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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
linear effects as the production of second harmonic generation (SHG) in the 
strong field, surface enhanced Raman scattering ( S E R S ) , 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 4 —10 6 ) 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 1 0 2 3 c m - 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 
hujp = fr^/Airne2/mo, where n is the electron density, of the order of 10 eV. 
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 to = 0 up to u> — LOp /y/2 de­
pending on the wave vector k. Their dispersion relation cj(fe) lies right of the 
light line which means that the surface plasmons have a longer wave vector 
than light waves of the same energy fajj, 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 co = \fak, a = 2irnse2/m*, 
where n s 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 
1 0 8 c m ~ 2 , 2D plasmons of an energy of fiu;~10-3meV have been observed; 
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0.5 A"' 1 A"' F I G . 1 . 1 . SCHEME OF THE DISPERSION OF PLASMONS 
M A SOLID. (1) VOLUME PLASMONS, (2) SURFACE 
PLASMONS, (3) PLASMONS IN A TWO-DIMENSIONAL 
ELECTRON GAS, (4) PLASMONS IN A ONE-DIMENSIONAL 
SYSTEM. T H E UPPER SCALE IS VALID FOR (1) AND (2), 
THE SCALE BELOW FOR (3) AND (4). II IS THE LIGHT 
LINE 

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-Si02-metal structure. Electron densities of around 1 0 1 2 c m - 2 can be 
produced in Si at the Si-SiC>2 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 Jim of ~ 1 — 
lOmeV with ^-vectors of ~1 — 10 X 1 0 ~ 3 A - 1 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 ID electron gas 
which oscillates along a "quantum wire". The dispersion relation of these 
ID 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 
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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 
( S E R S ) 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 A T R (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 ( S E R S ) . 

Chapter 5 describes the experimental and theoretical facts of light scat­
tering at rough surfaces with the classical light scattering device (no A T R 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 
A T R 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. 
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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 

Dispe r s ion R e l a t i o n 
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 u> of these longitudinal oscillations is tied to its wave vec­
tor kx by a dispersion relation co(kx). These charge fluctuations, which can be 
localized in the z direction within the Thomas-Fermi screening length of about 
1 A, are accompanied by a mixed transversal and longitudinal electromagnetic 
field which disappears at \z\ —-»oo, Fig. 2.1, and has its maximum in the sur­
face 2 = 0, typical for surface waves. This explains their sensitivity to surface 
properties. The field is described by 

E = Efexp[ + i(kxx'±kgZ-u>t)] (2.1) 

with + for z>0, — for z<0, and with imaginary kz, which causes the exponen­
tial decay of the field Ez. The wave vector kx lies parallel to the x direction; 
kx — 27r/A p, where A p is the wavelength of the plasma oscillation. Maxwell's 

Z 

F I G . 2 . 1 . T H E CHARGES AND THE ELECTROMAGNETIC FIELD OF SPS PROPAGATING ON A SURFACE I N THE 
x DIRECTION ARE SHOWN SCHEMATICALLY. T H E EXPONENTIAL DEPENDENCE OF THE FIELD Ez IS SEEN ON 
THE RIGHT. Hy SHOWS THE MAGNETIC FIELD I N THE y DIRECTION OF THIS P-POLARIZED WAVE 
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equations yield the retarded dispersion relation for the plane surface of a semi-
infinite metal with the dielectric function (ei = + ?e"), adjacent to a medium 
£2 as air or vacuum: 

DG = — + — = 0 together with (2.2) £1 £2 

— kx + kzi or (2.3) 

i = 1,2 . 

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

If we assume besides a real to and £2 that e i < l e i l ) w e obtain a complex kx = 
k'x + ik'l with 

c + £2. 

,,/ <"/ £i£2 \ 3 / 2 Si , , 

For real &4 one needs £ j < 0 and |E'1|>£2, which can be fulfilled in a metal and 
also in a doped semiconductor near the eigen frequency; k'J. determines the 
internal absorption, see below. In the following we write kx in general instead 
of k'x. 

The dispersion relation, see Fig. 2.2, approaches the light line -^fe^tojc at 
small kx, but remains larger than ^ / E ^ W / C , S O that the SPs cannot transform 
into light: it is a "nonradiative" SP, see below. At large kx or 

e ' i - - e 2 (2-7) 

the value of u> approaches 

,1/2 
CO. 

SP '1+62 
( 2 i 
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P I G . 2 . 2 . T H E D I S P E R S I O N RELATION OF N O N R A D I A T I V E S P S ( ) , RIGHT OF T H E LIGHT LINE OJ = ckx; 

THE RETARDATION REGION E X T E N D S F R O M kx — 0 U P TO A B O U T kp = 2tv/Xv ( A P P L A S M A W A V E L E N G T H ) . 

T H E D A S H E D LINE, RIGHT OF ui = ckx, R E P R E S E N T S S P S ON A M E T A L SURFACE COATED W I T H A DIELECTRIC 

FILM (£2). L E F T OF T H E LIGHT LINE, u>(kx) OF T H E R A D I A T I V E S P S STARTS f-k^p ( ) • ( T H E dotted 
line R E P R E S E N T S T H E D I S P E R S I O N OF LIGHT IN A M E T A L : u>/kx — C / | < £ J | OR I N THE CASE OF FREE 

ELECTRONS ui2 — U P + C 2 f c ^ . ) T H E SLIGHT M O D U L A T I O N IN T H E D A S H E D D I S P E R S I O N CURVE C O M E S F R O M 

AN E I G E N F R E Q U E N C Y I N A M O N O M O L E C U L A R D Y E FILM D E P O S I T E D ON A L A N G M U I R - B L O D G E T T F ILM ( £ 2 ) -

T H E LATTER D E P R E S S E S W P /y/2 TO W P / Y ' L 4 - £ 2 

for a free electron gas where top is the plasma frequency sjAnne* jm: with n 
the bulk electron density. With increasing 82, the value of w s p is reduced. 

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

S P A T I A L E X T E N S I O N O F T H E S P F I E L D S 

Wave vectors kzi and kz\ are imaginary due to the relations u/c<kx and £'i<0, 
see (2 .3) , so that, as mentioned above, the field amplitude of the SPs decreases 
exponentially as exp (— |& 2j-j |z|), normal to the surface. The value of the (skin) 
depth at which the field falls to 1/e, becomes 

or 
(2.9) 

in the medium with £ 2 : %2 = 7T~ 
Z7T 

A (e\ + e 2 \ 
lA e\ ) 

in the metal with e\ : ' S l = 2 7 r ( v

_ ^ 2 — ) ' (2.10) 

For A = 6000 A one obtaines for silver z2 = 3900 A and z\ = 240 A , and for 
gold 2800 A and 310 A , respectively. 

At large kx, Zi is given by about l/kx leading to a strong concentration of 
the field near the surface in both media. 

6 



At low kx or large | values, the field in air has a strong (transverse) com­
ponent Ez compared to the (longitudinal) component Ex, namely Ez/Ex = 
—ile'-J 1 / 2 and extends far into the air space; it resembles thus a guided photon 
field (Zenneck-Sommerfeld wave). In the metal, Ez is small against Ex since 
Ez/Ex =i\e,

1\~1/2. These relations are derived from dWE = 0, valid outside 
the surface air/metal. At large kx both components Ex and Ez become equal: 
Ez = ±iEx (air: + i , metal: — i). 

Propaga t ion L e n g t h o f the S P s 
The intensity of SPs propagating along a smooth surface decreases as e~^xx 
with kn

x from (2.6). The length L{ after which the intensity decreases to l / e is 
then given by 

Li = (2k^)-1 . (2.11) 

In the visible region, L{ reaches the value of L{ = 22 \x in silver at A = 5145 A 
and = 500 \i (0.05 cm) at A = 10 600 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 
the temporal decay time T?- can be of interest. The values of L{ and T{ 

are correlated by L{ = T{Vg with Vg the group velocity. Assuming a complex 
u: — ujf — ioj,f and real kf

xy with T$ = 27r/w", we obtain from (2.4) 

j< - k> c J i 

~ K 2(4)2 £ ' 1 + £ 2 

e' +e1/2 

J = k'*c \<Fl • (2-12) 

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

2 . 2 E x c i t a t i o n o f S u r f a c e P l a s m o n s 
b y E l e c t r o n s a n d b y L i g h t 

E x c i t a t i o n by E lec t rons 
Electrons penetrating a solid transfer momentum hq and energy AEo to the 
electrons of the solid. The projection of q upon the surface of the film kx deter­
mines the wave vector and, together with the dispersion relation, the energy loss 
of the scattered electron AE = hco, see Fig. 2 . 3 . Since the electrons are scattered 
at different angles 0, they transfer different momenta hkx = sin 9 = hke\0 
with ke\ = 27R/A e j . If one observes the energy loss AE — hu> at an increasing 
angle 0 (or smaller Xe\) the dispersion relation of the SPs can be measured up to 
large kx beyond the Brillouin zone. The physics of SPs has thus been studied 
intensively with electrons, especially with fast electrons, and the fundamen-
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(A) 
I 

Q,AE 

FILM ( 

F I G . 2 . 3 . EXCITATION OF SPS BY ELECTRONS IN 
TRANSMISSION OF THIN FILMS. KE\T K'EI WAVE VECTOR 
OF THE INCOMING RESP. SCATTERED ELECTRON; Q WAVE 
VECTOR TRANSFERRED TO THE FILM; ITS PROJECTION 
ON THE SURFACE KX AND THE DISPERSION RELATION 
DETERMINE THE ENERGY HU> OF THE SPS. THE CHOICE 
OF 9(KF

E]) FIXES KX AND THUS U>. PROM [2.3B] 

(B) 

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 kx (kx>ojp/c), e.g., measurements up to kx~0.3 A - 1 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 kx 

with electrons, fast or slow, since the aperture of the electron beam cannot 
be sufficiently reduced due to intensity reasons: A value of the aperture of 
5 X 1 0 " 5 rad with A e l = 0.05 A (50KeV) gives an experimental kx width (Akx) 
of 3 X 10~~3 A 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 kx values. 
The reverse is valid for light: a laser beam with a divergence of 1 0 _ 3 r a d at 
6000 A gives a Akx of about 1 0 ~ 6 A " 1 and allows thus to probe the SP disper­
sion relation down to very low kx values. It has not yet been possible to reach 
the region of larger kx with photons. 

E X C I T A T I O N B Y L I G H T 

The application of photons to excite SPs meets the difficulty that the disper­
sion relation lies right from the light line (kx>Lofc). At a given photon energy 
hu> the wave vector hco/c has to be increased by a Akx value in order to "trans­
form" the photons into SPs. There are two methods: 

a) Grating Coupler. If light (k = to/c) hits a grating with a grating con­
stant a, at an angle 0Q its component in the surface can have wave vectors 
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(o;/c)sin 8Q±vg with v an integer and g = 2ir/a. The dispersion relation (2.4) 
can then be fulfilled by the sum 

to to J e 
kx = — sin Oo±vg = — J — — = fcsp , 

C C V 6 + 1 

or more generally 

kx ~ — sin 6o±Akx = fcsp (2.13) 
c 

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

F I G . 2 . 4 . T H E GRATING COUPLER. S P : D I S P E R S I O N 

RELATION OF S P S , / : LIGHT LINE. T H E I N C O M I N G 

LIGHT, WAVE VECTOR k^, POINT (1) I S TRANSFORMED 

INTO A S P , POINT (2), B Y TAKING U P Akx. T H E 

INTERACTION 1—>3 VIA ROUGHNESS LEADS TO LIGHT 

SCATTERED I N S I D E THE LIGHT CONE. T H E PROCESS 

4—>5 D E S C R I B E S THE DECAY OF A S P INTO LIGHT 

V I A Akx; IT I S THE REVERSE OF 1^-2. Upper 

f>ART: THE FULL CIRCLE REPRESENTS THE VALUES OF 

k\ = {kl+kiy/2
 AND THE LIGHT CIRCLE ( D A S H E D 

CIRCLE) AT U> = CONST, IN THE TWO-DIMENSIONAL 

k S P A C E 

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 kx by Akx 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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K 2 F I G . 2 .5 

KX= £ " ^ S I N 0 O 

1 / 2 

^ 2 

F I G . 2 . 7 . THE A T R METHOD: DISPERSION 
RELATION D R OF SPS FOR A QUARTZ/METAL/AIR 
SYSTEM £ 2 — 1 , C : LIGHT LINE IN VACUUM, 
C/V^O" : LIGHT LINE IN THE MEDIUM sq. SINCE 
THE LIGHT LINE c/^/sq LIES TO THE RIGHT OF THE 
D R UP TO A CERTAIN kXt LIGHT CAN EXCITE SPS 
OF FREQUENCIES W BELOW THE CROSSING POINT P ON 
THE METAL/AIR SIDE. THE SPS ON THE INTERFACE 
0 / 1 METAL/QUARTZ CANNOT BE EXCITED, SINCE 
THEIR D R LIES TO THE RIGHT OF c/^/eo BECAUSE 
EO>L 

F I G . 2 . 5 . TRANSFORMATION OF THE SPS OF WAVE VECTOR kx INTO PHOTONS BY LOSING Akx TO THE ROUGH 
SURFACE AND BY TAKING UP kz FROM THE SURFACE, SO THAT THE RELATION (O>/C)2 = (kx — Akx)2 + k\ 
IS FULFILLED; IN THE CASE OF A GRATING: Akx = g 

F I G . 2 . 6 . REFLECTION OF LIGHT AT A METAL SURFACE THE MEDIUM ABOVE THE METAL IS A 
DIELECTRIC MEDIUM (EO) &S GLASS OR QUARTZ; BELOW THE METAL IS AIR OR A VACUUM ( ^ 2 ) - PROM 
[2 .3A,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 (eo>l) e.g., with a quartz half cylinder, its momentum becomes 
(hu)/c)y/so instead of huj/c and its projection on the surface, see Fig. 2.6, 

to 
kx = ^ /£o-s in 0 O • (2.14) 

The dispersion relation (2.4) for SPs propagating on the interface 62/^1 (air/ 
metal) can thus be satisfied between the lines c, beyond which limit total re­
flection at an interface 0/1 takes place, and c/y^o, see Fig. 2.7. The excitation 
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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 = u:/kx = 
c/ (y^o sin 8Q) with ^/eosin 8 $ > 1 propagates in the interface with v<c. The 
resonance condition for SPs 

«V*2 =cySi = c / ( ^ s i n 0 o ) (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 6Q (glass or 
quartz). The evanescent field couples with the SP on the 1/2 interface [2.10]; in 
(b) the metal film ( E I ) with a thickness of several 10 2 A contacts the medium 
SQ. 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 E$ the incoming and 
Er the reflected field, is given by 

F I G . 2 . 8 A , B . CONFIGURATION OF THE A T R 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 l e ' J ^ l and le'il-Cle^l this dependence can be 
approximated in the region of the resonance by the Lorentzian type relation 
[2.11], which reveals its physical meaning: 

R=l-
4 I I R R A D 

[kx - {kl + Akx)]2 + ( R ; + R R A D ) 2 

(2.18) 

with kx given by (2.14) and k® by (2.15). The resonance wave vector (kx-\-Akx) 
is different from (2.4), which is valid only for a semi-infinite metal; here we have 
a finite metal film of thickness d\ between two dielectrica. The term Akx can 
be approximated for exp (2ikxd\)<^l by 

Ah to 
L C I + 1 4 

3 / 2 

exp(-2|fc£|d] 0 1 or 

Akx = C O N S T . R^QI ( A ; ^ ) 

(2.19) 

(2.20) 

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

Re{Akx} = const. Re { R G X ( F C 2 ) } . 

Its imaginary part gives an additional damping term 

Im{Akx} = T r a d = const. I m { R G 1 ( F C 2 ) } 

to the internal damping 

R I = I M { * 2 } . 

(2.21 

(2.22) 

(2.23) 

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

I- = P r a d . (2.24) 

This matching condition fixes, as (2.22) and (2.23) show, the thickness d m m of 
the metal film at a given A. For example at A = 5000 A a silver film gives R = 0 
A^ ^ M I N — 550 A . The value of dm[n depends on the dielectric function e. Since 
it is not known exactly, dm[n varies at least by 10 %. 

1 2 



E 
FIG. 2 , 9 . REFLECTION AT SILVER FILMS OF DIFFERENT THICKNESS MEASURED WITH AN A T R DEVICE. A — 
5461 A. Inset: THE DIELECTRIC FUNCTION (e',e") DERIVED FROM THESE CURVES. OBSERVED DATA [2.11] 

FIGURE 2 .9 DEMONSTRATES THE EFFECT OF A VARIATION OF d\ AT CONSTANT A ON 

THE POSITION OF THE A T R M I N I M U M , ITS SHAPE AND ITS HEIGHT [ 2 . 1 1 ] . I N THIS CASE 

-̂ RAD CHANGES, WHEREAS 7 ] REMAINS CONSTANT. 

T H E ENERGY CONSERVATION REQUIRES: R + A + T = 1 , THE S U M OF THE RELATIVE 

REFLECTION, ABSORPTION AND TRANSMISSION. SINCE T — 0 AND, AT D M M , R = 0 , A 

BECOMES 1 , I.E., THE WHOLE ENERGY IS ABSORBED I N THE METAL FILM. 

A COMMENT ON THE REFLECTIVITY GIVEN BY ( 2 . 1 8 ) SHALL BE ADDED, SINCE THE 

PHYSICS GIVING RISE TO THE REFLECTIVITY M I N I M U M ARE I N GENERAL NOT DISCUSSED. 

T H E LIGHT WAVE, HAVING PASSED THE HEMICYLINDER (SO)? 1 S PARTIALLY REFLECTED 

AT THE INTERFACE 0 / 1 . PARTIALLY IT TRAVERSES THE SILVER FILM (OF THICKNESS d\) AS A 

EXPONENTIALLY DECAYING WAVE. AT THE INTERFACE 1 / 2 IT INDUCES EXCITATIONS WHICH 

RADIATE LIGHT BACK INTO THE SILVER FILM. I F THE THICKNESS d\ INCREASES, THE BACK-

SCATTERED FIELD DISAPPEARS DUE TO I ^ A D - > 0 I S O THAT R APPROACHES THE VALUE UNITY 

(MORE EXACTLY A VALUE JUST BELOW UNITY, SEE A P P E N D I X I I ) . 

FOR DECREASING THICKNESS d\ THE BACK-SCATTERED FIELD INCREASES. SINCE IT IS 

I N ANTIPHASE WITH THE INCOMING WAVE, SEE ( 2 . 1 8 ) , THE TWO INTERFERE DESTRUCTIVELY 

THUS REDUCING R. AT d\ — < I M M THEY EVEN COMPENSATE EACH OTHER AND R BECOMES 

ZERO. 

T H E ANTIPHASE RADIATION FIELD, CAPTURED I N THE METAL FILM, IS CONVERTED INTO 

HEAT. I N THE RESONANCE CASE R = 0 THE TOTAL D A M P I N G AMOUNTS TO 2 7 ] . T H I S 

VALUE DETERMINES THE HALF-WIDTH OF THE REFLECTION M I N I M U M . A FURTHER DECREASE 

OF d\ LEADS TO INCREASING 7 ^ AND HAS THE EFFECT THAT R ASSUMES AGAIN A VALUE 

CLOSE TO UNITY. 

