g bump in the spectrum perhaps due to many crystals
of equal dimensions, produced by special experimenta] conditions, may exist,
but this question must remain open, since we have no access to this k, region
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7. Conclusion

This review of experimental and theoretical work on the interaction of SPs with
corrugated surfaces, which contains numerous interesting phenomena, has the
intention of discussing the consistency of the material and discrepancies which
demand reconsideration of the data. It is the hope that this review may induce
experiments and calculations to clear up unanswered questions to settle the
application of light scattering methods and to seek new viewpoints.

There is a rather good insight into the properties of the SPs concerning
field enhancement, light emission from perturbated surfaces in the linear ap-
proximation. But since the limits of the validity of the first-order calculations
are rather low, about 20 A for § of the statistical roughness and about 704
for the amplitudes h of a sinusoidal profile, many experiments or calculations
use roughness beyond these limits. It is therefore important to have a better
insight as to the dependences of the enhancement, the light emission, and the
dispersion relation on § or k, above the linear approximation. The first steps are
complete, but it needs much more reliable experimental data, to get a thorough
understanding of the subject.
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Appendix

I) Derivation of the Dispersion Relation of SPs
on a Surface of a Semi-Infinite Solid

The layer system, Fig. A.1, see also Fig.2.1, has an interface (1/2), e.g., metal
(e1)]air (e9), on which a p-polarized wave propagates in the z direction. There
is no y dependence. We describe the fields in the media ( 1) and (2) as follows:

z>0  Hy = (0, Hy,0)expi(kyoz + kagz — wt)
Ey = (Eyo, 0, E,9)exp t(kgox + k,o9z — wt) (Al)

2<0  Hjp = (0, Hy1,0)expi(kyz — k12 — wt)
E = (Eazly 0, E,1)exp i(k:clx — k2 — wt) . (A2)

These fields have to fulfil] Maxwell’s equations:

10
rot Hz = EIZEZEZ (Ag)
19H;
dive; B; =0 (A.5)
divH; =0 , (A.6)

together with the continuity relations

E:cl = EmZ (A7)
Hy = Hyy (A.8)
€181 = e2E,5 . (A.9)

From (A.7.8) follows the continuity of
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kxl = k:c2 = k.’c . (A.lO)

Equation (A.3) gives

0H,,;
L —EiEmiﬁ or
Oz c
w
+kz1Hy1 = +?51Ex1
w
+]€22Hy2 = —z&'zExz . (A.ll)

Equation (A.11) together with (A.7,8) yield

Hy — Hyo =

kzl k.o

—H —= =0. A2
€1 yl + €9 y2 ( )

To obtain a solution, the determinant Dy has to be zero

k
DO = —Ll -+ kz2 =0 . (A13)
€1 €9

This is the dispersion relation of the SPs in the system Fig. A.1. Further we
get from (A.3,4,11)

[#

2
k2 4 k2, = e,(-“i) : (A.14)

From (A.13) together with (A.14) follows

1/2
w £1€&2
= — I — . '1
ky ; (51+52> (A.15)

Let us assume for the medium e3 = 1 (air) and for the medium €1 (metal) g1 <0,
le1]>1, then ky>w/c and k,; becomes imaginary or complex. The fields have

Fig. A.1. Scheme of the interface between

two media ¢ and k on which the SP

I<_'> propagates. The wave vector k; has the
i components k; and ki, see (2.3)
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their maxima in the surface z = 0 and decay in both z directions exponentially
as is characteristic for surface waves.
Equations (A.13—15) here correspond to equations (2.2—4).

H) Derivation of the Dispersion Relation for SPs
on a Thin Film (d;) with Asymmetric Environment

(cole1le2), e.g., Quartz/Metal Film/Air, See Also Fig. 2.1

One way is to proceed as in Appendix I, using Maxwell’s equations together
with the boundary conditions at the two interfaces. It is however simpler to
calculate the reflectivity of an incoming light beam at the asymmetric layer
system, see Fig. A.2, and to look at a resonance of the system.