MORE DETAILS AND DERIVATION OF ( 2 . 1 8 — 2 4 ) ARE GIVEN I N A P P E N D I X I I . 

T H E SAME MATCHING PHENOMENON AS ABOVE IS OBSERVED I N THE REFLECTION OF 

LIGHT AT GRATINGS AND ROUGH SURFACES, SEE CHAPS. 3 AND 6 . 
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2 . 3 I n t e r n a l a n d R a d i a t i o n D a m p i n g 

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

In terna l Damping 
The internal absorption is given by k" (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 hu>> 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 4.5 eV 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 
is 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 <5~5 A. 

1 3 5 . ^ - QE'DEG 5 0 

R 

0-5 

0 
3 9 4 5 9J/DEG 4 8 

3 5 4 5 - 8 E / D E G 50 

10 

30 

204 

0 

F I G . 2 . 1 0 . T H E A T R M I N I M U M AT 

A SILVER FILM ( 5 0 0 A THICK) A B O V E , 

I S C O M P A R E D TO THE SIGNAL IN A 

PHOTOACOUSTIC CELL WHICH INDICATES 

THE A B S O R B E D P O W E R ( J O U L E HEAT) 

IN THE SILVER FILM, BELOW. T H E NON-

REFLECTED P O W E R IS FOUND AS HEAT IN 

THE METAL FILM. F R O M [ 2 . 1 4 B ] 
3 9 4 5 6J/DEG 4 3 
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Radiation Damping 
I F SPS PROPAGATE I N THE SMOOTH INTERFACE 2 / 1 , AIR/METAL, SEE F I G . 2 . 6 , AND A 

D ^ T N C M A T E N A £ „ > I CONTACTS THE THIN METAL FILM FROM THE O T H L SIDE A S M 

AN A T R DEVICE, THE SPS, AN EVANESCENT WAVE, WITH THE IMAGINARY k z l ( 2 . 3 ) 

WITH ei<0 

TRANSFORM I N THE M E D I U M €Q INTO A PLANE WAVE DUE TO THE REAL kZ2, SINCE 
kx^sfz^uIc* T H I S LEADS TO THE RADIATION DAMPING, CHARACTERISTIC FOR AN ASYM­
METRIC TWO-INTERFACE SYSTEM. 

T H I S BACK-COUPLED RADIATION LOSS CAN BE OBSERVED, IF, E.G., AS I N F I G . 2 . 1 1 , 

SPS ARE PRODUCED BY ELECTRONS I N THE INTERFACE 2 / 1 . THESE S P S RADIATE INTO THE 

£0 SPACE. FIGURE 2 . 1 1 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 . 1 5 ] . T H I S RADIATION PRODUCES A LIGHT CIRCLE AROUND THE 

NORMAL OF THE SURFACE AND HAS BEEN OBSERVED ON AL FILMS [ 2 . 1 6 ] . 

I N THE A T R DEVICE THIS BACK-COUPLED LIGHT INTERFERES WITH THE INCOMING 
LIGHT AT THE BOUNDARY QUARTZ/METAL DESTRUCTIVELY, SO THAT I N CASE OF R — 0 NO 
PHOTONS LEAVE THE QUARTZ CYLINDER AND THE INCOMING LIGHT POWER IS TRANSFORMED 
INTO HEAT (A = 1 ) . 

I F 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 

EV STERAAT1 

2X10"5 

0 = - 9 O ° 0=90° 

- 0 M = 1 3 5 . 1 6 

FIG. 2 . 1 1 . CALCULATED RADIATION DAMPING OF SPS PROPAGATING ON A SMOOTH SURFACE ( 2 / 1 ) OF 
A THIN SILVER FILM ( 1 ) (600 A THICK). ELECTRONS OF 2 5 K E V EXCITE THE SPS. THESE SPS, WHICH 
EMIT LIGHT INTO THE DIELECTRIC (EO) 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 ± 0 , SEE FIG. 2.3. SINCE THE ELECTRONS ARE SCATTERED INTO A BUNDLE OF DIRECTIONS, 
AN INTENSE LIGHT CIRCLE AROUND THE FILM NORMAL IS PRODUCED. FROM [2.15A] 
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respect to the phase and emit light under the reflection angle #Q into a circle 
around the normal of the surface, see Fig. 3 . 1 0 . This light can be used to derive 
the roughness parameters of the surface, see Chap. 3 . 

Damping by Single Part icle Exci tat ion 
Since the wave vector kz perpendicular to the surface, is not fixed so that a 
continuum of kz 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 . 1 7 ] . 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 . 1 2 . The value of the enhancement 
is given by the ratio of the field intensitiy on the metal surface at the air side 
( £ 2 — I)? given by \Hy(2/l)\2 (Hy the magnetic field of the SPs) divided by 
the incoming field intensity | i f y o ( 0 / l ) | 2 m the medium CQ^ e.g., quartz (eo)> f ° r 

p-polarized light [ 2 . 1 8 ] : 

\Hy(2/l)\2

 p | 2 t g ^ e x p f t A ^ d i ) 
l^oCO/l)!2 " ' ° 1 2 ' _ l + r 0 i r i 2 e x p ( 2 i * 2 l d 1 ) ' 

where 1^01212 r e P r e s e n - t s Fresnel's transmission coefficient for a two-boundary 
system; tP

ik are the corresponding coefficients for an one-boundary system. The 
following correlation is applicable: 

i?ik = 1 + rik> (2-26) 

for r^, see ( 2 . 1 7 ) . 

Equation ( 2 . 2 5 ) can be developed similarly for I^Q^P' S E E ( 2 . 1 8 ) , and thus 
demonstrates its resonance character, see Fig. 2 . 1 3 . With d as parameter., 1^012 f2 

as a function of the angle of incidence has a strong maximum at d = dm\n which 
comes out as 
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100-

IHYL2 

0.1-

0 „ = 45 .2" 45.4 , 

, 5 0 ° 

100 3 0 0 Z __ 5 0 0 I 

F I G . 2 . 1 2 . D E N S I T Y OF THE RELATIVE ELECTROMAG­
NETIC ENERGY | HY \ AS A FUNCTION OF THE DIS­
TANCE FROM THE M E D I U M ( S O ) , GLASS OR QUARTZ, 
IN z DIRECTION. THICKNESS OF THE SILVER FILM: 
6 0 0 A . PARAMETER: 6Q ANGLE OF INCIDENCE. #O = 
4 5 . 2 ° EQUALS THE RESONANCE ANGLE FOR A = 
6 0 0 0 A AND SHOWS THE M A X I M U M ENHANCE­
MENT. T H E 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. F R O M [ 2 . 3 A , 1 8 ] 

F I G . 2 . 1 3 . T H E ENHANCEMENT FACTOR \tp\ OF SILVER A = 6 0 0 0 A FOR DIFFERENT THICKNESS d. T H E 
M A X I M U M IS REACHED AT JT; = .T R A A (INTERNAL D A M P I N G = RADIATION D A M P I N G ) . _TR A<I VARIES WITH 
E X P ( - 2 C F L F E ° ) . F R O M [ 2 . 1 8 ] 

' ' 0 1 2 1 M A X 

\FP [ 2 
R O L L M A X 

1 2 K / | 2 

e0 e!{ 1 + 141 

4aA 

and 

using 

= |e'ilOo - 1 ) - £o 

(2.27) 

(2.28) 
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In general one is interested in the maximum enhancement of the ELECTRIC-HELD 

intensity which is obtained from 

tfy,0(0/l)|Vma* ^ V |£„(0/1) | 2 j m a x ~ S , A ™ * ™ ^ 

MAX // 
£ 2 E{ 

with a2 = kiKeo - 1) - £ 0 [2.19]-
If £ 2 — 1 (air) and £ 0 — 2.2 (quartz) one calculates for silver at A = 4500 A: 

Tmax ~ 1 0 ° ; at A = 6000 A: T ^ a x « 200, and at A = 7000 A: T ^ | a x ~ 250; the 
dielectric function is taken from [2.20]. At A = 6000 A a T ^ } a x 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 £i(u>), espe­
cially e", are very sensitive to the experimental conditions (see the appendix 
in [2.21]), the values of T m ^ a x are approximate data. The E 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, | ^ Q I 2 | 2 appears in (3.1) for the light emission emitted from SPs propagating 
on rough surfaces, whereas Te\ is of interest for the second harmonic generation, 
see Sect. 2.8. 

If one refers the intensity | i £ ( 2 / l ) | 2 not to the incoming intensity in quartz, 
but to that in air, before the light enters the quartz, we get T m * a x = 1^01212 w n i c n 

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(X) of the SPs, integrated over Z from — 0 0 up to + 0 0 , contains the field 
intensity |_E s p(0~^)| 2 of the SPs just at the metal surface. We wish to calculate 
|-£'sp(0)~t~|2 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 

- ^ l = 2k!'P(x) (2.31) 

with fc£, according to (2.6). This loss is compensated for by the power of the 
incoming light \E$\2 which radiates on the unit surface area. Both have to be 
equal in the steady state. Thus one obtaines the quotient | £ ? s p ( 0 + ) | 2 / | £ ? o | 2 a s a 
function of the experimental parameters as the angle of incidence, the dielectric 
function, etc. This is helpful especially in the case of the grating coupler, see 
Chap. 6. 
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2 . 5 D e t e r m i n a t i o n o f E(TO) I n S i t u 
U s i n g t h e A T R M i n i m u m 

For a series of evaluations the knowledge of e(uj) is needed. Since these data 
show fluctuations due to unknown preparation conditions, see e.g., the compar­
ison of £(u>) of silver and gold in the appendix of [2.21], it is therefore important 
that the reflection minimum allows determination of e(u>) of the film surface in 
situ very accurately. By fitting Fresnel's equation (2.18) with the observed ATR 
curve, 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 e(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 1 0 ~ 9 Torr [2.24]. An experimental arrangement for high vacuum work is 
described in [3.6]. 

In the appendix values of 6(TO) of silver, gold and aluminum are collected 
and compared with each other. 

2 . 6 C o a t i n g o f t h e M e t a l S u r f a c e w i t h a D i e l e c t r i c F i l m ; 
T h i c k n e s s D i s p e r s i o n o f S u r f a c e P l a s m o n s 

C O A T I N G , W I T H O U T A PARTICULAR E I G E N F R E Q U E N C Y 

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 kx and very 
thick films. 

In general we have to deal with finite kx values and thin dielectric films. 
Therefore we discuss here the behavior of the SP frequency as a function of kx, 
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 (e\ — e\ + i£f-[) covered with 
a thin film of thickness d<i and characterized by the dielectric function £ 2 = 
£ 2 * E 2 >

 s o ^ n a ^ w e n a v e a two-boundary system, see Fig. 2.14. The metal 
substrate e-y is represented by a (thick) film of thickness d\ which is assumed 
to be constant in the following discussion. 

Where the dielectric function £ 2 of the coating film is a real quantity 
(eJj ~ 0)? o n e observes with the ATR device for LO = const, a shift of the posi­
tion # 0 ° f the ATR minimum to larger # 0 values with increasing thickness c^2 
[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 

1 / 2 

depth of the ATR minimum remains unchanged, whereas the half width 6Q 
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F I G . 2 . 1 4 . LAYERED SYSTEM FOR THE OBSERVATION OF SPS 
WITH THE REFLECTION METHOD, EO QUARTZ, £\ METAL FILM 
OF THICKNESS D\, £2 COATING FILM OF THICKNESS DI, £3 
DIELECTRIC, AIR OR VACUUM ETC 

<R— 

F I G . 2 . 1 5 . OBSERVED DISPLACEMENT OF THE A T R MINIMUM OF SILVER WITH INCREASING THICKNESS 
OF A L I F COATING, E% = 0, A = 6471 A; E X (AG) = - 1 8 . 4 - H O . 5 5 ; D1 (AG) = 496 A, E 0 = 2 .61 . 
POINTS ARE CALCULATED VALUES. FROM [2.29] 

INCREASES AT THICKER L I F FILMS. T H E LATTER STATEMENT IS SURPRISING SINCE THE D A M P ­

ING TERM I N THIS FILM HAS BEEN NEGLECTED ( E ^ = 0 ) . A DETAILED DISCUSSION SHOWS 

THAT WITH INCREASING THICKNESS C?2 OF THE L I F FILM THE POWER FLOW I N THE DIFFERENT 

LAYERS CHANGES: IT INCREASES I N THE ABSORBING METAL FILM IF £ ' 2 > £ 3 , S E E F I G . 2 . 1 5 

(THE REVERSE HOLDS FOR £ 2 < £ 3 ) , S O THAT INTERNAL D A M P I N G BECOMES STRONGER. AT 

THE SAME T I M E THE FIELD OF THE S P S I N THE S\/e2 INTERFACE INCREASES WITH d<i — AND 

THUS RADIATION D A M P I N G OF THE SPS — I N SUCH A WAY THAT THE MATCHING CONDI­

TION: INTERNAL D A M P I N G EQUALS RADIATION D A M P I N G REMAINS FULFILLED, INDEPENDENT 

ON CFE- THEREFORE THE DEPTH OF THE A T R M I N I M U M DOES NOT CHANGE. NUMERICAL 

CALCULATIONS HAVE PROVED THESE CONSIDERATIONS [ 2 . 2 9 ] . 

T H E DEPENDENCE OF k x ON C?2 ( L I F ) AT CONSTANT TO OR THE THICKNESS DISPERSION, 

IS DISPLAYED I N F I G . 2 . 1 6 FOR A DIELECTRIC FILM ( L I F ) OF NEGLIGIBLE 6% '• IT CHANGES 

FROM 

c V*i + 1 / c \e[ +ef

2J 
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5 0 100 500 1000 5000 10000 

F I G . 2 . 1 6 . O B S E R V E D DEPENDENCE OF THE WAVE VECTOR kx OF THE RESONANCE M I N I M U M AS FUNC­

TION OF d2 ( L I F ) AT W = CONST. ( - • - ) : CALCULATED WITH e2 ( L I F ) = 1 . 7 5 ; (• ) : CALCULATED AS­

S U M I N G A SPECIAL LAYERED STRUCTURE OF THE L I F FILM. T H E ORDINATE DISPLAYS THE QUOTIENT OF kx(2/l)/kx(l/0). A B O V E A VALUE OF d ABOUT 5 0 0 0 A THE FIELD CONFIGURATION IS THAT OF AN INFI­

NITE THICK FILM. F R O M [ 2 . 2 9 ] 

HERE £ 3 = 1 . I F THE CONDITION D 2 > A IS FULFILLED, ONE EXPECTS THAT THE M E D I U M e 2 

CAN BE REGARDED AS INFINITELY THICK. T H I S IS THE CASE FOR d<i ^ 5 0 0 0 A I N F I G . 2 . 1 6 . 

FOR A SMALL THICKNESS OF THE COATING D 2 ) THE DISPLACEMENT AGAINST THE POSI­

TION FOR = 0 CAN B E WRITTEN FOR kz2d2<l [ 2 . 1 1 ] 

Akx(d2) = 
C 62 

+ £ 2 

141 +1 
2 7 1 ^ 2 

A 

T H I S LINEAR BEHAVIOR IS DISPLAYED I N F I G . 2 . 1 6 U P TO ~c?2 = 5 0 A. FOR LARGER 

THICKNESSES THE LESS SIMPLE RELATIONS HAVE TO BE USED [ 2 . 2 9 ] . 

I F THE COATING FILM HAS A FINITE VALUE OF e'^, THE BEHAVIOR IS DIFFERENT I N 

SO FAR AS THE DEPTH OF THE A T R M I N I M U M CHANGES DRASTICALLY WITH INCREASING 

c?2 AS DEMONSTRATED I N F I G . 2 . 1 7 FOR A SILVER SURFACE COATED WITH THIN FILMS OF 

CARBON. I N THIS CASE THE INTERNAL ABSORPTION INCREASES WITH THE THICKNESS d% OF 

THE ABSORBING MATERIAL. 

T H E 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 L I F LEADS TO FIGURES THAT ARE 

VERY SIMILAR TO THOSE ONES MENTIONED BEFORE [ 2 . 2 8 A ] . EXPERIMENTS ON GRATINGS 

OF A L U M I N U M COVERED WITH A I 2 O 3 OR WITH M G F 2 DEMONSTRATED A SIMILAR DIS­

PLACEMENT OF kx TOWARDS LARGER VALUES [ 2 . 2 8 B ] . 

P L A N A R G U I D E D W A V E S . C O A T I N G W I T H E I G E N M O D E S 

INCREASING THE THICKNESS T?2 BEYOND THE VALUES OF C?2 DISPLAYED I N F I G . 2 . 1 6 WE 

OBSERVE A SERIES OF A T R M I N I M A WITH THE DEVICE OF F I G . 2 . 1 4 , OR M A X I M A , IF WE 
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0 . 9 5 1.05 1.10 

- 3 A - 1 

X 

V \ A / w 

A /# v x 
DC(A} 

0 

— A — 23 
46 71 

— 97 
123 

- O - 14 9 6 (DEG) 
4 2 4 3 4 4 4 5 4 6 4 7 Fig. 2.17. Observed changes of the ATR minima of silver covered with carbon films of dif­ferent thickness rf2- d\ (Ag) = 490 A , e2 (carbon) = 6.0 + 2*3.3; the other dat a 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 
5-polarized planar guided waves in LiF. The thickness d2 has to be at least 
>A/(2^/e^) to excite the lowest mode of the spectrum. In Fig. 2.19 the relation 
between d2 and kx at constant frequency is displayed. The mode mp = 0 is 
identical with the surface plasmon. If we scan, at constant d2 and constant co: 

over the angle #o or kx we obtain Fig. 2.18. We recognize also the thickness 
dispersion of SP in Fig. 2.16. 

M,: 3 M S = 2 MS=L M S = 0 

MD=L 

4 5 ° 

2 2 

55< 60C 

Fig. 2,18. Modes of planar guided waves, excited in a 20 fim LiF film deposited on a silver film of 500 A thickness in an ATR device with A = 5500 A . They were detected by the light emitted via roughness (scattering device). The mode mp = 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 changes and is different from that given in Fig. 2.19. From [2.31] 
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F I G . 2 . 1 9 . THICKNESS DISPERSION: THE RELATION BETWEEN THE THICKNESS {D2) OF THE WAVE-GUIDING 
FILM (£2) AND THE ANGLE OF INCIDENCE (SIN 9) IN AN ASYMMETRIC LAYER SYSTEM: £i/£2/£3, £1 METAL 
FILM, £ 3 ^ £ I , FOR A GIVEN FREQUENCY W. BETWEEN THE LIGHT LINES C/^/E^ AND C/^/K~2 IN A U>(KX) 
DIAGRAM OR IN THE PRESENT D VS. SIN 9 DIAGRAM AT K X / ( C J / C ) — y/e^ AND *JE2 THE LIGHT MODES 
EXIST, EXCEPT THE M P = 0 OR THE S P MODE WHICH STARTS AT + ^ A ) ] 1 ^ 2 FOR D 2 = 0 AND 
CONVERGES TO [eie2/(ei H - E ^ ) ] 1 ^ 2 , FOR D2—too. FROM [2.3A] 

Exc i tons 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 AOQ which amounts for small A6$ at A — 6000 A 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., 
AQ = 5750 A for the dye "S 120", see [2.33]. Measuring the dispersion relation 
of the system: silver (d\ — 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 cos is possible in the interface. In the simple case 
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F I G . 2 . 2 0 . ( X ) O B S E R V E D SHIFT ON THE RESONANCE M I N I M A , A0o} WITH INCREASING N U M B E R M 

OF C A D M I U M ARACHIDATE MONOLAYERS; ( O ) CALCULATED VALUES. [<E : (C20) = 2 . 2 8 ] . F R O M [ 2 . 3 2 ] 

F I G . 2 . 2 1 . T H E POSITION OF T H E A T R M I N I M A AS A FUNCTION OF 9o AND OF A OF THE LAYER S Y S T E M 

( S I L V E R / C 2 0 / D Y E ) . Left: BARE SILVER SURFACE. T H E KINK IN THE RIGHT CURVE DEMONSTRATES THE 

INTERACTION OF THE S P WITH THE D Y E . ( O ) M E A S U R E D DATA; ( ) : CALCULATED DATA. F R O M [ 2 . 3 3 ] 

of a free-electron gas as in Al and Mg with the plasma frequencies u; PX and u; P 2 
the condition E X = — £ 2 , s e e (2.7), yields with 

(2.32) 

for the frequency UJS 

^ = ^ 1 + ^ 2 ) ( 2 - 3 3 ) 

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 S u r f a c e P l a s m o n s o n T h i n F i l m s ; 
T h i c k n e s s D e p e n d e n c e o f t h e D a m p i n g 

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 kz\d^il. 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 
u;1*1, a high-frequency mode UJ^~ (electric field asymmetric to the plane z — 0) 
and a low-frequency mode TO~ (electric field symmetric to the plane Z — 0) 
[2.1]. For further details see [2.3b]. The values of a;"*" and LO~ depend therefore 
on kx as well as on the thickness of the metal film, as Fig. 2.23 displays. 

The dispersion relation for the symmetric environment is the following 
[2.3b]: 

LO+ : L~^~ — S\kZ2 + £2^z l t a nh -^kzid = 0 (2.34) 

TO~ : L~ = eikZ2 + £2&zictgh ^-kzld = 0 . (2.35) 
LI 

F I G . 2 . 2 2 . A 

METAL FILM, z '¬ 
TRY 

SYMMETRIC LAYER SYSTEM 
DIELECTRIC FUNCTION OF THE 
0 IS THE PLANE OF SYMME-

0.8 J 

0.6 

0.4 

Q2 

1 I Y I I 
/ KP-D=0.0L 

L 

/ KPD »0.63 

/ 
^ ^ ~ ~ ^ ~ N ^ D = 2 0 

// / 
^ - - ^ K P - D = 0 . 6 3 

-
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FIG. 2 . 2 3 . DISPERSION RELATIONS OF NONRADIATIVE SURFACE PLASMONS OF FILMS OF DIFFERENT THICKNESS 
D (AT CONSTANT fcp). KPD = 0.63 MEANS, E.G., AT A PLASMA WAVELENGTH OF A P = 6000 A : D = 630 A ; 
fcp = 2 7 R / A P . 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 kx {kzi = 
kz2 = ikx) (2.34) becomes 

£2 +€i •kcr.d 

£2 -£l 

which yields for a free-electron gas [2.1] and £2 = 1 

(2.36) 

LO' = ^ | ( l ± e - ^ r f ) l / 2 (2.37) 

If the metal foil is covered with a dielectric material £ 2 we obtain 

to. 1± exp (—kxd) 
( l + £ 2 ) l / 2 l T 7 e x p ( - ^ ) 

£ 2 - 1 
£2 + 1 2.38) 

These equations demonstrate the splitting in the nonretarded region and 
in addition the relation LO+>LO~ for finite d. For kxd>l 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 15 eV loss, the excitation of the volume plasmon £w p , the SPs split 
into 4.9 and 9.4 eV. This is the surface excitation of a Al film. (It is covered 
with a very thin oxyd film which reduces the 10 eV excitation of a clean Al 
surface to about 7eV) [2.41]. 

The dispersion relation displayed in Fig. 2.25 has been studied from large 
kx values down to kx values of w 1 0 ~ 2 A - 1 . In the case of fast electrons kx 

is given by ke\ ~ 27t/AET, Aei = 0.05 A at 50KeV, and the scattering angle 6 

4 . 9 9 . 4 1 5 . 0 

AE [eV] 

Fig. 2.24. Electron-loss spectrum in transmission of a thin 
(200 A) Al film (oxydized): the 4.9eV and 9.4eV loss display 
the split 7eV SP and the 15eV shows the volume plasmon 
loss. Observed at 0 = 0 with an angular aperture of 
1.6 X 10~4rad. From [2.3b] 
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F I E . 2 . 2 5 . D I S P E R S I O N RELATION W(fc„) OF A THIN AL FOIL ( O X Y D I Z E D ) , OBTAINED WITH ELECTRON-LOSS 

spectroscopy AT THE 6 . 7 E V LOSS. T H E SPECTROMETER HAS AN ANGULAR RESOLUTION OF APPROXIMATELY 

Akx = 10~A A- 1 . F R O M [ 2 . 4 2 ] 

(see Fig. 2.3): kx = ke\&. If 9 amounts to about 10~ 4 rad, kx 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 kx w 1CP3 A - 1 , 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 kx region. Such 
experiments have been reported by Kovacs and Scott [2.43a] who observed the 
splitting in a MgF2/Ag/MgF2 device and they noticed that the damping of the 
co~*~ 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 o>+ decreases with decreasing thickness d 
and the reverse of the LO~ 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 cm 3 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 tghrc w x with x = (l/2i)kz\d which implies ( l / 3 ) x 2 < l . 
WithA = 6325 A, le'J = 18, and kx = 1.5 X 1 0 " 3 A " 1 , this is valid for d^SQO A. 
For real to the imaginary part kx comes out as 

2 

kxl = W E 
2 K I 2\e[ 

to 
-d 
c 

(2.39) 

which shows that k'l decreases below d = 800 A with d2. 
In Fig. 2.26 [2.46] the lower full line shows the computer-calculated de­

crease of Im{/?} = fcx/(w/c) with decreasing film thickness d. Crosses display 
measured values; both values observed and calculated agree within a factor 
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2. Values calculated with (2.39), display good agreement with the computer-
calculated data, see Table 2.1. 

TABLE 2 . 1 . DAMPING OF THE u>+ MODE AS FUNCTION OF FILM THICKNESS d 

COMPUTER EQUATION (2.39) 
d CALCULATED 
[A ] DATA 

500 1.4 X 1 0 " 3 1.45 X 1 0 " 3 

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 LU~ 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 kx (lower dotted line for O J + 

and upper dotted line for 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 (2fcfc')~1, see (2.12), L{ 
increases by about a factor of 10 compared to L{ (d = oo) in the above cases. 
A corresponding increase of the enhancement of the field intensity is expected 
in these thin films. 
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F I G . 2 . 2 7 . SCHEMATIC REPRESENTATION OF THE DISPERSION RELATION FOR U;"*" AND u>~ NEAR THE LIGHT 
LINE ( / / ) . T H E N U M B E R S B E S I D E THE CURVES INDICATE THE THICKNESS OF THE METAL FILM: d = oo (—) 
IS IDENTICAL WITH kpd ~ 2 0 OF F I G . 2 . 2 3 . (1) IS VALID FOR A THIN FILM AND (2) FOR A STILL THINNER 
FILM: A T A GIVEN FREQUENCY THE RESONANCE ANGLE DISPLACES TO SMALLER VALUES OF kx IF THE FILM 
B E C O M E S THINNER AS SHOWN IN F I G . 2 . 2 6 . <£—>0 LEADS TO • C / ^ / I J " ^ (LIGHT LINE) 

F I G . 2 . 2 8 A , B . A T R M I N I M A FROM A THIN SILVER FILM IN A S Y M M E T R I C ENVIRONMENT AS A FUNCTION 
OF THE INTERIOR ANGLE OF INCIDENCE A = 1 0 6 0 0 A . ( A ) DISPLAYS THE SPLITTING OF THE SILVER S P S 
INTO THE W + (LEFT M I N I M U M ) AND u>~ M O D E . D ( A G ) = 5 0 5 A . ( B ) I F THE FILM THICKNESS OF A G 
IS REDUCED TO 1 7 0 A , THE RESONANCE ANGLE DISPLACES TO A SMALLER ANGLE AND THE HALF WIDTH 
DECREASES ESSENTIALLY. T H I S DISPLACEMENT CAN B E UNDERSTOOD WITH THE HELP OF F I G . 2 . 2 7 . T H E 
COUPLING DISTANCES d(b) AMOUNT TO 5 0 0 0 A IN ( A ) AND TO 1 2 0 0 0 A IN ( B ) . F R O M [ 2 . 4 7 ] 

F I G . 2 . 2 9 . A T R DEVICE FOR EXCITING THE S Y M M E T R I C S P M O D E 
A;+ OF A VERY THIN METAL FILM (c). T H E LAYERS (b) (OIL n = 
1 . 4 5 6 4 ) AND (d) (GLASS n = 1 . 4 5 6 9 ) REPRESENT THE S Y M M E T R I C 
ENVIRONMENT OF THE METAL FILM (c) SO THAT A SPLITTING OF THE 
S P M O D E OCCURS. T H E OPTIMAL THICKNESS OF THE LAYER (b) CAN 
B E REALIZED B Y CHANGING THE MECHANICAL PRESSURE BETWEEN 
THE P R I S M (a) AND THE GLASS (d). F R O M [ 2 . 4 7 ] 

2 9 



2 . 8 S E C O N D H A R M O N I C G E N E R A T I O N ( S H G ) 

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 to produces in a nonlinear medium a polariza­
tion P(2u)) = x^E2, with ^ n e quadratic susceptibility. This polarization 
causes a light emission of frequency 2u>, e.g., light reflected at a smooth silver 
surface gives a signal of 2to light which is easy to detect. The scheme of the 
device is shown in Fig. 2.30: Two SPs of frequency LO interact in the high field 
region in the silver/air surface, so that because of the conservation of momenta 
and energy, we have 

2n^[eoH]1/2 sin 6\ = fi^[e0(2o>)]1/2 sin 82 . (2.40) 

F I G . 2 . 3 0 . T H E GENERATION OF A SEC­
OND HARMONIC IN THE A T R DEVICE AND 
ITS DETECTION B Y REFLECTION 

K X M K X M 2 K X ( U ) 

KX(2UJ) 

The angle of emission of the 2LO beam becomes 

sin 82 = [e(uO/£0(M]1/2sin <9i<sin 8X (2.41) 

with £Q the dielectric function of e.g., glass or quartz. If 8\{UJ) reaches the 
resonance value or the enhanced field its maximum, the 2u> intensity, emitted 
at # 2 > goes to a maximum. The SH beam is reflected at an angle 82, 1.5° 
smaller than 8\ (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 ji. 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 demonstrate the strong 
enhancement in thin films, as discussed in Sect. 2.7. 
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1.0 

0.5 

Fig. 2.31. Reflected second-harmonic 
intensity at a silver film of 560 A 
thickness, deposited on a glass prism as 
a function of the angle of incidence, see 
inset. The smooth curve is calculated. 
The 2u> radiation is produced by the 
nonlinear susceptibility of the silver 
surface. From [2.48] 

0 1 . ^ 
42.5° 43.0° 43.5° 

Angle of incidence 0 

For this purpose the ATR device, Fig. 2 . 2 9 , is used. The medium (d) in 
Fig. 2 . 2 9 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 1 3 5 A. If the funda­
mental SP is excited, a strong intensity of 2LO is emitted from the interface 
metal/quartz, Fig. 2 . 3 2 [ 2 . 5 0 ] . The 2to intensity of the large peak, the LRSP 
mode (long range surface plasmon) is more than 1 0 3 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 . 

Applicat ion of the Nonlinear Thi rd-Order Susceptibi l i ty 
The third-order nonlinear susceptibility \ ^ ( ^ 1 ? W 2 > ^ 3 ) n a s a l s ° been applied 
in SP physics: If one regards those nonlinear processes which reproduce the 
incoming frequency UJ or — x * - 3 ^ 3 , the dielectric function can be written 
as 

e0(E) = e0(E « 0 ) + x^H -E 2
 , ( 2 . 4 2 ) 

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 

E O ( - B ) < E I and X^\U)E2<6Q(E « 0 ) one obtains 
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ANGLE OF INCIDENCE 

F I G . 2 . 3 2 . REFLECTED SECOND-HARMONIC INTENSITY FROM THE A T R 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 (6) AND A QUARTZ CRYSTAL (d). B Y MECHANICAL PRESSURE BETWEEN (a) AND (d) WHICH CHANGES 
THE THICKNESS OF THE OIL FILM (6) , THE OPTIMAL COUPLING OF THE FUNDAMENTAL S P (A = 1 .06 / I ) 
INTO THE SYSTEM CAN BE REACHED; IT IS d(b) = 30 000 A . THE HIGH FIELD AT THE METAL/QUARTZ 
INTERFACE AND THE NONLINEARITY OF THE QUARTZ PRODUCE THE 2LO RADIATION PEAK (FULL CIRCLES). FOR 
COMPARISON THE DASHED LINE DISPLAYS THE S H INTENSITY AT A SINGLE BOUNDARY. FROM [2.50] 

u( e'ME) \ 1 / 2 

k x { E ) c^+eoWJ 

= * . ( ^ 0 ) { l + x W ( W ) J ^ } (2.43) 

and as consequence the resonance is displaced; the sign of it and its value allow 
measurement of the quantity X ^ ( < ^ ) [2-51]. 

The SP field E consists essentially of the inhomogeneous field E(z)7 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 fi) 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 \i Joule/pulse, whereas higher inten­
sities, 70/i Joule/pulse, displace the minimum to larger angles; the reverse 
happens at GaAs/Ag interfaces. At Si the x^O^) l s negative, as Fig. 2.33 
demonstrates and the value of the displacement yields a change of the refrac­
tive index of 4 X 1 0 - 5 per M W / c m 2 of laser intensity at the interface under 
the given experimental conditions [2.51]. 
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F I G . 2 . 3 3 . T H E INTENSITY AROUND THE S P 

EXCITATION REFLECTED AT A S I / A G GRATING 
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2 . 9 I n f l u e n c e o f C o r r u g a t i o n 

G E N E R A L R E L A T I O N S 

DISCUSSING THE GRATING COUPLER TOGETHER WITH F I G . 2 . 4 WE HAVE SEEN THAT THE SUR­

FACE WAVE VECTOR k x OF S P OR OF PHOTONS CAN COMBINE LINEARLY WITH THE VECTORS 

Akx WHICH COMPOSE THE FOURIER SPECTRUM OF THE PERTURBATION OF THE SURFACE. 

I N THE SIMPLEST CASE OF A SINUSOIDAL GRATING THESE VALUES OF Akx ARE ± 2 7 R / A , a 

BEING THE GRATING CONSTANT, WHEREAS I N THE CASE OF A STATISTICAL ROUGH SURFACE A 

CONTINUUM OF Akx VALUES IS DISPOSABLE. SINCE I N THIS CASE THE ROUGHNESS PROFILE 

CANNOT B E DESCRIBED B Y AN ANALYTICAL FUNCTION, A CORRELATION FUNCTION IS INTRO­

DUCED: T H E ROUGHNESS PROFILE M A Y BE GIVEN BY z — S(x, Y ) , SEE F I G . 2 . 3 4 , WHICH 

IS MEASURED AGAINST THE PLANE 2 = 0, DEFINED B Y 

( 2 . 4 4 ) 

2 = 0 

F I G . 2 . 3 4 . S C H E M E OF A ROUGH SURFACE. T H E INTEGRAL (1/L) fQ S(x)dx = S = 0 DEFINES THE 

LEVEL z = 0 . T H E CORRUGATION IS DRAWN M U C H STRONGER THAN THAT CONSIDERED IN THIS B O O K . FOR 

E X A M P L E , THE FIRST-ORDER A P P R O X I M A T I O N REQUIRS 6/<r~l % OR THE DEVIATIONS OF S(x, y) FROM THE 

LINE z = 0 HAVE TO B E REDUCED B Y A FACTOR OF ABOUT 1 0 0 
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It follows that the expression for the correlation function is given by 

G(x, V) = j j S(x', y')S(x' - x, y' - y)dx'dy' (2.45) 
F 

which measures the correlation of S(x',y') and S(xr — x, y' — y) in a distance 
x,y. 

Prom (2.45) it follows that 

G(0,0) = S 2 , (2.46) 

where ( S 2 ) 1 / 2 is called the root mean square height 6. 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: 

( - H JdxdyG(x,y)exp[-i(Akxx + Akxy)] = \s(Ak)\2 . (2.47) 
F 

The term |.s(/dA:)| is often called "spectral density function'" since it gives the 
spectrum of Ah 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 / 2 T T ) 2 . Then instead of |,s(Z\£:)|2 one writes ( 2 T T ) 2 \ s ( A k ) \ 2 = 
62\g(Ak)\2 = 627ra2exp[-(l/4:)a2(Ak)2]. 

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

G(x,y) = S2exp[-^-^j (2.48) 

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

The Fourier transform of (2.48) comes out as 

\s(Ak)\* = ±o*6*ew(-!%^) • (2-49) 

It shows that the plot of observed |,s(z\fc)|2 values in logarithmic presenta­
tion gives a linear relation between In |s | 2 and Ak2 which allow us to obtain 
the roughness parameters 8 and a 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 

C H A P . 5 . 

T H E 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, I N THE A T R DEVICE THE INCOMING LIGHT HAS A COMPONENT PARALLEL 

TO THE SURFACE KX = Y/E^U/CSIN #O> THE SCATTERED LIGHT KX — ( U ; / C ) S I N 9. W I T H <F> 

BEING THE ANGLE BETWEEN THE PLANE OF INCIDENCE AND OBSERVATION, WE HAVE 

AK = |[(V^O SIN 6> 0 ) 2 - SIN 0- COS <j> + S I N 2 6 * ] 1 / 2 , ( 2 . 5 0 ) 

WHERE AK HAS ITS LARGEST VALUE FOR <F> = 0 AND 9<Q (BACKWARD SCATTERING): 

AK = - (Y IO SIN 60 + SIN 9) . ( 2 . 5 1 ) 
C 

AT 9 — 0 , OBSERVATION I N THE DIRECTION OF THE SURFACE NORMAL, THE VALUE OF 

AK BECOMES 

AK = V ^ O - S I N 0 O • ( 2 - 5 2 ) 
C 

SINCE THE ROUGHNESS IS REGARDED AS ISOTROPIC, WE WRITE I N THE FOLLOWING AK = 

AKX. 
IF |S(Z\fc)| 2 IS KNOWN FROM THE EXPERIMENTS, S 2 CAN ALSO BE DERIVED FROM 

( 2 . 4 7 ) 

^ 2 = 2 T T j DAKAK\S{AK)\2 , ( 2 . 5 3 ) 

WITHOUT SPECIFYING |S(ZLFC)| 2. 
I N THE CASE OF A GRATING DESCRIBED BY 

2TT 

S(X) = FESIN —X ( 2 . 5 4 ) 

THE FOURIER TRANSFORM BECOMES 

\s{Ahx)\2=(^\6{kl+g) + 6{kl-g)\ , ( 2 . 5 5 ) 

WHERE £ MEANS THE DELTA FUNCTION. IT SHOWS THAT, I N THIS APPROXIMATION, ONLY 

TWO LIGHT EMISSION DIRECTIONS KX±G EXIST, THE TWO DIFFRACTION ORDERS ± 1 , WHICH 

ARE PRODUCED BY A SINUSOIDAL GRATING. 