The light beam is partially reflected at the interface (0/1) and partially
1t transmits through the interface (0/1) and is back reflected at the interface
(1/2), see Fig. A.2. The amplitudes can be calculated with Fresnel’s equations
for p-polarized light

ko kg ki kg
rf’k:<~;_}?)/(?+¥) and #, =147 (A.16)

with k,; given by (A.14).
The sum of the reflected beams or the total amplitude of the reflected wave
comes out as

. EY _ o1 + rige?ic
===
012 Eg 1+ 7"017‘1262’0‘ ’

(A.17)

with @ = k;1d; (2ia<0, since €1<0).
The zero of the denominator of (A.17) represents the dispersion relation
of the layer system. It can be written in different ways:

1478 rPe?™ <0 or (A.18)

(’“A+@> (@+ kzl) +<kﬂ_@)(£z_2_@z_z>ezia:0 .
g1 EQ €9 €1 €1 En g9 €1

(A.lg)
j tOi \\\
d, Y 1
[ hiz Fig. A .2. Calculation of rgﬁ’%
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If the two media &9 and €3 become equal, we obtain the dispersion relation of
a symmetric layer system, used in (2.34,35):

k1d
€1kz9 + €9k,1 tanh % =0
i
k,1d
e1ky2 + ok 1ctgh z212. L=0. (A.20)

To recognize the resonance character of (A.18) and to have a better insight
into the physics of this relation, we proceed as follows:

For large dy, the above dispersion relation (A.18) transforms into the dis-
persion relation (A.13) with the solution k., + ik which shall be written for
the moment as k2. If the thickness dy of the metal ilm decreases, the medium
€0 e.g., quartz, approaches the interface (1/2) and influences the value of kU.
The solution of (A.18) then becomes dependent on dj.

The new resonance position may be called k0 + Ak,. For small Ak, or
62«1, k,; can be developed around k-

w 2 %0
b =5 (%) - (04 At =10 - Bk, (a21)

zi

If we use Fresnel’s relations and introduce
iy = z12/n19 (4.22)

P ;
rolo can be written as

» n12 + z12(ro1) et

p
o2 =T » A23
012 7 0L nyp + 219rre% (4.2

After some calculations and putting n{y(k2) = 0, see (A.13), one obtains

. w 3/2 1
Aky = rP e2og( = £1°2 with .
“ "01° (c &1 +€2 &9 — €1 ' (A 24)
2 -2 2 2
— — 2
Tgl a 1230 a €h : agy ( ‘25)

a? + ieg a? + (—:% a? + 5%

if ky = kg and with a? = [—6'1(60 — 1) —eo].

The factor of rf); can be regarded as real if ef<e). The term Ak, is
complex and we can call it AkId; it has a real part which displaces k2 and
more importantly, it has an imaginary part which causes an additional radiation
damping, a consequence of the presence of the medium &g.

This damping is due to the radiation emitted from the SPs at the interface
(1/2) back into the medium (gg) in the direction of the reflected beam, see
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Fig.3.11. An emission into the (e2) half space is forbidden in the case of a
smooth surface. The new resonance position is then given by

kg = kO + AR = B 4 Re { AR} + ik + Im {ARD) (A.26)
or with (2.22,3)
ky = k' + Re {AKE2} + (! 4 7ed) | (A.27)

If a? —£%>0, the dispersion relation (A.18) lies to the right of the dispersion
relation (A.13); it is in general small. The term I rad however is of fundamental
significance for the ATR device.

With these relations we get the expression for R, see (2.18): Using the
relation (A.23,26,7), ro12 can be written as

kg — (K + Akmad) —j(ri — prad)

p=rb . . A28
To12 = To1 7~ " (KL, + Aktad) —i(I7 4 rad) (A.28)
It follows that
4Fi1-vrad
2,12 = b 1?1 — (A.29)

{ks — [k, + Re {ARPY? + (L + Traa)?