35 



P R O P A G A T I O N L E N G T H OF T H E S P S O N R O U G H 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 £ r a c i for radiation loss and Lsc 

for scattering in the presence of roughness have been calculated [2.52]. The 
scattering process at the corrugations in the surface comes out as 

L - 2 | £ I 
- ^ S C 3 (w/c) 5 <r2<52 ' ( 2 - 5 6 ) 

The radiation loss is given by 

r a d ~ 4 {to/cf a262 " ( 2 - 5 7 ) 

The intensity of the SP decreases to 1/e after having traveled these lengths. 
These relations are valid for |e^|^>l i.e., in the region of the light line for 

& xa<Cl. 
Comparing both processes one sees that 

(2.58) 

With longer wavelengths the value of -L r ad 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 +1, in the flat part of the dispersion relation, the reverse holds: 
the value of X s c increases more than £ r a d . 

For experiments with the ATR device one can roughly say that due to the 
condition J J = riBj^ the damping is doubled or the value of L[ is halved, so 
that L[/LV3ud becomes smaller and the roughness influence is reduced. 

The application of the above relations is strongly limited by the condition 
^ c r < l . In the infrared A = 10fi the condition is fulfilled. Most experiments 
however are made between A — 1// and 0.5//. Although at A = 5000 A (e^ = 
— 10.5) and a = 500 A: kxa = 0.6 is not small against 1, the numerical values 
may be given for 6 = 15 A: L-x = 22//, -Lrad = 1400//, and Lsc = 4000/I. 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 6 ~ 15 A. This value 
is near the limit of the linear approximation. In theoretical papers, a value of 
£~100 A is often used for numerical calculations without regarding this limit. 
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Even at 8 — 50 A multiple scattering is so strong that one has to be careful 
with the assumption of excessively large 6 values. 

The question arises whether roughness comes into play if the damping (in­
ternal absorption) of the u>+ 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-x near L r a c i , so that 
the total mean free path length, given by = ( ^ i ) - 1 + ( ^ R A D ) " 1 * s reduced. 

Localization of S P s 
If the surface is rather rough, say with an approximate value of £>50 A, 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
ficient. 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. 

Such a situation is realized if a light beam of frequency UJ<LOS 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 8 ~ 250 A and a = 750 A on a 
silver surface the enhancement increases from the value 4, which is valid for 
a smooth surface at small LJ 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 a since with larger a the propagation 
of the SP resembles more like an extended SP. Using these calculations one 
expects no localization on a rough surface with a 8 of 5—20 A and a = 1000 A. 

As is evident, it is favorable for localization that £ S C < £ R A D o r that scat­
tering is more probable than radiation loss. This, however, is valid only for to 
near cus and large Akx. 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 . 1 0 " L O C A L I Z E D " P L A S M O N S A N D E N H A N C E M E N T 

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 e\ = —CQ (e\ metal, 6Q dielectric). 

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

e i H = - e o ^ p 1 = 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 

£\(UJ) = -2eo (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 
[2.55]. 

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

V ^ 4 7 R £ l ( u , ) + 2 £ o ° (2.61) 

Equation (2.61) is valid as long as a<A, where A is the wavelength of the 
exterior field. The field at the surface outside the sphere ( e 0 = 1) is 

E(a) = 2 £ 1 1 E0 +E0 = ~^-:E0 e i + 2 " • " £ l + 2 

which has a maximum for e\ = - 2 and gives an enhancement of 

;2.62) 

Tei = 
E{a) 2 3e[ 2 

61 
(2.63) 

For silver the condition e[ = - 2 gives A = 3500 A (3.5 eV) and e" = 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 (a) and a minor (6) 
axis lengths, the electric field at the tip of the major axis induced by an incom­
ing light wave with EQ parallel to this latter axis is, for an isolated spheroid 
[2.57,58], 

Efip = 
i + (ei-i)A E « + E« = T^TjXE< ' 2 - 6 4 ) 

with e 0 = 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 + ( E I - 1)A = 0 . (2.65) 
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The maximum enhancement at the tip of the spheroid comes out as 

rpel 
Et 

( 2 . 6 6 ) 

With decreasing b/a (more elongated ellipsoids) or decreasing A, the res­
onance displaces to longer wavelengths and the enhancement increases. For 
example, with A = 0.1 (b/a~l/3) one obtains from ( 2 . 6 5 ) e\ = —9 or JTW R E S = 

2 . 5 eV and e'{ = 0.3; this gives TmSLX = 10 5 . 
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 . 6 4 ) by replacing the real A by a complex term 
[ 2 . 5 9 ] 

4 T T 2 V 

A + i — jf = A + iR ( 2 . 6 7 ) 

which represents a first correction of the electrostatic solution; V is the volume 
of the spheroid. The local field enhancement factor E ^ / E Q then becomes, with 
e^l [2-60]: 

Etip 
E0 

=

 g l / £ 0 (9 x R \ 
1 + [(4/eo) " 1 ) ] ^ + i(e'{/eQ)A + Re'{^ + zR(l - e'Jy/eE ' 1 1 

R — 0 or no radiation damping gives ( 2 . 6 4 ) . Using the resonance condition 
( 2 . 6 5 ) , one obtains 

E tip ( 2 . 6 9 ) 
Eo / M A X i(4/eo)A + [e'{Ry/eZ + iB(l - e ' l ) ^ 

The radiation damping can be neglected if Si<s\ and 

e'{/e0A>R(l - e'^y/EE or (2.70) 

-^TA(£0)3/2>R hold. 
1 - e 1 

An Example: For a sphere [A = 1/3, V = (47R /3 )a 3 ] the diameter of the 
sphere 2a can be estimated from (2.70), e.g., for silver with A = 3.500 A and 
e = —2 + i 0.3) we get 2a<;600 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 R e s o n a n t L i g h t E m i s s i o n O b s e r v e d 
w i t h t h e A T R D e v i c e 

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 
is 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 

c) 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: n sin 0Q = \/zo s m # 0 — \je\/(1 + e\) given by the 
intersection of the dispersion relation and the straight line in the (uj,k) dia­
gram with the slope (c/n)sin #Q, see Fig. 2.7. Changing nsin 6Q hy choosing 
another to at 9$ = const, the maxima of Fig. 3.2a are observed. In Fig. 3.2b the 
corresponding experiments are displayed at LO = const and at varying angle of 
incidence 6Q [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 | ^ O I 2 [ 2 

in (3.1). 
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F I G . 3 . 1 . IF THE SP EXCITATION REACHES ITS MAXIMUM AT THE RESONANCE ANGLE &o, 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. 0 MEANS THE FIXED DIRECTION OF OBSERVATION. FROM [2.4] 

F IG . 3 . 2 . (A ) LIGHT EMISSION OF A ROUGH SURFACE, <S~5 A, DUE TO THE COUPLING OF PHOTONS WITH 
SPS, ^EE FIG. 3.1 BOTTOM LEFT. THE RESONANCE EXCITATION OF THE SP PRODUCES AN ENHANCEMENT 
1^0121 ° ^ * N E 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 0O, FOR AG AND A U 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 M e a s u r e m e n t o f t h e R o u g h n e s s 

T H E O R E T I C A L R E M A R K S 

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 Kretschrnann [3.1] and have been applied 
to evaluate the experimental data. The relation of the intensity dl emitted into 
the solid angle dil, with Iq, the intensity of the incoming p-polarized light, is 
given in a first or linear approximation with <5-CA (phase change in z direction 
neglected) and £<C<7 by 

P = 1 dl 
T^dU 

\W(9)f 
cos On 

| ^ 1 2 | 2 K Z ^ ) | < (3.1) 

where OQ is the angle of incidence; |^Q 1 2 | 2 Fresnel's coefficient of the two inter­
face system quartz/metal/air, (2.25); |5(Z\fcj .) | 2 the Fourier transform of the 
roughness correlation function, (2.47); and |V^(#) | 2 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 ^ ( / I fc j ; ) ! 2 

describes its correlation with the surrounding dipoles and thus the coupling of 
the photons with the roughness, see Sect. 2.9. The term Akx has been explained 
in (2.50). The emitted intensity is proportional to ^/Eq, £q is the dielectric func­
tion of the half cylinder, mostly S I 0 2 -

The term "linear" approximation stems from the development of the field 
above the rough surface, here the magnetic field Hv : 

Hy(z) = Hy(Q) + S(x) 6z 
2 = 0 

(3.2) 

For calculating the intensity of the emitted light the value of H2 is needed, 

so that due to S = 0, S(x)2 = S2 (2.44) comes into effect. Thus the linear 
approximation gives a dependence quadratic in 6. 

The function 1^(0)1 can be split up into the three components WXl Wy, 
and Wz, which can be represented as follows: One of the theoretical approaches 
to get (3.1) , is to start with the model of polarization currents induced by the 
incoming electromagnetic field. This current has three components, x, y, 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(6). 
The relative positions of the plane of observation and the plane of incidence, 
measured by the angle <j>, determine which components come into play. 

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

1 + 
sin2fl 1 / 2 

• S I N e with (3.3) 
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PLANES OF OBSERVATION!^ 

F I G . 3 . 3 . E X P E R I M E N T A L ARRANGEMENT FOR THE OBSERVATION IN THE PLANE OF INCIDENCE (1) AND IN 

A PLANE OF OBSERVATION (2) INCLINED B Y AN ANGLE <j> AGAINS PLANE (1). 9$ : ANGLE OF INCIDENCE, 

0 : ANGLE OF OBSERVATION; p INDICATES THE DIRECTION OF POLARIZATION. I F THE POLARIZATION p LIES 

PERPENDICULAR (PARALLEL) TO THE PLANE OF OBSERVATION, IT IS CALLED s POLARIZATION ( P POLARIZATION). 

T H E TWO SHORT ARROWS AT THE ORIGIN DENOTE THE x AND z COMPONENT OF THE RADIATING DIPOLE. 

F R O M [ 2 . 4 ] 

A(Mi)= |^| + * * 2p - (3.4) 
\ei\ 

The angle & means the angle of the plane of polarization and the plane of 
observation: for & = 0° both planes are perpendicular ( 5 polarization) and for 
0/ =1 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 (x) and the normal (z) component of the dipole. 
This behavior can be seen immediately from (3.3): if the term sin2 is ne­
glected against 1, the relation (1 — sin #) 2 yields a larger value for 9<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(^fca;)| 2 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(zlka;)| 2. 
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F I G . 3 . 4 . CALCULATED DIPOLE FUNCTION \W(9)\ FOR <j> - 0, A = 5500 A, SILVER, 0 M A X = - 5 5 ° , 
WHICH DOES NOT CHANGE SIGNIFICANTLY WITH A. THE PREFERRED BACKWARD SCATTERING IS REMARKABLE, 
A RESULT OF THE INTERFERENCE O|THE LIGHT EMITTED FROM THE x AND z COMPONENT OF THE DIPOLE. THE 
ROUGHNESS FUNCTION |S(Z\&)| , SEE (3 .1 ) , TURNS THE LOBE MORE OR LESS TO THE RIGHT, SEE FIG. 3.5 
FROM [2.4] 

F I G . 3 . 5 . INTENSITY DISTRIBUTION FROM A ROUGH 
SURFACE AT — 0. 9o AND 9 ARE THE ANGLES OF 
INCIDENCE AND OBSERVATION. THE INCOMING LIGHT 
IS p POLARIZED. THE ANGULAR DISTRIBUTION OF THE 
p LIGHT (#" = 9 0 ° ) IS DETERMINED ESSENTIALLY BY 
THE ROUGHNESS. A WEAK s LIGHT (}& = 0 ) , 1 0 X 
ENLARGED, IS OBSERVED, FORBIDDEN IN THE LINEAR 
APPROXIMATION. FROM [3.2] 

Addit ional R e m a r k 
It is of interest to look also at the case <f> = 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\2 A(0Y e) cos 2 6 and for # = 90° (3.5) 

\W\2 ^A(0,e)sm28 . 

For more accurate expressions see [3.2]. The roughness has practically no in­
fluence since 8kx changes very little between 0 = +90° and —90°, see (2.50). 
Turning the detector around the x axis in the plane of observation (y, z) with 
the analyzer perpendicular to the plane of observation ("^-polarized" light) we 
look at the x 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 
<f> = 9 0 ° , TURNING THE DETECTOR AROUND THE x AXIS, SEE 
FIG. 3.3, WITH THE ANALYZER PERPENDICULAR = 0) AND 
PARALLEL TO THE PLANE OF OBSERVATION = 9 0 ° ) . 6 MEANS 
THE ANGLE OF OBSERVATION. SILVER, 700 A THICK, A = 5000 A. 
FROM [2.4] 

lated data [3.2]. At 0 = 90° a small rest intensity indicates that deviations of 
the linear theory come into effect, see Fig. 3.12. 

Exper imenta l R e m a r k 
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 (PI , 
P2), the diaphragm (BL1), and a cylindrical lens ZL to compensate the re­
flation at the cylindrical surface so that nearly parallel light hits the surface of 
the metal film. The detectors are either phot omul tipliers (PM) or photodiodes 

S LI 

Fig. 3 . 7 . SCHEME OF THE EXPERIMENTAL ARRANGEMENT TO MEASURE THE ANGULAR DISTRIBUTION OF 
THE LIGHT EMISSION IN REFLECTION AS A FUNCTION OF 9Q (INCOMING LIGHT) OR OF THE SCATTERED LIGHT 
AS A FUNCTION OF 6 AT A GIVEN 6Q. 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 ?^60cm; 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. 7.5 cm to measure the emitted 
light along the surface of, e.g., a wave-guide system. 

The accuracy of the position 6$ amounts to A6Q = 0.01° (absolutely); that 
of 0 regarding the accuracy of the determination of the edge of total reflection 
(0.02°) gives AO = 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 1 0 " 7 Torr 
[3.5] and 3—4 X 1 0 - 8 Torr [3.6] without being exposed to air. Apparently re-
crystallization comes into play in the first hour. 

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 1 0 - 4 deg were detected in a vacuum chamber 
of 3—4 X 1 0 - 8 Torr [3.6]. Processes of absorption have been studied, e.g., the 
absorption of O 2 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 en 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 1 0 ~ 3 , however, 
for gold it is 1 X 1 0 ~ 2 . 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 A) 
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 10 2 A and more by evapora­
tion. 
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D E T E R M I N A T I O N OF T H E R O U G H N E S S P A R A M E T E R S 

The configuration <f> = 0 is of special interest because it allows us to measure 
the roughness function ^(ZLFCA.)) 2 using ( 3 . 1 ) . The value P(ff) = (l/Io)dI/df2 
is measured, and the factor |̂ O 121^ A S W E ^ A S I ^ W I 2 a r e calculated with the 
€I(LO) obtained from fitting the ATR minimum of the silver surface in situ, see 
Sect. 2 . 5 so that one obtains | 5 (Zi^A;) | 2 . The plot In |s(Z\&A;)| 2 as a function of 
(Akx)2 can be described in the linear region, Akx>10~3 A - 1 , by a Gaussian 
correlation function, see Fig. 3 . 8 : 

In \s(Akx)\2 = I n \ 8 2 a 2 ~ \a2Ak2

x . ( 3 . 6 ) 

FIG. 3.8. OBSERVED ROUGHNESS FUNCTION |S(Z\fcX)P AS A FUNCTION OF (Akx)2 FOR A SILVER 
FILM, 550 A THICKNESS, AT DIFFERENT WAVELENGTHS. THE ARROWS INDICATE 9 — 0° OR Akx = 
y/eo(to/c) SIN &o, THE OBSERVATION IS ALONG THE NORMAL OF THE SURFACE. THE SOLID ANGLE OF THE LIGHT 
DETECTOR IS SQ = 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 a and the linear extrapolation to Akx = 0 gives 6. The values 
of the roughness parameters obtained with this method are collected in Table 
3 . 1 [ 3 . 1 2 ] . They are measured in the Akx region given in the Table 3 . 1 . 

The strong forward scattering at Akx<^\ X 1 0 ~ 3 A - 1 which shows an in­
tensity varying with the substrate is remarkable. This Akx region indicates 

TABLE 3.1. OBSERVED ROUGHNESS PARAMETERS OF SILVER FILMS [3.12] 
8 [A] a [A] Akx [A- 1 ] D(AG) [A] REFERENCE 

7 1180 (0.5 - 3) X 10" - 3 400-900 3.1,2 
4-5 850 ( 1 - 2.7) X 10-- 3 500 3.7 
5-7 ( 1 - 2.2) X 10" - 3 350 3.8 
5-7 ( 1 - 2.5) X 10" - 3 400-850 3.9 
7 800±150 ( 1 - 2.2) X 10-- 3 540 3.4 
5 

( 1 - 2.2) X 10-
1000 3.11 

6 1400 550 3.10 
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roughness components of rather long wavelengths A — 2TT/AKX in excess of LFJ, 
[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 AKX values has 
also been observed at highly polished surfaces of Zerodur, see Fig. 5.10b. This 
waviness at 6 > 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 CaF2, MgF2, 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(Z\&aj)|2 is extended and the accuracy of the (£, a) 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 | 5 ( / l ^ x ) | 2 

function from the data observed at their films. They could, however, calculate 
a lower limit of 6 of Cu films of 5000 A thickness on quartz: £>4.4A and Cu 
on mica: £>5.8 A. 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 2u> light. The values obtained 
are: S = 25 A and a = 1390 A [3.16]. 

I 12 
TABLE 3 . 2 . COMPARISON OF VALUES OF THE ROUGHNESS SPECTRUM |S(ZAFCX)| FOR SILVER FILMS (d = 
500 A ) EVAPORATED ON "SMOOTH" AND "SUPERSMOOTH" QUARTZ SUBSTRATES, FOR Akx<l X 1 0 ~ 3 A " 1 

[3.8] 

A = 2-ir/Akx 

[A ] 

\s(Akx)\'2 [A*] A = 2-ir/Akx 

[A ] SUPERSMOOTH SMOOTH 

10 000 4 X 10 6 12 X 10 6 

15 000 7 X 10 6 35 X 1 0 6 

20 000 1 X 10 6 73 X 10 6 
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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 S~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 Akx region 
given by the scanned 0 region, which is approximately 2 X 27r/A, in the region 
of visible light 1-2.5 X 1 ( T 3 A " 1 (see Table 3.1) and for x-rays 1.5 X 1 ( T 5 up 
to some 10" is an open question whether the whole Ak x 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 
kx without changing its value, "directional scattering", see Fig. 3.9: 

AK = K-K^ (3.7) 

with \k\ = \kx\. The plasmons take up different values of \Ak\ = 2\kx\ sin (J>/2 
from the roughness spectrum and are deviated by different angles <F>. 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 ( / \ fc ) | 2 and thus allows derivation of the roughness parameters 8 and a [3.10]. 
The result of this evaluation of silver films, 500 A thick, are given in Table 3.1 
with 8~6 A and < 7 ~ 1 4 0 0 A in agreement with the results obtained from the 
observations on the light scattered into the air side. 