For the resonance case the braces { } becomes zero, so that (2.18) follows;
|7'g1|2 =1, assumed. This is an approximation, since ] = 0 so that the reflec-

tion is not without loss and Irgl|2<1.

I1I) Enhancement Factor

Applying the summation procedure, we calculate the field transmitted through
the film dy into the interface (1/2) in the medium (e2) and obtain
PP eia

PP Lt A (A.30)
012
1+ ryripe?

With the same steps of calculation as above, and replacing k;1 in the
denominator of (A.21), we get

. 3/2 4 1
P = ogp Loia _£1E2 A31
mz = o1t (61 ve) s—ek (AR od A8
2 3
_ P 2 [ W) P 2026 [ _E1E2
T =ty —4(6) ltg1]%e (51+€2
1 \? 1
et . A 32
(51 _52) [k — (kO + Akzad)|? (4.32)
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The shape of |t€12|2 as a function of k; is reproduced in Fig.2.13. In
most cases the value of Tinax is of interest, that means the value of T at kg =

k0 + Re {AKE}. With

P (2 4(14
‘t01‘max =71 4
a* +¢€,

(A.24), and putting I = rrad ysing

1 1
(I  Irad)2 T Apirrad O

one gets

1 a 2eh)?

col+ eyl € (8:33)

Trax =

see (2.27).

IV) Collection of the Dielectric Functions
of Gold and Silver

The following figures, A.3-6, and tables, A.1, 2, compare values of & + "
obtained by different methods.

-1+ -4 Fig. A.3
ler
Fig. A.4
Eﬂ
‘l_
-25+ AA) 0
7000 | 6000 | 5000 | 4000 " 7000 | 8000 | 5000 | 4000

Fig. A.3. ¢ values of silver. (+-++): measured with the ATR method. The films are vaporized
at a pressure of about 6 X 107° Torr [A.2]. (—): derived from transmission and reflection
(Ty, Ro, TL,) measurements, pressure <4 X 10~% Torr [A.3]. On the same line lie 2 number
of ATR data of other authors [A.2]. (---): ellipsometric measurements by reflection at
surfaces of thick polycrystalline material [A.4]. (+ + «): derived from transmission and reflection
measurements. Pressure 5-10 X 10~7 Torr. Annealed films [A.5]

Fig. A.4. &' values of silver. (+++, —): ATR method [A.2]. (oco): (To, Ro, TE,) method
[A:3]. (* = *): From transmission and reflection measurements [A.5]. (---): Ellipsometric method

[A.4]
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Fig.A.6

AA) 1 ° o AiA)
8000 7000 6000 5000 8000 7000 6000 5000

Fig. A.5. ¢’ data of gold films. (+++, —): ATR method [A.3]. (000): (Tv, Re, Tg,) method

[A.3]. (**+): From transmission and reflection measurements [A.5] and ellipsometric method

[A.4]

Fig. A.6. " data of gold films. (+++, —): ATR method [A.2]. (000): (Tp, Ro, TZ,) method

[A.3]. (---): Ellipsometric method [A.4]. (++*): Transmission and reflection measurements

[A-5]

The preceeding data of ¢(w), as far as thin films are concerned, have been
obtalned from measurements which differ according to the pressure under which
the films are vaporized. Common to all is that the optical measurements are
performed at open air.

It is therefore of interest to know which changes happen, if the preparation
and the optical observations are made at the optimal ultrahigh vacuum condi-
tions. Such measurements have been performed on silver by Hincelin with the
ATR method at a pressure of <107 Torr [A.6].

Using a prism as shown in Fig. A.7 — it is half of the device in Fig. 2.8, con-
figuration (b) — the maximum excitation of SPs on the metal/vacuum interface
can be found by turning the prism in the vacuum. The reflected light returns
into the direction of the incoming beam and leaves the high vacuum chamber
through a window, so that the optical measurement, the registration of the
ATR minimum, can be performed under UHV conditions. The determination
of the dielectric function £(w) and the film thickness of lithium and sodium film
at about 2 X 1072 Torr was possible, Bésenberg [A.7].

The same procedure has been applied on silver; the data are collected in
Table A.3. The values of |&'| of H and DT agree with one another. After 15
days under UHV, last column of numbers, brings the H data nearer to those of
JC. The lowest values of |¢/| are those of SCH whereas the highest are those of
H; the data of JC lie inbetween.

The comparison for || for the different methods is shown in Fig. A.8.
The large values of DT come probably from the annealing of these films. The
data of SCH are near to the values of H after an aging process of 15 days under
UHV.
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Table A.1. Dielectric function of silver. Notation:

PM ATR data [A.2]

JC Ty, Ro, T}, method (transmission and reflection measurements) [A.3]
DT transmission and reflection measurements [A.5]

A[A] Real part Imaginary part
PM  JC DT PM JC DT
7000 —-22.4 —24.3 0.91 040
6900 -21.7 -23.4 0.88 0.42
6800 —-21.0 -22.5 0.85 0.44
6700 —20.3 -214 0.81 0.45
6600 -19.7 -20.6 0.77 0.46
6500 -19.0 -19.6 -20.6 0.74 0.47 0.97
6400 -18.3 -18.6 -19.9 0.69 049 0.93
6300 -17.6 ~18.0 -19.2 0.67 0.50 0.89
6200 -16.9 -—-17.2 —-184 0.65 0.50 0.86
6100 -16.3 -—-16.5 -—-17.6 0.62 050 0.82
6000 -156 -159 -16.9 0.59 050 0.78
5900 -14.9 -15.2 -16.2 0.55 049 0.74
5800 —-14.3 -14.6 -15.5 0.52 0.48 0.71
57060 =136 -14.0 -14.8 0.49 047 0.68
5600 -—-13.0 -134 -14.1 047 047 0.65
5500 -—-12.4 -12.7 -13.5 0.45 046 0.62
5400 -11.8 -12.1 -12.8 0.43 045 0.59
5300 -11.2 -11.4 -12.2 041 042 0.56
5200 -10.6 —10.8 —11.6 0.39 039 0.53
5100 -10.0 —-10.2 -10.9 0.38 037 0.51
5000 -94 -9.7 =103 0.37 034 048
4900 -89 -92 0.35 0.32
4800 -84 8.7 0.34 0.29
4700 =77 8.2 0.33 0.27
4600 =72 -7 0.32 0.24
4500 -6.6 -=T7.1 0.31 0.22
4400 —-6.1 —-6.6 030 0.20
4300 -5.6 —6.1 0.30 0.20
4200 51 5.6 0.30 0.20
4100 —45 -5.1 0.30 0.20
4000 —4.0 —4.5 0.30 0.20
3900 -3.9 0.30 0.20
3800 -3.4 0.30 0.20
3700 —-2.8 0.31 0.22
3600 -2.3 0.32 0.25
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Table A.2. Dielectric function of gold (see also caption to Table A1)