The radiation scattered back into the £Q side results from the following 
processes: The incoming field permeates the silver film 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 L ÎOL^ s o that light scattered back 
comes out as [3.10]: 

= -* 4 L * S I 2 1 2 L * 5 I O I 2 ^ ( ^ i , ^ ) I 2 (3-8) IO DQ 
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(3) 
FIG. 3 . 9 . THE SP WITH THE WAVE VECTOR k% IS SCATTERED WITHOUT CHANGING ITS ABSOLUTE VALUE: 
"DIRECTIONAL" SCATTERING 

F I G . 3 . 1 0 . SCHEME TO ILLUSTRATE THE "DIRECTIONAL" SCATTERING PHENOMENON. FROM [3.10] 

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, 

F I G . 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 r%\ = — R I 2 , SEE ( 2 . 1 7 ) , SO THAT ITS RELATIVE INTENSITY IS PROPORTIONAL TO 

[ 1 + ROIRI2EXP (i2kz\di)]~^. COMPARING THE RELATIVE INTENSITY SCATTERED INTO 

THE AIR SPACE ( 3 . 1 ) AND INTO THE GLASS SIDE, ONE MUST NOTICE THAT THE ANGULAR 

FUNCTIONS W ( 0 , <j>) AND | S ( / \ & ) | 2 ARE NOT IDENTICAL. CHOOSING SPECIAL EXPERIMENTAL 

CONDITIONS, GOOD AGREEMENT OF BOTH THE INTENSITIES, CALCULATED AND OBSERVED, HAS 

BEEN FOUND [ 3 . 1 0 ] . 

I N ADDITION THIS BACK-REFLECTED LIGHT IS STRONG ON ACCOUNT OF THE RATHER 

NARROW RESONANCE WIDTH, AT LEAST I N SILVER, SO THAT THE ANGULAR WIDTH OF THE 

CIRCLE IS 

01/2 = 2A8 = 2k'l(uj/czos 8)~l ( 3 . 9 ) 

E.G., AT A = 5 5 0 0 A, e'( = 0 . 5 , e'x = - 1 2 , AMOUNTS TO 1 0 ~ 3 R A D . 

IT IS THUS POSSIBLE TO PHOTOGRAPH THE LIGHT CIRCLE DIRECTLY ON A PHOTOGRAPHIC 

FILM, SEE F IG . 3 . 1 1 . 

3 . 4 S u r f a c e R o u g h n e s s a n d " V o l u m e " R o u g h n e s s 

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 I N F I G . 2 . 3 4 ) . IT IS, HOWEVER, POSSIBLE THAT THE "ROUGH­

NESS" IS DUE TO INHOMOGENEITIES I N THE BULK [ 3 . 1 8 , 1 9 ] WHICH CAN BE DESCRIBED AS 

SPATIAL FLUCTUATIONS OF THE DIELECTRIC FUNCTION £\(u>) : 

ei(x,y,z) = E I + Asx(x,y,z) ( 3 . 1 0 ) 

WITH e\ THE AVERAGE DIELECTRIC FUNCTION AND Aex THE FLUCTUATIONS ABOUT e x . 

A DETAILED THEORETICAL STUDY [ 3 . 1 9 , 2 0 , 2 1 ] HAS SHOWN THAT FOR VOLUME SCATTER­

ING, THE z COMPONENT OF THE DIPOLE W : Wz HAS TO BE REPLACED BY W'z — Wz/\cx \ 
DUE TO THE CONTINUITY CONDITION AT THE BOUNDARY FOR THE FIELD Dz = e \ E z . WORK­

ING WITH WAVELENGTHS OF A = 5 0 0 0 A, WHERE €\(u)) = —9.4 + i0.37 I N SILVER, 

A STRONG DIFFERENCE IS EXPECTED FOR Wz I N THE CASE OF SURFACE SCATTERING WITH 

|£J | = 1 AND VOLUME SCATTERING WITH |E'^| = 9 .4 . T H I S DIFFERENCE HAS A STRONG IN­

FLUENCE ON THE QUOTIENT I{9 = 9 0 ° / I ( # = 0 ° ) = Ip/Is MEASURED I N THE <j> = 9 0 ° 

CONFIGURATION, SEE F I G . 3 . 1 2 . T H E CALCULATED QUOTIENTS ARE 

Ip\ TG 2 0 

'surf. 1 + R W T G 2 * 

V) = f V) _ L . ( 3 . I I ) 

T H E OBSERVED DATA I N F I G . 3 . 1 2 DEMONSTRATE THAT THE LIGHT IS PRODUCED BY SURFACE 

ROUGHNESS. FIGURE 3 .12A FURTHER DEMONSTRATES THAT THE VALUE Ip/Is DOES NOT GO 

TO ZERO WITH 8->0°. T H E REASON FOR THIS DEVIATION IS THE MULTIPLE SCATTERING 
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Fig.3.12.The ratio J(V> = 9 0 ° ) / / ( V > = 0°) at <f> = 90° or Ip/Is, is plotted as function of 
6, 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 S 2 [3.21], 

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

Volume Roughness and Radiat ive S P s 
The dispersion relation of the radiative SPs lies left of the light line, see Fig. 2.2. 
It starts at small k x with to — cop and increases for ^fcpd<Cl as 

1 + r 
1 f k p d \ 2 f k x 

n 2 j \ k p 

Its damping grows with k x 

1 f k x d \ 2 f k x 

(3.12) 

UJT \ 2 \ k 
(3.13) 

(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 x of the SPs is 
identical with k x 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 huj = fiLOp = 

3.8 eV (A = 3250 A) 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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F I G . 3 . 1 3 . SCHEMATIC FIGURE OF THE 
EXPERIMENTAL ARRANGEMENT TO OBSERVE 
PLASMA RESONANCE ABSORPTION AND EMIS­
SION. FROM [2.3B] 

that the Ez 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 a;"*" 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 8Q, one expects a specular reflected 
beam at 0Q. The experiments, however, show that in addition radiation is de­
tected in a large angular region if the frequency exceeds LO — Lop. 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 
to = uj p for kx<kp [3.23—25]. 

The detailed study of this phenomenon had the result that the roughness 
is due to volume or interior roughness mentioned above: The theoretical consid­
erations show that in this case the z component of W(0) has to be replaced by 
W(0)f = W(0)/\efi\, which predominates for |e^| being very small at LO = LOp. 
This has the consequence (a) that the scattered intensity Ip/Is comes out as 
a function of l / j e^ l 4 which produces a strong intensity maximum at LO = top 

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 Ip/Is, 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]. 

DL 
I0DFI 

F I G . 3.14.LIGHT INTENSITY OF SCATTERED (RA­
DIATIVE) SPS AROUND THE PLASMA FREQUENCY 
(3250 A ) OF SILVER (500 A THICK). 0 = 60 = 
3 0 ° . ( ): CALCULATED VOLUME CONTRIBU­
TION; ( ): CALCULATED SURFACE CONTRIBUTION; 
( X X X ) : OBSERVED DATA. FROM [3.26] 

3150 3 2 5 0 3 3 5 0 
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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 R O U G H N E S S M E A S U R E M E N T 

W I T H T H E T U N N E L E L E C T R O N M I C R O S C O P E 

The small values of the r.m.s. height S 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 « 1 A perpendicular to the surface, and in the surface of about 
10 A, confirms the mean roughness of w 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. 

(A) (B) (C) 

20 A 20 A- IOAH 

40 A 2 0 A 2 0 A 

F I G . 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 x DIRECTIONS IS INDICATED; THE 
DIFFERENT LINES IN THE y DIRECTION ARE REGISTERED WITHIN A DISTANCE OF 5—10 A. EACH REPRODUCED 
SECTION CORRELATES TO ABOUT 250 A. THE SECTIONS SHOW REGIONS OF SMOOTHNESS OF IN GENERAL 5— 
1 0 A ( A ) ALTERNATING WITH REGIONS SMALLER THAN 5 A ( B ) . LARGE AREAS ARE VERY SMOOTH (C) . 
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 fi 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 6 — 40—50 A independent on A and a = 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 T E 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 

54.8° 55.0* 58.5° 58.9° 592° 59.4* 

1-0, , 1— 

0.5 

62.7° 

nyO 

68° 72' 74' 76s 78' 

F i g . 3 . 1 6 . Measured reflection curves 
at a layered system: quartz/silver/LiF, 
produced by resonance excitation of 
different planar waveguide modes in 
LiF: T E 0 - T E 3 and T M 0 - T M 4 . From 
[3.27] 
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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 

1/2 

of observed values of 60 A9§ , 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 A; CONV. MEANS THAT THE CALCULATED DATA ARE 
CONVOLUTED WITH THE LASER BEAM DIVERGENCE OF 0.03° 

0O (DEG) eT (DEG) 

EXP. CONV. EXP. CONV. 

0 
1 
2 
3 

62.20 
59.34 
54.94 
4 9 . 1 1 

62.20 
59.31 
54.86 
49 .14 

0.05 
0.05 
0.08 
0 . 1 1 

0.05 
0.07 
0.08 
0 . 1 1 

Light scattering experiments on planar glass wave guides of 0.65 fi 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 O>R and wave vector qn have been observed 
using light inelastically scattered at these moving gratings (Brillouin scattering) 
[3.30]. A phonon of this type at a frequency = 6 X 1 0 9 s " 1 has a wave 
vector of of several 1 0 _ 3 A ~ 1 and a wavelength of some 10 3 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 
kx±qji with an energy hto±fiLVji are produced. Since the wave vectors qji are 
comparable to those of the SPs (e.g., SPs with A — 5000 A or fiu>~2.5 eV have a 
kx = 6 X l O ^ A " 1 ) , the SPs are scattered into the light cone, for each phonon 
q-R into another direction, with an energy change of ina ;^ (a few lOmeV). 
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 \tp\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 is 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 situation 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 C a F 2 , 
M g F 2 , 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 
CaF2 layers, a linear relation of the r.m.s. height 6 with the thickness d of the 
CaF2 film. Instead of a CaF2 underlayer, silver-island films have been used to 
roughen the silver film vaporized on them [3.8]. For more details see Sect. 4.2. 

4.1 t h e 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 C a F 2 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(CaF2) of 250 A 
or 6 & 10 A (total roughness) as Fig. 4.2 shows. Here the dependence co(kx) is 
replaced by the plot: A (wavelength) against 8§{kx — y/e(u)/c) sin 8Q) with A de­
creasing from below to above. This A(#o) representation allows small changes 
of the dispersion relation to be displayed much better. The values between 
J ( C a F 2 ) = 0 and 100 A are within the error of measurements. Figure 4.2 demon­
strates that the phase velocity uj/kx of the SPs is reduced with increasing S. 
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 

1/2 
showing the rapid increase of A0Q and A9^' with 6; it demonstrates further 
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Fig. 4 .1 . Relative reflected light intensity Rp dependent on the angle of incidence 80 (A = 
5000 A) at silver films 540 A thick, roughened by underlayers of CaF2 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 
CaF2; 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 CaF2 
film: 0: OA; 1: 100 A; 2: 250 A; 3: 500 A; 4: 1000 A; 5: 1500 A; 6: 2000 A [4.3]. The curves 5 
and 6 show a "backbending" at larger 8 0 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] . 

1/2 
Table 4 .1 shows the observed numerical values of A9Q and A90' for the 

different wavelengths and, in addition, the calculated values using the second-
order approximation, see below. The la t ter are about a factor 10 smaller than 
the observed data . 
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F I G . 4 . 3 a , B . THE ANGULAR DISPLACEMENT AOq ( a ) AND THE INCREASE OF THE HALF WIDTH (Ae:/2) 
( b ) OF THE REFLECTION M I N I M U M AT SILVER FILMS (540 A THICK) AT DIFFERENT WAVELENGTHS (A) AS 
FUNCTION OF THE ROUGHNESS. (1) A = 6200 A ; (2) A = 5600 A ; (3) A = 5000 A ; (4) A ~ 4400 A . 
THE ROUGHNESS IS GIVEN BY THE THICKNESS OF THE UNDERLYING CaF2 FILMS, SEE FIG. 4.2. THE 
OBSERVED VALUES AT d>1500A CaF2 AND LARGER THAN Ad\' = 6° AND 88q>5° HAVE BEEN 
SUPPRESSED. FROM [4.3] 

Table 4 . 1 a . A9q VALUES ( IN DEGREES) OF A AG FILM OF THICKNESS 540 A AT DIFFERENT ROUGHNESS 
AND LIGHT WAVELENGTHS A [3.12] 

A [A ] D ( C A F 2 ) [ A ] 

0 250 500 1000 1500 

4400 OBS. 0 0.5 1.8 5 8 
CALC. 0.05 0.1 0.2 

5000 OBS. 0 0.25 0.8 2.5 4 
CALC.ir = 1 0 0 0 A 0.065 0 .15 0.26 

(7 ~ 500 A 0 .17 0.4 0.7 
5600 OBS. 0 0.5 1.5 2.5 

CALC. 0.07 0 .16 0.28 
6200 OBS. 0 0.4 1 1.8 

CALC. 0.07 0 .17 0.3 

Table 4 . 1 b . A9Q' VALUES ( IN DEGREES) OF AG FILM (540 A THICK) AT DIFFERENT ROUGHNESS AND 
WAVELENGTHS 

A [ A ] D ( C A F 2 ) [ A ] 

0 250 500 1000 1500 

4400 OBS. 0 1 2 8 _ 
5000 OBS. 0 0.5 0.9 2.3 4 
5600 OBS. 0 - 0.3 1 1.5-2 
6200 OBS. 0 - < 0 . 2 0.6 1 

CALC. - — 1.2 X 1 0 " 2 2.7 X 1 0 " 2 4.8 X 1 0 " 2 
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In Fig. 4.4 a comparison is made between the dependence of A9Q on a 
rough silver surface as a function of 6 (A = 5600 A ) and the same dependence on 
a grating with a grating constant a — 4400 A (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 A9Q on the value of ft, 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. 

0.3 

AB0 (degj 

0.2 

0.1 

o 1 ] , 

• + 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

0 
• + 

/ 
/ 

/ 
/ 

/ 
/ 

o 
• 

1 
10 50 100 150 A 2 0 0 

Fig . 4 . 4 . Comparison of the observed displacement A9o (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(»). The data ( • ) 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 6 with the thickness rf(CaF2), the 
angular distribution of the scattered light (1/I$)dl/d(2 has been measured at 
silver films deposited on CaF2 layers of varying thickness. Figure 4.5 shows an 
example of this distribution at a silver film deposited on a 1000 A C a F 2 under-
layer. Characteristic is the pronounced backward lobe compared to the forward 
lobe; the latter is reduced by the 1000 A CaF2 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 8 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 S(LO). A S long as the 
thickness of the CaF2 film is small, less than about 200 A , the values of e(u?) 
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e 0 ; 0 

Fig. 4 . 5 . Scattered p-polarized intensity per solid angle element d£2 and per incident intensity 
Jo versus angle of observation 6 in polar coordinates for different wavelengths: ( ) A = 
5500 A; ( ) A = 5000 A; (---) A = 4500 A, rf(CaF2) = 1000 A; rf(Ag) = 500 A. In contrast 
to Fig. 3.5 the light IQ comes from the right. From [4.3] 

obtained with this procedure do not differ from those in the literature. With 
larger thickness of the CaF2 film the data deviate more and more at constant 
frequency LO as Fig. 4.6 shows. The values of Im{e} show fluctuations between 
<i(CaF2)=0 and 500 A which have been smoothened. 

These "effective" e(u>) 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(Z\fca?)|2. Assuming a Gaussian correla­
tion function the roughness parameters are obtained for Akx of 1—6 X 1 0 - 3 A - 1 . 
With these 8 values a linear relation of 8 and d(CaF2) 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 8 so that d(CaF2)= :0 
means the "natural" roughness of the silver surface whereas curve (6) means 
the increase of 8 due to an increase of d(CaF2); the starting values of 8Q are 
not reported in [4.8]. If we assume = 5A, both plots agree. This relation 
is nearly independent of the wavelength as the observations at 4500 A , 5000 A 
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 A0Q does not come out, it needs a higher 
order approximation of the dispersion relation, as has been shown with different 
methods by Kroger and Kretschmann [4.10] and Maradudin and Zierau [4.11]. 
The solution of this dispersion relation is given by k® + Akx with complex Akx 

which is proportional to the r.m.s. height <52 
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1000 . 2000 d(CaF2)(A) 
Fig . 4.6. The "effective" dielectric function dependent on df(CaF2) at different wavelengths: 
(1) A = 6471 A, (2) A = 5309 A, (3) A = 4762 A. From [4.3] 

Fig. 4.7. Relation between the r.m.s. height 6 and the thickness of the underlayed C a F 2 

film for silver films of 500 A thickness, (a) results from light emission; (b) increase of the 
roughness by underlayers of C a F 2 ( F E C O — Figures of Equal Chromatic Order — method). 
From [2.19] 

A 

B 

ô 
cj 

^ J d2k.g(k-k°yA(k,k°) 

/ \ 3 2 ? r 

dk-g(k-k0yB(k0,^) with (4.1) 

Akx = 62(A + iB) (4.2) 

The real part of Akx produces the displacement (A0Q) whereas the imaginary 
part of Akx is responsible for the damping: (A0Q^2). The product $2g(k — kQ) 
means | s | 2 . More details and the relations for A and B can be found in [4.10— 
12]. Here LOQ is taken as constant. In the case where kx is taken as constant, 
the frequency changes as 

AUJI -VgAk: (4.3) 

with Vg the group velocity of the unperturbed SPs. 
The dispersion relation in this approximation which gives the above solu­

tions of Akx, has the form [4.12,13] 

63 



Dr = eDn - 82 ( | ) \ e - l ) 2 ( ^ ) * Jd2k'xg{^\kx - | ) H { k ' x ) (4.4) 

with Do the dispersion relation for smooth surfaces (2.2), eg — 1 a nd s\ ~ e 
(metal) and 

= -^-[kx-k'x - A*oM*i)Hfe*'*4 " M*4)**l] . (4.5) 

In this relation the k values are given in units of co/c. 
Physically, the lower phase velocity of the SPs on rough surfaces is a con­

sequence of multiple scattering; in the simplest case 

(1) kl^k°x + Akx = k'x 

(2) k'x^k'x -Akx = k% . (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 | s | 2 

1/2 
[4.14], data for AOo and AO^ 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 8 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 8/a<^l 
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 (/i~5 A, 
a~20A). Since the number of such regions is probably relatively small on the 
rather smooth surfaces of <*>~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 . 2 W / c m 2 ) [2.16]. A higher order approximation, however, is 
lacking for a quantitative evaluation. 