A [A] Real part Imaginary part
PM JC DT PM JC DT
8200 —23.8 -25.7 2.19 1.62
8100 -—23.1 -24.9 2.08 1.67
8000 -—-22.3 —24.0 1.99 1.62
7900 -21.5 -23.3 1.90 1.46
7800 —20.7 —22.5 1.82 1.40
7700 —20.0 -21.7 1.74 1.34
7600 -19.3 -—20.9 1.67 1.29
7500 —18.6 —20.2 162 1.24
7400 -~18.0 -19.4 1.56 1.19
7300 -17.4 -18.6 1.52 1.15
7200 —-16.7 —17.9 1.48 1.11
7100 -16.1 -17.2 1.45 1.08
7000 -154 -16.6 143 1.05
6900 —14.7 -—15.9 142 1.04
6800 —-14.1 -15.2 141 1.03
6700 —13.4 144 1.40 1.02
6600 —-12.7 -13.7 -15.2 1.41 1.04 1.29
6500 —12.1 -13.1 -14.3 142 1.08 1.29
6400 -114 -12.4 -134 145 1.14 1.32
6300 —10.8 —-11.6 —-12.8 147 1.20 1.36
6200 -10.1 -11.0 -12.0 1.50 1.27 1.39
6100 =95 -—10.2 -11.2 1.54 1.35 1.41
6000 -89 —96 —10.2 1.59 145 1.47
5900 -82 -88 -96 165 155 1.55
5800 —-7.5 —-82 -88 1.72 1.67 1.67
5700 -68 -74 —-81 180 1.80 1.72
5600 —6.1 —-6.7 -7.3 1.88 194 1.80
5500 5.5 —6.0 -65 198 209 1.91
5499 —4.7 -53 57 220 228 2.09
5300 —3.8 -—46 —4.8 244 249 225
5200 —3.2 -39 —41 280 273 2.52
5100 —-2.5 -3.2 -3.2 3.26 312 2.93
5000 —-2.0 —2.6 —24 4.12 356 3.24
4900 -1.6 —2.2 4.02
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Table A.3. ¢ values of thin silver films. B Hincelin [A.6], SCH Schréder [A.2], JC Johnson
and Christie [A.3], DT Dujardin and Théye [A.5]. The last column gives the values of the
film after 15 days aging under UHV conditions

Afpm] H SCH JC DT

0.38 —3.62 3.4 —3.49
0.39 —4.12

0.40 —-464 —4.0 —44 —4.58
0.41 =517 —4.5

0.42 -570 5.1 5.5

0.43 —-625 5.6

0.44 —-6.80 6.1 -6.5

0.45 -7.36 —6.6 -7.21

0.46 -793 =72 78

0.47 —-8.561 7.7

0.48 -9.10 -84 87

0.49 -9.70 -89

0.50 -10.30 -94 -9.8 -10.30 -10.06
0.51 -10.9 -10.0 -10.9

0.51 -11.5 -10.6 -11.0 -11.6

0.54 -12.8 -11.8 -12.3 -12.8

0.55 -13.5 -124 -13.5 -13.1
0.56 -14.1 -13.0 -13.6 -14.1

0.57 -14.8 -13.6 14.8

0.58 —-15.5 —-14.3 -14.7 -155

0.59 -16.2 -14.9 —16.2

0.60 -16.9 -15.6 -16.6 -169 -164
0.61 -176 -16.3 ~17.6

0.62 -183 -16.9 -17.3 -184

0.63 -19.1 -17.6 -19.2

0.64 -19.8 -183 -—-18.7 -19.9

0.65 —206 -19.0 -20.6 -20.0
0.66 —-21.3 -19.7 -20.2

0.67 -221 =203

0.68 —-22.9 -21.0 -21.6

0.69 —-23.7 -21.7

0.70 -24.5 224 -23.1 —23.7
0.71 —25.3

0.72 —26.1 —24.6

0.73 -27.0

0.74 —27.8 —26.2

0.75 —28.7

0.76 —29.6 —27.9

0.77 -30.5

0.78 -31.4 —~29.4

0.79 —32.3

0.80 —33.2 —31.0
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Fig. A.8

1.0 +
Fig. A.7T
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£
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/ 0.4
P 02
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Fig. A.7. Optical device to excite SPs on the metal (hatched)/vacuum interface under UHV
conditions [A.7]

Fig. A.8. Comparison of &/ values of thin silver films obtained with different methods. (—):
H [A.6]; (+++): DT [A.5]; (see): SCH [A.2]; (000): JC [A.3]; (x x x) films after 15 days aging
under UHV
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