64 



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 i 2 m m — 0. This happens at <F(CaF2) about 1000 A or a 
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~raci, a further term -T*acj which describes the 
damping by light emission into the air space; it increases approximately with 
<52 and contributes to the displacement of #o* At 

^ = R R A D + R; A D (4.7) 

the matching condition is fulfilled and the maximum field enhancement is ex­
pected. In silver film thicker than about 1000 A , j T r a j can be neglected and J T 1 * ^ 
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 LT^ for different roughnesses. In Sect. 2.9 the values of L\ — 
22 ft and £ r a c i = 1400^ have been obtained for 8 — 5 A and a = 1500 A; 
this means that RI>-TRAD f ° r the curve d(CaF2)=0 in Fig. 4.1. Roughening the 
surface increases -T* a (j, so that the minimum gets deeper. At d(CaF2) ~ 1000 A 
or 8 15 A (total roughness) one expects L[ « £rad* Applying (2.57) we obtain 
a value of 8 ft* 40 A . (a = 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 1^0121 '̂ (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 I ̂ O1212 a s o n a s m o o ^ n surface. 

For larger roughness, £ > ~ 2 0 A , the light scattering experiments could be 
evaluated approximately: they showed that the el values have to be reduced for 
larger roughness. It follows, using (3.1), that the enhancement factor (2.27), 
decreases with larger 8 values. For example, with A — 6000 A and silver the 
term | £ p | 2 decreases from 80 to ^ 50 at 8 « 15 A. See also Fig. 16, Chap. 9 in 
[2.4]. This result can be formulated thus: that the quotient PSc/*52 decreases 
with larger 8, here P s c = (l/Io)dI/dQ. 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 A;>70A, see Chap. 6. 

In this context we shall discuss a proposal to determine the roughness 
by measuring the intensity of the 2LO light [4.17], If an intense light beam 
of frequency LO<LOS hits a rough surface at an angle 9$ the photon can take 
up Akx from the roughness spectrum, so that kx = Akx + (o->/c)sin 9$ = 
{to/c)y/e/{e + 1) is fulfilled (grating coupler). A strong electric field is built up 
in which a second incoming photon of frequency to produces via the quadratic 
term of the susceptibility light of frequency 2u>; its intensity is proportional to 
\DQ(UJ)\~2 (for D$ see (2.2), [4.17]). This process corresponds to the SHG in the 
ATR device, see Fig. 2.30. The calculated intensity of the 2u> radiation based 
on a linear approximation (27r/A)<5<Cl shows a strongly peaked 2LJ intensity at 
certain angles on a 2u; broad-band background. The roughness parameters were 
chosen in [4.17] as 6 = 100 A and a = 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 the2u> intensity have not yet been published. 

L a r g e R o u g h n e s s a n d S H G G e n e r a t i o n , L o c a l i z e d P l a s m o n s . S E R S . 
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 (H2O + KCI) 

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 consists of particles of about 500 A 
diameter separated from each other by a distance of 1500 A—3000 A . In these 
experiments a laser beam (A = 1.06//) 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 2co on a broad-band background. In contrast, the signal from a smooth silver 
foil is well collimated in the specularly reflected beam. The total 2UJ intensity 
emitted from the rough surface into the air space is about 1 0 4 times stronger 
than the 2to 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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F i g . 4 . 8 . The spectrum of the light signal 
reflected at a very rough silver film. 
The incoming light frequency amounts 
to 1.06 fi; the spectral distribution shows 
a strong signal at the double frequency. 
Prom [4.18] 

— 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 
1.06//, the tips with a suitable geometry a/b are excited in resonance and emit 
a certain amount of 2u> 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 1 0 4 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 6<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 microlithographic 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 SiC>2 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. 

/ t i l l 
/ 1 i i i 
1 1 1 1 / 

F i g . 4 . 9 . On the tips of the S i 0 2 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 . 2 1 ] . 

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 
intensity as a function of the incoming wave light: it displays a pronounced 
resonance character as demonstrated in Fig. 4 0 of [ 4 . 2 2 ] . 

In Fig. 4 . 1 0 the full line (silver curve) is obtained by fitting the mea­
sured data with A and V as adjustable parameters, see ( 2 . 6 9 ) ; A — 0 . 0 8 and 
V — 3 . 1 X 1 0 ^ 6 c m 3 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 1 0 4 whereas the observed value is 1 0 0 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. 
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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 (27r) divided by the absorbed light power or the "efficiency" of this pro­
cess. In the matching case (R = 0) the incoming light power 1$ is completely 
absorbed; if this condition is not fulfilled, IQ(1 — R) is the absorbed power. For a 
smooth surface this efficiency is zero. A silver surface with 6 of a few angstroms 
has an efficiency of & 1 % which can be derived from the values of (1/Io)dIf dQ 
as a function of #, 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 /'Io)(dI/'dQ)dQ, and the 
absorbed power, — 22), were measured and gave an efficiecy of w 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 CaF2 films, the efficiency in­
creases as is expected. Values up to 9 % are published for <i(CaF2)>1000 A 
[4.23]. One obtaines similar values by integration over dQfor d (CaF 2 )= 1000 A 
as after actual observation. Larger figures have been found using the photoa­
coustic method [4.24] at <f(CaF2)— OA: the efficiency is measured as w 15% 
which increases up to « 3 5 % at d (CaF 2 )= 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 CaF2 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 hco = e|Vi|. Light emission between 2000 A (6eV) 
and 10 000 A (1.2 eV) can easily be observed. This effect is independent of the 
polarity of the applied voltage. The efficiency of this light source is, at best, 
1 0 - 4 , 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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F i g . 4 . 1 1 . The emission spectrum (photon 
flux) of the junction: A g + M g F 2 + A u / A l -
oxide/Al at a voltage of V\ ~ 3.22 eV without 
the MgF2+Ag structure (uncoated) and with 
it, see insert. From [4.25] 

2 3 
HI/ (eV) 

tem and its emission spectrum is called an "uncoated" junction; it extends up 
to 3.22 eV given by the applied voltage. The gold electrode is then covered 
with a 50 A MgF2 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 MgF2 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 1 0 ~ 7 with a bias voltage of 2.3 eV, there is the possibility of increasing 
the bias voltage by about 1 eV to get a quantum efficiency comparable to those 
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r-AICL ) TUNNEL JUNCTION Al J \ _ 

Fig . 4 12 The tunnel junction Al/Al-oxide/Ag is placed on a sinusoidal grating of photc 
sist, which couples out the nonradiative SP field into light. From [4.28] 
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ENERGY (eV 

Fig. 4.13. The out-coupled light is emitted 
into different diffraction directions 9. The 
wavelength and the take-off angle 0 are related 
by (27r/A)sin 6 = v2irfa + ksp. The large peak, 
which moves to higher energies with increasing 0, 
belongs to u — 1 whereas the opposite behavior 
of the small peak is described by v = 2. a = 
8200 A, grating amplitude h = 50 A. From [4.28] 

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 A T R 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 0. 
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 (kx<co/c). The light intensity is measured which is scattered into the 
solid angle dQ 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 kx, the wave vector of the 
incoming beam, and ending at all points inside the light cone, transferring Akx. 
Surface plasmons become involved if the roughness is increased and thus larger 
Akx 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/ 'Io)dIjdQ, the second integrates over all angles 9 
so that one loses important details. 

i. R . 

PP,SS 

Fig . 5 . 1 . Scheme of the light-scattering 
experiment at a rough surface. Besides the 
reflected beam (RQ) diffusely scattered light 
is observed 
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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 RQ but the light scattered 
into the solid angle D Q . It is an angle discriminating procedure. 

T h e o r e t i c a l C o n s i d e r a t i o n s 
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 S < ^ \ and <5<C<r (first-order approximation) [5.2—5]. The 
relative intensity scattered into the solid angle D Q Y in the plane of incidence 
<J> = 0, comes out as 

It contains no enhancement by SPs; however,it cannot be said generally how 
strong the numerical intensity reduction comes out without this factor Î O 1212' 
since the angular functions |I4^fc|2 (5.2,3) and | ^ ( 0 ) | 2 (3.1) depend on the 
experimental configuration. Furthermore, one has to consider that | S ( , 4 & ; E ) | 2 

may be different except A K X is identical comparing both configurations. The 
indices K indicate the polarization P or S . 

One obtaines for W A at <F> = 0° with complex E(TO) and assuming surface 
roughness: 

W P P = 
4(ei — 1 ) C O S # Q C O S # 

(£icos#n + ~ sin 2#o)(£icos# + \ / E \ — SIN29) 

X (ei sin 9 0 sin 9 - \JE\ - sin 2
 9 ^ ^ E \ - sin 2

 9) and (5.2) 

w 4(£i - l)cosfl 0cosg 
Wss — _ _ _ _ _ (5.3) 

(cos 9Q + v £i — sin z#o)(cos 9 + V £i — sin^0) 

or, more general, for any <J>, the angle between the plane of incidence and the 
plane of observation, instead of | W ^ | 2 

| W p P | 2 c o s 2 ^ + | W S 5 | 2 s i n 2 ^ . . (5.1a) 

Figure 5.2 displays the functions WA] p-polarized light is stronger than 
the 5-polarized. ( W P P = 0 gives the Brewster condition), W P S and W S P are zero 
in the linear approximation (for <J) = 0 as is evident looking at the radiating 
dipoles in Fig. 3.3). The |VF(0) | 2 for 6>0 = 0 is symmetric about 9Q = 0, while 
it becomes asymmetric for 9$>0. 
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The denominator of W P P is identical with the dispersion relation (2.2) for 
SPs; it cannot be fulfilled since the observation takes place inside the light cone, 
kx — (u;/c) sin 8Q<(LO/C). 

The value of W S 3 can be approximated for Im {ei(a;)}<cRe {ei(u>)} by 

W S S = 4 cos 8Q cos 8 ' (5.4) 

see Fig. 5.2 which is independent on A, whereas W P P 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 Resul ts 
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. This difference is apparently due to the different angu¬ 
lar functions, since \ W P P \ > | W 5 S | whereas the decrease of the reflectivity is 
caused by the roughness function. 

The comparison of the quotient Ipp/Iss = | W p p | 2 / | W s s | 2 with the calcu­
lated quotient as a function of 8 shows good agreement and the consistency of 
the assumptions, see Fig. 5.2. 

The roughness function | s | 2 can be deduced as described in Chap. 3; it is 
displayed in Fig. 5.4 for two angles 8$ and demonstrates that the linear part is 
better defined for #o — 60°; it gives a value of 8 = 14 A and o = 1550 A [5.7]. 
A comparison with Fig. 3.8 shows that in the ATR device the | s | 2 function can 
be observed up to larger Akx values, so that the longer linear part allows a 
more precise determination of the roughness parameters. The nonlinear part of 
the | s | 2 function at small kx values is interpreted as being due to a waviness 
of the substrate as in the experiments with SPs. Some data 8 and a obtained 
on films of different thickness <î g a r e shown in Table 5.1. It confirms also the 
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fS/nn'n 1 ^ d l s t " b u

c

t l o n o f dfuse ly scattered light (A = 5145 A ) at a silver surface 
of 4000 A thickness and 5 ss 1 0 - 1 5 A at normal incidence, p and a indicate the different 
polarizations The depolarized intensity (sp and ps) is about 10 times smaller. The solid 
angle of the detector amounts to dfi : 8 X 1 0 ~ 5 sr. Prom [5.6] 
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Table 5 . 1 . Roughness parameters of silver films of different thickness (A = 6328 A ) [5.8] 

DAG [ A ] 6 [A] - [ 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 
C a F 2 underlayers can be found in [5.8] 1 . 

The experimental arrangement of Figs. 3.7,1 allows one to compare the 
determination of |s(/\fca;)| 2 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 ?a 5 A , as Fig. 5.5 displays [5.9]. 
In addition it demonstrates the independence of S on A. 

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; 8 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 (3.7 eV) 
so that SP excitation cannot take place, see Fig. 5.6b. This second-order ef-

16 

15 

13 

12 

\ 
O 

1.0 
(Ak. 

\=4579A; 0O=O° 
\=6471A; 0O=6O° 
X=5K5A : 0O=6O° 
\=4579A ; 0O=6O° 
\=4579A : SP 

2.0x10 
[A' 

F ig . 5 . 5 . Roughness functions of a 
silver film, 500 A thick, obtained 
at different angles of incidence $o 
and wavelengths up to Akx — 
1.5 X 1 0 ~ 3 A - 1 . For comparison, 
data obtained on the same sample 
using the SP resonance are shown. 
From [5.9] 

1 The ordinate of Fig. 2 in [5.8] has to be divided by DQ = 1.4 X 1 0 " 3 sr in order to eive 
the right (L/L0)DL/DFI values. 6 
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feet is seen to be stronger in Fig. 5.6a than that in Fig. 5.3 due to a larger 
value of 8 of the sample. The larger roughness is displayed by a comparison of 
Psc = (\/I§)dI/dQ in both figures; e.g., at 0 — 40° one observes in Fig. 5.3: 
Pic ^ 1.4 X 1 0 - 4 whereas in Fig. 5.6 P$? £ 60 X 1 0 ~ 4 is registered. If one as­
sumes that (5.1) or P~82 is still valid, a value of 8 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 ^-polarized light means: 
E vector perpendicular to the plane of observation and p-polarized light: E 
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 0 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 OJ>LOS demonstrate that the 
bulge disappears under these conditions. 
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1.5 
A g X = 5 5 0 0 A 

2 0 3 0 AO 5 0 6 0 7 0 8 0 9 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 
0 0 

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 LJ>UJS. 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 A 
thick, roughened by underlayers of CaF2 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. 

• \ • — i — r 

a \ 

0 ( d e g ) 0 ( d e g ) 

F i g . 5 . 8 . ( a ) The intensity (l/I0)dI/dO scattered from a rough silver film as a function of 
the scattering angle 6. Normal incidence (0 O = 0) . A = 4579 A. A four parameter fit gives 
6 = 40 A and a = 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 Akx values in the region of 9 = 20—30° instead of 
approaching the ordinate much smoother, as expected from Fig. 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 Akx region, the dependency (5.1) could be written at small Akx 

values 

T 0 d T n = c o n s i - { l ~ (5.5) 

for & 2 < 4 / a 2 , whereby Akx = kx at normal incidence. The constant contains 
the kx dependent term W^, but as Fig. 5.2 demonstrates, Wpp can be regarded 
as constant for the kx region discussed above. The curve (5.5) approaches the 
ordinate nearly horizontally if P is plotted against kx for 9< & 30°. The ob­
served P values, however, increase steeply at small kx, see Fig. 5.3 etc. This 
indicates that the region of small kx or of the long wavelength components 
(A) of the profile (kx = 2TT/A) stem from another roughness structure, very 
probably of the substrate profile. 

This long wavelength component at Akx<l X 1 0 ~ 3 A " 1 can be evaluated 
and yields a A of about 1 m/i [3.1,18]; 8 values of about 2 A and a = 7500 A are 
reported in [5.11]. 

C o m m e n t o n t h e D o u b l e P r o c e s s e s 
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 Pss on <52 has been extended by using terms with £ 4 . Thus, 
double processes can be taken into account in Ppp and Pss and further for the 
crossed intensities, Psp and Pps. These calculations are based on the theory of 
Brown et al. [4.15]. 

Calculations have been performed with one Gaussian function and differ­
ent 8 values: 5, 15, 25, 40, 70, 120, and 150 A , a = 1000 A and A = 5145 A. 
Figure 5.9 demonstrates an example for 8 = 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'i 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 8 values the following 
results can be derived: 

the quotient (ss/pp)mSiX at 0 w 52°, the maximum of the sp intensity, is 
nearly constant, 2.5±0.3, independent on 8, 
the quotient (sp/ps)max decreases very slowly from 6.7 to 3, 
the quotient ss/ps, taken at 9 = 52°, decreases rapidly by about 1 0 3 with 
increasing roughness. 

1. 

2. 
3. 
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r 1. E-03 

F i g . 5 .9. Calculated angular distribution of light 
scattered at a surface with 6 = 40 A and cr = 
1000 A. ( ) : A = 5145 A, ( V- A = 4579 A. 
The correlation function \s(Akx) [ i s a Gaussian 

Results (1) and (2) are a consequence of the fact the Ppp and Pss are 
essentially dependent on £ 2 , whereas Psp and Pps depend on £ 4 . Result (3) 
comes from the different dependence on <5, so that ss/ps~l/82. 

Very schematically the result of these calculations can be condensed in the 
following relations: For normal incidence with 9Q — 0°: the relative scattering 
intensity (or the relative reflectivity) follows 

Rpp = [first order term] {1 - 82AB\} 
Rsp = [first order term] { - S2AB1} 
Rss = [first order term] {1 - 82AB2} 
RPS = [first order term] { - 82AB2] , 

{ } represent the corrections to the first order terms. The relations for A, 
B2 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 
£ X < 1 0 - 3 A _ 1 which depends on the structure of the substrate given by 8S 

and as 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. S ince Psp 
(and Pps) increase rapidly with the bulge structure will become visible at 
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larger 8 values. One can estimate that this will happen at a 8 value of about 
50 A. 

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-rays is performed at grazing incidence to fulfill the condition <$<CA. With 0Q 
the angle of specular reflection, this condition is more precisely 

cos 6Q-8<€\ (5.6) 

or the projection of the roughness on the beam direction has to be <CA. If 
A 5—10 A and 8 is comparable to A or smaller, 0Q has to be near 90°. For 
example, A = 8.3 A (A1,K) and 6$ = 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 0Q<^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) 

P = I . ^ = V^4JEllu,2 
I0dQ ±\c) c o s 0 o

| S | ' ( 5 ' ? ) 

Since 9 and 9Q are nearly 90°, the dipole function | ^ F | 2 , see (5.2,3) degenerates 
with <p = 90 - 9 into [2.4, Chap. 9, p. 397, (48)]. 

Wpp = Wsa=4<p0<p (5.8) 

^ = ( f ) W M 2 • ( 5 - 9 ) 
This relation is valid for insulators as well as for metals if (p and ipo are 

smaller than y/\e — 1| = y/2\n — 1|, see (5.3). For gold with \n — 1| & 1 0 ~ 3 at 
A = 8.3 A ; this means that (p$ 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). It 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 | 2 . In this case 
one assumes a correlation function 

G(x) — 8 exp (5.10) 

so that the Fourier transform 

• 60 -AO -20 0 20 AO 
Off specular reflection [arcmin] 

-10 -5 0 5 10 15 20 
Off specular direction (arcmin) 

F ig . 5 . 1 0 . ( a ) Diffuse scattering of x-rays, A = 8.3 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 
ip — 9? 0 >40 arcmin 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 (6 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 kx values points to long wavelength 
modulation similar to the phenomenon at light scattering, see Chap. 3. From [5.13] 
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comes out. The roughness parameters are 6 = 86±10A and a = l l±6m/ . j 
[5.13]. 

Better polished surfaces of Zerodur glass overcoated with a gold film of 
several hundred angstrom thickness give values of 8 = 2.7±0.1 up to 4.9±0.1 A 
with a = 2.6±0.7 up to 5.0±2.5myu. 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 ± 5 arcmin) an excess intensity which has very probably 
the same origin as the intensity at low Akx 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 
8 = 2.5±0.4 A obtained with x-rays agrees with the value of 2.7±0.9 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 A 
has been measured, averaged over a surface of 3000 A 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, #o 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 hu)<^hLusp. This 
interpretation has been verified by depositing CaF2 or MgF2 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 e", the imaginary part of e(u;), on the wavelength A, in a 
silver film, see Fig. 5.12. The films 1—4 have been prepared with a vaporization 
rate of ^ 1 0 0 A / s on an untreated glass substrate in four different preparations 
under equal conditions. The roughness has been enhanced by underlying MgF2 
films, 2000 A thick. The fluctuations are due to variations of the preparation 
parameters [5.18]. 
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F i g . 5 . 1 1 . Comparison of measured 
and calculated reflectivity of rough 
surfaces of evaporated Al films of 
800—1000 A thickness; angle of inci­
dence 10° . For the calculated curves 
the parameter (<5,cr) in A have been 
taken: (12.1; 918) , (14.7; 744) , and 
(37.7; 378) , from top to bottom. 
From [5.17] 
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F i g . 5 . 1 2 . The imaginary part of c(u>) as a function of the wavelength of a silver film evap­
orated on a glass substrate coated with M g F 2 . This additional absorption is due to surface 
roughness (excitation of S P ) . From [5.18] 

Additional absorption in the region of £rf 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 CaF2, MgF2, 
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 (Stanford in [5.21]), Al 
{Endriz and Spicer [5.17], Daude et al. [5.21]), and Mg (Gstll et al. [5.22]), 
and compared with calculated results to obtain the roughness parameters. 
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F i g . 5 . 1 3 . The reflection deficit R/RQ, 
the ratio of the reflection of a rough 
and of a nearly smooth surface of 
a silver film, evaporated on a glass 
substrate, without coating (ooo), with 
a CaF2 layer of 1 fi thickness ( ) and 
with a carbon layer 50 A thick ( ' • • ) . 
The reflection minimum displaces and 
gets damped by coatings which change 
the SP dispersion. From [5.20] 

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

PSP^(|)4!3(^,)|2

(K|l2

1)5/2 , (5-12) 

l-^Zl&a;)!2 = ^ (A^) ] 2 because of the normal incidence kx — 0. To include damp­
ing the expression Pgp is incorporated with a Lorentzian damping function, so 
that 

y includes all effects damping the SPs. In the case of a free-electron gas with 
en = (l/ojr)((jjp/io)2, 7 ' becomes 7 = 1/r with r the relaxation time of the 
free-electron gas. The value of 7 ' will increase on rough surfaces by additional 
processes as radiation damping. The function Pgp has no pole at |e^| — 1 
since the term | s | 2 , an assumed Gaussian correlation function, goes to zero for 
\£l\—>1 or kx—>oo. 

For Psp^Cl (first-order approximation) one obtaines, see e.g., [5.22] 

ARSP/RO = PSP - (5T4) 

This value of Pgp has to be completed by the loss probability P s c 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 5—10 smaller than P^p in the 
deepest part of the reflection minimum depending on the ratio cr/A p, where A p 

is the plasma wavelength, see Fig.4 in [5.23]. 
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The observed curves were fitted with the equation 

ARtot/iZo = P S P + - P s c (5.15) 

and yield cr, and 7 . 

Exper imenta l Resul ts 
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 CaF2 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 (& x )( 2 with the data given in Fig. 5.11. The value of 7 ' came out with a 
relaxation time of r = 1.5 X 1 0 - 1 5 s which is very near to r = 1.4 X 1 0 ~ 1 5 s 
measured from the width of the volume plasmon frujp ~ 15 eV with a half width 
A E 1 / 2 = 500 meV [2.3b] and r = 1.3 X 1 0 " 1 5 s from reflectivity measurements 
[5-24]. 

The reflectivity deficit at photon energies higher than fiu;gp is due to light 
scattering into the light cone fcz^w/c, which is indicated in Fig. 5.11 by dashed 
curves and shows the strong increase with larger photon energies ( ~ t < ; 4 ) . 

It is very probable that due to the relatively small 8 values of the two upper 
curves, validity of the linear approximation can be assumed and the changes of 

1/2 
the dispersion relation, A6Q and A6Q , therefore remain small. Furthermore 
the agreement of 7 and 7 ' is a good reason to believe that 8 and a represent real 
data of the surface. The value of 8 = 37.7 A of the lowest curve lies 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 8 of 8 A and a value of a = 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: 450 A 6: 27 A , r: 180A 

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

The value of 7 ' comes out as fry' = 1.9-2.4 eV whereas the metal has a 
value hj = 0.4 eV. This increase of </ compared to 7 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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A p p l i c a t i o n o f M e a s u r i n g ARma,x t o R o u g h n e s s D e t e r m i n a t i o n 
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 ARmajx of Ag at about A = 3500 A as a function of 8 yields a linear de­
pendence. The value of 8 has been obtained by interferometric methods (FECO: 
observation of the Fringes of Equal Chromatic Order) [5.26], which allows mea­
surement of 8 values of about 10 A up to several 10 3 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 ARmQiX without referring to theoretical 
formulas. 

There is an uncertainty concerning the calibration: the correlation of ARmB^ 
as a function of 8 agrees with that of Fig. 7 in [5.17] only in the region of about 
1 5 - 2 0 A ( A R m a x ^ 

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 ARm?LX 

method have been made to study the roughness of undoped and phosphorus-
doped polycrystalline Si films [5.27], 

S u r f a c e P l a s m o n s o n M e t a l - E l e c t r o l y t e I n t e r f a c e s 
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 = 3.5 eV instead of 3.63 eV 
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(X) and 
static reflectance spectra R(X) of a stepped Ag (110) surface in an aequeous solution (0.5 MNa-
CIO4) with p-polarized light. The DASHED CURVE ARJR 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 (3.5 eV) at which the 
condition e' (Ag)= — erj (H2O) with £0 = 2 for SPs (with large kx) is fulfilled. The excitation 
of SPs is possible due to the coupling of the light with the stepped metal surface. From [5.28] 

T o t a l I n t e g r a t e d S c a t t e r i n g ( T I S ) 
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 ^ 0 ° . A hemisphere (Coblentz 
sphere) covering the rough surface, collects the diffusely scattered light Rsc on 
a light detector inside the half sphere. The specularly reflected light plus Rsc 

yields the total reflected light i?tot- The "total integrated scattering" is defined 
as TIS = i ? s c / i ? t o t ; where Rsc and RtQt are measured. 

To determine the roughness one assumes first \e[ |^>1 and je^ |>e" , together 
with a Gaussian correlation function. Then one introduces the condition that 
the illuminating A is small compared to the correlation length a : ka^>l. Large 
\sx I are identical with very long wavelengths, so that the angular functions (5.2) 
and (5.3) reduce to \Wpp\2 = \WSS\2 = (2 cos0 ) 2 =4 , since #0—0, see Chap. 9 
of [2.4]. 

The integration of the scattered light (1 /I$){dl/dQ) (5.1) over dQ can be 
performed, since the roughness function ^ ( z A ^ ) ] 2 = |s(&a.)| 2 (^x = 0) can be 
approximated by a Dirac delta function [4.16]. 

The assumption |e j |^>l implies that the relations (5.2) and (5.3) become inde­
pendent of the polarization of the light Wpp — Wss (the so-called "scalar case"). 
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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 kr = 1-KJa 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(X) ~ H S'M(27R/A)X. 

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 10 2 A thickness, on a photoresist grating which has been prepared 
by illuminating a plane photoresist (Shipley AZ 1350) film, deposited on a glass 

K = KN SINE 
PHOTORESIST 

P̂RISM (FUSED 
SILICA) 

SILVER 

F i g . 6 . 1 . Experimental device to study 
the properties of SPs on a sinusoidal 
surface. The grating constant a and the 
amplitude h can be varied independent 
of the light frequency and metal. From 
[6.1] 
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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 h of the profile, which depends on the time of exposure, 
is 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. 

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 sinusoidal 
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 (—l)th diffraction order at the air side as a function of the angle 
of incidence #o f ° r two h values: h = 3.3 A (above) and h — 160 A (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 RQ and diffraction intensity T x + (n = + 1 ) at a grating with 
a = 5930 A, h = 3.3 A ( a ) and h = 160 A (b) (A = 6471 A). The value of dQ of the detector 
has been decreased to dQ = 5 X 1 0 ~ 4 sr in order to reduce the diffuse stray light produced 
by the statistical roughness of the grating. From [6.4] 

R e m a r k 
It is surprising that a grating of h = 3.3 A can produce such a pronounced sig­
nal, although the statistical roughness is S w 5 A : The solid angle dQ has been 
5 X 1 0 - 4 sr in Fig. 6.3, 10 times smaller than in Fig. 3.8. This gives for the rel­
ative intensity scattered approximately dT1+ /dQ = 4 x 1 0 _ 4 / 5 X 1 0 ~ 4 = 0.8. 
In contrast to this the intensity due to the statistical roughness of S & 5 A 
amounts to about 0.6 X 1 0 ~ 3 . 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 | 2 , 
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 

T ( - D = / ( - D / l W = const. i ( ! ) 2 | * S * i 2 ( ' ) | 2 * 2 

with h2 the square of the amplitude of the grating or the Fourier transform 
of the profile function S(x) = h sin(27r/a)ic, see (2.52), and \tp\2 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<€.\. The important term in (6.1) is given by 
the factor 1^07^1212' ^ e Fresnel transmission coefficient for smooth surfaces for 
the layer system quartz (0)/resist (iJ)/silver ( l ) / a i r (2) which does not differ 
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essentially from 1̂ 0121̂  g i v e n m (2.27). It reaches a maximum for the resonance 
angle and produces the peaks in Fig. 6.3. The numerical evaluation for different 
wavelengths and a = 5930 A is shown in Fig. 6.4, which displays (T^/h2)1/2 

as a function of h. 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 / i<70A demonstrates further 
that the enhancement is described by | ^ o 1 2 | 2 c o r r e c ^ y - The observed decrease 
of ( T ^ 1 ) / / i 2 ) 1 / 2 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 yet 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 £, the r.m,s. height of a rough surface: this 
limit lies at 8 = 15—20 A , about 5 times less than h ~ 70 A . 

A \= 6471 k 
• X= 5U5 K 

O X= 4579 A 

13 16 70 160 310 h (A) 
F i g 6.4. The amplitude of light V

/5^L emitted from a grating with a - 5930 A into th. 
first o r d e r diffrat.on divided by the amplitude h as a function ofh T^Z^lt^£ 
Jrom S r e P r e S e n t S r e S U R C a k U l a t e d firSt"°rder — S o n ; 

E M I S S I O N O F L I G H T F R O M A G R A T I N G W I T H O U T S P S 

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 /i/A<Cl, the reflected intensity of the 
nth order at normal incidence for s- and p-polarized light ("scalar" case) is 
given by [6.6]: 

T> ^ 2 2nh 
- y ~ ( l + cos 0N) (6.2) 
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where J X denotes the Bessel function of the first kind. For / i / A < l one obt A I N S 

RN — 
/ ( « ) 2TT/I 

RN , 1 
-pr = const. = -
hz 4 

A 

'2x 
T 

( 1 + C O S 0N) or 

i 2 
( 1 + C O S 0N) 

(6.3) 

(6.4) 

This relation which is valid up to fc~300 A , see Fig. 6.5 [6.7] gives the possi­
bility to determine the value of h by measuring IN/'IQ 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 h is < 4 % for sil­
ver, if # i<45° and h/a<0.1 using n = ± 1 . This method has its advantage for 
small h values. At larger amplitudes h, the scanning electron microscope can 
be applied. 

3.3 16 

5 , 0 1 . / I * ' 

Pig. 6 .5 . The quotient VRT-V/H measured on gratings with A = 5930 A as a function of 
their amplitudes H at different wavelengths A and with light of both polarizations Angle 
OF incidence 0 W = 4 5 ° . 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 « 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 h = 300 A 
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 , ( ~ ^ have been extended 
up to about h = 2500 A [6.8]. The results are displayed for s light in Fig. 6.6a 
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F i g . 6 . 6 . ( a ) Relative reflected intensity R°(o) and diffracted intensity flC-1)^) of ̂ -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 10 nm. ( b ) The same for 
p-polarized light. From [6.8] 

at <9° = 30° and fl^"1) = 45° with a = 5200 A , silver, whereas Fig. 6.6b shows 
the same for p light. The oscillations of i?° and R(~^ as a function of h 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 ft, the skin depth (2.9) is smaller than h 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 
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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 A8$, and the half widths 
ZW 1 / 2 increase with increasing amplitudes h. In both cases an approximate 
dependence on h? has been found. The dependency of A and a (grating con­
stant) are not yet known in detail; a comparison of Fig. 6.7a and b (silver, 
a = 14 910 A and a = 4400 A ) displays that at constant A the dependence on 
h is much stronger at 4400 A than at 14 910 A . Apparently the steeper walls 
of the grooves at a smaller grating constant support multiple scattering. The 

1/2 
increase of AOo and A9Q , 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 « 10 A of a sinu­
soidal grating shows no detectable effect; at h 100 A (a = 4400 A , A = 5682 A , 
silver) a value of A6Q~0.1° can be observed, see Fig. 2 in [6.9], whereas a sta­
tistical roughness of 8 of about 10 A displaces the minimum by about 1° at 

A l / 2 . Similar results are received for A0Q . 
The qualitative interpretation of these effects is as follows: the increased 

damping arises from the radiation losses into the air space which increase with 
ft2 in the first-order approximation, i.e., up to h = 70 A ; beyond this limit the 
increase is slower than fr2, see Fig. 6.3. The decrease of the phase velocity is 
due to multiple scattering as discussed in Chap. 3. 

T h e o r e t i c a l R e m a r k s 
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 satisfied 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. 6.7c 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 e" of gold [6.9]. If e11 

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 Kroger 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 do (left) and their width AOV2 (right) as a 
function of the amplitude h of the sinusoidal grating, ( a ) silver, a = 14 910 A, A — 5682 A ; 
( b ) silver, a = 4400 A , A = 5682 A , ( c ) gold, a = 7965 A, A = 5682 A . Circles: observed. Full 
and broken lines: calculated data. The values of h = 0 are obtained by extrapolation; the 
dashed line is calculated with the second-order approximation. From [6.9] 

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

Another 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 phenomenon 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. 

R e f l e c t i o n o f L i g h t a t a S i n u s o i d a l P r o f i l e 
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: ef<0 and |£ ; |>1 and 
eft<^ef, 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 kx = (to/cj^Je'^/(e^ + 1) = (u;/c)sin 0±vg, 
see Fig. 2.4 where Akx = 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 h on its position and its 
shape. 

1 A displacement of the ATR minimum with increasing amplitude of the gold grating up 
to h = 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 
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] 

Furthermore, it is interesting that the depth of this minimum depends on 
the height h of the amplitude of the grating, see Fig. 6.9. There is a critical 
amplitude hc 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 8$ w 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 / i 2 , since the diffraction 
intensity does so with h?. 

If the value of h passes the critical amplitude ftc, the minimum 7° becomes 
rather asymmetric and the value of R above hc no longer reaches the value 
below hc as the points for ZQ in Fig. 6.10 demonstrate. Figure 6.10 shows, besides 

1 0 12 U , 5 M 

Fig . 6.9 The observed reflected ( / ° + J - i ) G f a sinusoidal silver grating (a = 6015A) 
he^amphtude of the_smus nroflle as parameter as a function of t h / J ^ i n d c ^ ^ 
i 7 • n , 7 ~ 1 3 0 A t h e r e s o n a n c e is strongest leading to an enhancement of fht 
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F i g . 6 . 1 0 . Observed (points) and 
calculated (full lines) intensity re­
flected at a sinusoidal gold (inter­
ference) grating with a = 7965 A 
and A = 6471 A. 1° and I~1 are 
the intensities in the zeroth and 
( - l ) s t diffraction order; 7° + I"1 

means the sum of both light in­
tensities. These are relative inten­
sities referred to the incoming in­
tensity (7o). The amplitude h of 
the profile is given as a parameter: 
(1) 89 A, (2) 174 A, (3) 308 A, (4) 
514 A. The deepest minimum oc­
curs at h = 300 Â  at which an 
enhancement of \tp\ »s 59 is calcu­
lated using O'.e") = ( - 9 . 7 5 ; 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 h of the grating. From [6.16] 

1 6 0(deg) 1 8 

i"0, the data of I 1 reflected at a sinusoidal gold grating with a = 7965 A at 
A = 6471 A . If the intensities 1° and I~x are added, the intensities 7° + I 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 A9$ of 
1/2 

the ATR minimum as well as the increase of its width A9$ are quantitatively 
described by a Rayleigh method, which has its limit at h/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 6 with h as 
parameter [6.9] are directly compared with the calculated curves of Diaz 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 e values have to be taken ( — 11/0.33) instead of 
the value of the literature (—10.4/0.38); both e 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 a — 20 140 A and h = 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 . 1 1 . Calculated reflectivities ( a ) ( ) and experimental data ( b ) (——) of different 
diffraction orders n. The grating parameters are h ~ 1200 A and a = 20 140 A ; A = 5682 A . 
( • • • , ooo) in ( a ) , n — 0, are observed data. From [6.16,17] 

of incidence BQ [6.17]. Whereas the measured values, at right, demonstrate for 
n = 0 the deformation of 7° 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 SI^N\ including n = +5 and n = +6 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. 

R e f l e c t i o n o f L i g h t a t T u n n e l J u n c t i o n s o n G r a t i n g s 
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-A^Os-Al and AI-AI2O3-AI [6.18]. The quantum 
efficiency, the number of electrons per photon, has a relatively small value of 
some 1 0 ~ 4 . 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 A ) -SiO 2 (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 

(c) 

:::2H 

6 0 0 700 x [ n m ] 

fl»f M ^ 2 ; f e f l e C t e d l?\Tity
 a t t h e M I S J u n t i o n > s e e insert. Curve fa) for a 

! - 80 A f T ?rGJb
 ^ J ^ C T I T A I ( 3 1 ° A ) - S i O a ^ S i on a grating (a i 3640 A 

at~A - 632,A Z£L T h e JsT t i 0 n A 1( 9 0i)- S i^f. At 0t = 44° the reflection minimum 
at A ~ oozo A indicates the SP resonance. Prom [6.18] 

103 



05 

e=55( 

400 500 600 700 Mnml 

Fig. 6 . 1 3 . The relative photocur-
rent ( /R e i ) of the MIS junction 
Al(250 A)-Si0 2-p-Si at different A 
for various take-off angles (both are 
joined by the dispersion relation). 
The light intensity has been kept 
constant. The dashed line is ob­
served with a-polarized light. Grat­
ing parameters: a ~ 3640 A, h = 
80 A. From [6.18] 

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 = 2?r/a. Those 
wave vectors kx±vg, where v are integer numbers, kx = (LOJfc)(e\/ei + l ) 1 / 2 , 
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 

3750 4000 

Fig. 6 .14 . Light of various wavelengths emitted from a sinusoidal grating (a - 8850 A 
h = ~ 5 0 0 A) which is irradiated with 80 KeV electrons at an angle of incidence of a = 70° 
From [6.22] 
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ticj [eV] 

60° u=ck. 

t ick x [eV] 
F i g . 6 . 1 5 u - kx diagram with the peak positions of Fig. 6.14 inserted. At a given hco of the 
g T v e ^ * ' = W l t h * - ^ — of scattering p r o ^ ^ 

of the measurements allows detection of the position displacement of the light 
maxima as well as the increase of its width with increasing amplitude h of the 
sinusoidal grating, as has been described in Sect. 6.2. 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 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 (—l)-order reflec­
tion with hW/hW as parameter. The resonance minimum is nearly symmetric 
for small h^/h^ — 0.06 and gets more asymmetric the larger the value of 

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 n = 0 
remains a minimum nearly independent of h; the higher orders n>0 however 
assume different shapes with increasing /i, 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 h 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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* ig. 6 . 1 6 . Observed relative intensity R<-~1'> ( ^ r t k 

A - ill ¥l^f W l t h t h e P f o f i I e
 5W = cos (IV/aV^I dlfffactrn ™ * function 

- - 0 . 2 6 (4). Calculated curve: ( — ) . The silver fir^ i J \ = (2>< = O) 
I ) ne silver film had a thickness of 2000 A . From [6 23] 

F . g . 6 17 . Calculated reflectivities of different orders n (- ) l , ^ 
The left curves are calculated with a sinusoidal nrofile k • t ^ S r a t m g ° f h = 7 0 0 A. 
a second harmonic component of hW = - 8 4 | a - 9 nlnl W m ° d i f i e d h* ^ding 
are observed data. Prom [6.16 17] 2 0 1 4 0 A a n d A = 5682 A . Open circles 
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minima at different orders, n — 0 up to n — 4, at a grating with h = 700 A ; 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 = —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 

T h e o r e t i c a l C o n s i d e r a t i o n s 
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] 

T ~ - D 1 ' 2 ' ( 6 ' 5 ) 

cos <?o can be derived from (2.13): 

• * ( ei V / 2 A 

The maximum of T is given by R = 0, see (2.16) and (2.14). We obtain for a 
grating with a = 8000 A and A = 6200 A (fiu = 2eV) a value of ~250 (Ag), ~ 6 0 
(Au), ~ 3 5 (Cu). The dependence on £j(u;) 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 e ' is referred to air ei = 1, see 
(2.30), so that 2 ^ a x = | t g 1 2 | 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]. 

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 h/a), 
see [6.28]. 

It is noteworthy that the enhancement values T m

l

a x from (6.5) agree rather 
well with the computer simulations on sinusoidal gratings, that use the extinc­
tion theorem. For example, the value of T ^ J a x for a Ag grating with a = 6015 A 
and A = 5145 A , see Fig. 1 of [6.16], amounts to T e l = 230, the same value 
results as well from (6.5). The enhancement T e^ 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. 

E x p e r i m e n t a l R e s u l t s 

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 /Jo) 
(dl/dQ) as function of h2 (h amplitude of the grating) discussed in 
Sect. 6.2 shows that the enhancement factor I^0121 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 field increase, the 
grating (silver, a = 4507 A , 2h = 326 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 (1000 c m - 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. 

c) 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""1 in 
and out of resonance has been determined to be about 25—30 [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 e l values are not attractive compared to 
the high values of T e l of 10 4—10 7 , 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 field 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 ft, at which laser light (A = 10.6 ji) 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 UJ light. If 
there were a dispersive medium on the silver grating, the two beams with the 
frequencies to and 2u> 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(huj/c) sin #2 gives 0\ — #2- In order to suppress the 
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Fig . 6 . 1 8 . Scheme of the exper­
imental arrangement to measure 
the second harmonic signal in 
the light beam reflected at a 
grating. From [6.28] 
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F IG 6 .19 . THE SECOND HARMONIC INTENSITY I?(~ 1 ) (2W) IN 
THE; (-L)ST DIFFRACTION ORDER AS FUNCTION OF THE ANGLE OF 

£n rZf^f^ T p H t u d e s h o f t h e gating: (1) 
230 A , (2) MO A , (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] 

64° 6 5 ° 
ANGLE O F INCIDENCE 6 

to frequency, a filter (CuS04 solution) together with the monochromator (MC) 
are located before the photomultiplier. The result is displayed in Fig. 6.19 for 
the R^1^(2cv) as well as for the B?(2LO) reflectivity as a function of the angle 
of incidence #0 a t different heights h of the grating. One observes a resonance 
behavior as a function of #0 "which shows a maximum of the 2to intensity at 
the critical amplitude hc. Here the fundamental SP excitation has its strongest 
value or the ATR minimum its lowest value. The observed values of hc are 
250 A for R°(2UJ) and 300 A for R"1(2LO); 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°(2LO) 
and 36 for R~^-{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/X 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 (K) fulfill the reflection condition, see Fig. 6.20 

K ~ K — g with (6.6) 

K L = K ' L 

1 1 0 



This gives 

kg = \gv , (6.7) 

v integers with kg the projection of K in the g direction. 
If g lies in the x direction, we have 

kx = ±v~ , (6.8) 

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 kx 

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 
(<x>, kx) values characterized by (6.8), see Fig. 6.21b; ^-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 a and 
#0 can be varied to determine the maximum excitation, both at constant u>. 
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 (« ) 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 8k of Fig. 6.23, is plotted as a function of the modulation 
height /i, the coupling parameter, a nearly linear correlation is obtained up to 
h/a of about 0.14 as Table 6.1 demonstrates for A = 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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F i g . 6 . 2 1 . ( a ) The dispersion relation of SPs U>(KX) propagating on a grating splits at those 
KX values where two branches cross each other. The straight line in the (u>, KX) plane fixes an 
angle $ in real space on which the dispersion relation is fulfilled. For example, splitting can be 
observed when scanning the frequency IV at a given 8. ( 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 (u>, KX) as shown in Fig. 2.2 is split if the Bragg condition is fulfilled. From 
[6.34] 

SP(K+g 

SP[K) 

I base 
/ S P 

F i g 6.22.Device to measure the surroundings of the crossing point of the two dispersion 
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F i g . 6 . 2 3 a , b . Experimental results of the coupling of two SPs via the reciprocal vector 
g — 2ir/a. ( a ) the resonance positions k — \K\ ( • • • ) and k = | K + g\ (ooo) and the 
halfwidths ° f the resonance as a function of the angle a between g and K ; a = 0 
means g || *c. A = 6328 A, a = 6080 A, and h = 185 A. From [6.35] 
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6 . 1 . Coupling strength measured by 6k as function of the amplitude h [6.35] 

h[A] ^ [ X I O ^ A " 1 ] 

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 8k 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 (eo)? since the dispersion rela­
tion of the SPs in these interfaces lies right of the light lines c/n, where n is the 
refractive index of the photoresist or quartz (n = 1.6, n = 1.5, respectively); 
a;s is depressed to u>s[l + n 2 ( q u a r t z ) ] - 1 / 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. 

Fig . 6 . 2 5 . Splitting at a crossing point of three dispersion circles produced by a sinusoidal 
bigratmg (angle of 60°) of amplitudes hx and h2 for p- and s-polarized scattered light. From 
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F i g . 6 . 2 6 . The branches of the dispersion curves (1) 
and (2) of the SPs of the two surfaces of the silver 
film in e.g., an A T R device. In general both SPs 
cannot couple. If 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] 

C R O S S I N G I N W A V E G U I D E S 

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 T M mode as a function of 
a, the angle between the wave vector k. and the reciprocal lattice vector. 
Rotating the lattice, see Fig. 6.22, a splitting at certain a 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 LO — constant cross each other, see also Fig. 6.21 
or 6.23, e.g., the crossing of the circles of the dispersion of the TMi ( K ) mode 
with the TMi (K + g) (— TM*) mode. It is also possible that the T M i mode 
couples via g with the TE*o mode, since the crossing point of TMi ( K ) and 
TE 0 (fe + g) splits up. 

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

Fig . 6 . 2 7 . A LiF film, 4000 A thick, is deposited on a grating with a = 6080 A and h = 330 A 
The planar guided light mode TMi is excited at 90. If this layer system is rotated by the 
angle a, see Fig. 6.22, 60 is registered as function of a. From [6.2] 
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#0 = 38.8°, between a ~ 0° and a = 90°. This means that the sinusoidal 
perturbation has no influence on the resonance angle 0Q. (This is in contrast to 
the behavior of the TMn mode which is displaced at an amplitude of h = 300 A 
by about 1/2 degree, see Fig. 6.7). This observation is in agreement with the 
result that a rough interface air/LiF does not influence the position of the light 
modes within the error of measurements, due to the fact that the planar guided 
modes have their field maximum in the interior of the material, further away 
from the surface. 

S p l i t t i n g o f t h e D i s p e r s i o n R e l a t i o n o n R o u g h S u r f a c e s 
Reflectivity measurements on potassium revealed a small splitting of 0.2 eV of 
the 2.8eV 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 
1.5 KeV 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 lies near 
u;s, 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 
of different (kx,ky) around it, which have the same frequency and produce a 
frequency splitting proportional to the amplitude of the Fourier component of 
the roughness spectrum at which they are reflected, see Table 3.2. If one de­
velops the function | s | 2 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 a bump in the spectrum perhaps due to many crystals 
of equal dimensions, produced by special experimental conditions, may exist, 
but this question must remain open, since we have no access to this kx region 
for the moment. 
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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 8 of the statistical roughness and about 70 A 
for the amplitudes ft 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 8 or ft, 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.l, see also Fig. 2.1, has an interface (1 /2) , e.g., metal 
(ei)|air (£2), on which a p-polarized wave propagates in the x direction. There 
is no y dependence. We describe the fields in the media (1) and (2) as follows: 

^>0 H2 = (0, Hy2,0)exp i(kx2x + kz2z - u t ) 
E2 = (Ex2, 0, £ 2 2 ) e x p i(kx2x + hz2z - ut) 

rot E i = -lJJk 
c dt 

div SJEI = 0 

div Hi = 0 , 

together with the continuity relations 

e\Ez\ = e2Ez2 . 

From (A.7,8) follows the continuity of 
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(A.l) 

z<0 S1=(0,HYL,0)eXpi(kxlx-kzlz-ut) 
El=(Exl,0,Ezl)exvi(kxlx-kzlz-Lot) . ^ 2) 

These fields have to fulfill Maxwell's equations: 

(A.3) 

(A.4) 

(A.5) 

(A.6) 

(A.7) 

(A.8) 

(A.9) 



kxl ~ kX2 — kx . 

Equation (A.3) gives 

dHyi LO 
= -eiExi- or 

OZ c 
LO 

+kziHy\ = +—eiExi 

to 

(A.10) 

(ATI 

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

Hyi - Hy2 = 0 

IT 2 / 1 77 2 / 2 = ° • (A.12) 

To obtain a solution, the determinant D0 has to b e zero 
kzl , kz2 

D0 = — + — - 0 . (A.13) 

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

*2 + * * i = e . ' ( | ) • (A.14) 

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

» ( ^ 6 2 V/2 

= - . • A.15) 

Let us assume for the medium £2 = 1 (air) and for the medium ei (metal) £ i < 0 , 
| e i | > l , then kx>to/c and kz{ becomes imaginary or complex. The fields have 

Fig . A . l . Scheme of the interface between 
two media i and k on which the SP 
propagates. The wave vector k{ has the 
components kx and kiz, see (2.3) 

Z < 0 
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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) . 

II) Derivation of the Dispersion Relation for SPs 
on a Thin Film (di) with Asymmetric Environment 
( E O K L 1^2 ) 5 E - G - > Q U A R T Z / M E T A L F I L M / A I R , S E E A L S O F I G . 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 
it 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 

i k 

x z t & z k 

?k 
^ + ^ ) and + 

F : Ft. I %k
 A 1 ' t L £ k 

(A.16) 

with kzi given by (A. 14). 
The sum of the reflected beams or the total amplitude of the reflected wave 

comes out as 

Ep 1 + r$iri2e2za (A.17) 

with a = kzldi (2 ia<0, since e i<0 ) . 
The zero of the denominator of (A.17) represents the dispersion 

ol the layer system. It can be written in different ways: 

1 + r 0 1 r 1 2 e 

£ l ^0 

= 0 or 

kz2 kzl 
C2 Si 

+ 
£0 

kz2 
£2 

ifc *1 ^ e 2 i a 

relation 

(A.18) 

(A.19) 

F i g . A . 2 . Calculation of r$2 
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If the two media €Q and e2 become equal, we obtain the dispersion relation of 
a symmetric layer system, used in (2.34,35): 

kz\d\ 
£lkz2 + £2&sl tanh n . = 0 

Li 

e\kz2 + e 2 ^ i c t g h = 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 d\, the above dispersion relation (A.18) transforms into the dis­
persion relation (A.13) with the solution k'x + ikx which shall be written for 
the moment as kx. If the thickness d\ of the metal film decreases, the medium 
£n e.g., quartz, approaches the interface (1 /2) and influences the value of kx. 
The solution of (A.18) then becomes dependent on d\. 

The new resonance position may be called kx + Akx. For small Akx or 
e 2 z a < C l , kzi can be developed around kx : 

kzi = Jei(-)2 -(k$ + Akx)2 = k°zi - ^-Akx . (A.21) 

If we use Fresnel's relations and introduce 

12 z12/n12 , (A.22) 

r 0 1 2 c a n ^ e written as 

P P n12+ z12(r0i)-le2ia 

r 0 1 2 = r 0 1 7 2 i o ~ ' (A.23) 

After some calculations and putting n®2(kx) = 0, see (A.13), one obtains 

Akx - rp

01e2ia2{ - ] ( ) with (A.24) 
\cj \ e i +e2J e2 - e x

 K J 

a2-ze2 a 2 - e 2 2aeo 

u\f exe2 \3/2 

if kx = kx and with a2 — [ — C^CQ — 1) — 6Q]. 

The factor of r j^ can be regarded as real if e"<Ce'i. The term Akx is 
complex and we can call it Akx^\ it has a real part which displaces kx and 
more importantly, it has an imaginary part which causes an additional radiation 
damping, a consequence of the presence of the medium SQ. 

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

kx = k*+ Ak™d = A£ + Re {Ak™d} + ik"x + Im {Akfd} (A.26) 

or with (2.22,3) 

kx = k'x + Re {Ak™d} + i (P i + T r a d ) . (A.27) 

If a 2 — £ 2 > 0 , the dispersion relation (A.18) lies to the right of the dispersion 
relation (A.13); it is in general small. The term rT&d

 however is of fundamental 
significance for the ATR device. 

With these relations we get the expression for iZ, see (2.18): Using the 
relation (A.23,26,7), R O I 2 can be written as 

r ° 1 2 - r o 1 kx - (k'x + Akx^) - + R - d ) • 

It follows that 

Arlrvad 

1 ~ . (A.29) 
{kx - [k'x + Re {Ah™*}]}2 + ( ^ + T R A D ) 2 

rP | 2 _ I P | 2 
A 0 1 2 I ~~ K O I L 

For the resonance case the braces { } becomes zero, so that (2.18) follows; 
IJ-Q-J2 = 1, assumed. This is an approximation, since = 0 so that the reflec­
tion is not without loss and | r Q 1 | 2 < l . 

I l l ) Enhancement Factor 
Applying the summation procedure, we calculate the field transmitted through 
the film d\ into the interface (1 /2 ) in the medium ( £ 2 ) and obtain 

t?0l2 = -, , ^P^P e2ia ' (A*3°) 
1 + R 0 1 R 1 2 E 

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

\ 2 / \ 3 

0 1 2 - - y c j 1 - 0 1 . - ^ £ L + £ 2 

X ( — ^ — ) j - o • (A.32) 
£l-e2j \kx-(kx + Akx^)\2 
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The shape of | *o 1 2 | 2 a s a f u n c t i o n o f kx is reproduced in Fig. 2.13. In 
most cases the value of T m a x is of interest, that means the value of T at kx = 
kx+Re{Ak™d}. With 

4 a 4 

Ollmax a _ L _4 a -\- C Q 

(A.24), and putting H = T r a d , using 

1 1 

(r'1 + rreid)2 ~ 4 R I J , r a d ' O N E S E T S 

r m a x " e o l + |eil 4 ( A ' 3 3 ) 

see (2.27). 

IV) Collection of the Dielectric Functions 
of Gold and Silver 
The following figures, A.3-6, and tables, A.l, 2, compare values of e' + ie" 
obtained by different methods. 

•5H 
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^ F i g . A . 3 

F i g . A . 4 

7000 6000 5000 4000 7000 6000 5000 4000 
F i g . A . 3 . e' values of silver. (H-++): measured with the ATR method. The films are vaporized 
at a pressure of about 6 X 1 0 ~ 6 Torr [A.2]. ( ) : derived from transmission and reflection 
( T 0 , R q , T £ Q ) measurements, pressure <4 X 1 0 ~ 6 Torr [A.3]. On the same line lie a number 
of ATR data of other authors [A.2]. ( ) : elHpsometric measurements by reflection at 
surfaces of thick poly crystalline material [A.4]. (• * • ) : derived from transmission and reflection 
measurements. Pressure 5-10 X 10* - 7 Torr. Annealed films [A.5] 

F i g . A . 4 . e" values of silver. ( + + + , — ) : ATR method [A.2]. (ooo): (T0,R0,Tg0) method 
[A.3]. (• • • ) : From transmission and reflection measurements [A.5]. ( ): Ellipsometric method 
[A.4] 
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F i g . A . 5 F i g . A . 6 

-25 H 

8000 7000 6000 5000 9000 7000 6000 5000 
F i g . A . 5 . e' data of gold films. ( + + + , — ) : ATR method [A.3]. (ooo): ( T 0 , R0, T 6

P

0 ) method 
[A.3]. (• • • ) : Prom transmission and reflection measurements [A.5] and ellipsometric method 
[A.4] 
F i g . A . 6 . e" data of gold films. ( + + + , ) : A T R method [A.2]. (ooo): (To, RQ , Tg0) method 
[A.3]. ( ) : Ellipsometric method [A.4]. ( • * • ) : Transmission and reflection measurements 
[A.5] 

The preceeding data of e(u>), as far as thin films are concerned, have been 
obtained 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 ^ H T 9 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 e(u>) and the film thickness of lithium and sodium film 
at about 2 X 10~~9 Torr was possible, Bosenberg [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 
J C . The lowest values of |e ' | are those of SCH whereas the highest are those of 
H; the data of J C 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 . l . Dielectric function of silver. Notation: 
PM ATR data [A.2] 
J C T 0 , R0, TgQ method (t ransmission and reflection measurements) [A.3] 
DT transmission and reflection measurements [A.5] 

A [ A ] Real part Imaginary part 

PM J C DT PM J C DT 

7000 - 2 2 .4 -24 .3 0.91 0.40 

6900 - 2 1 . .7 - 2 3 . 4 0.88 0.42 
6800 - 2 1 . .0 - 2 2 . 5 0.85 0.44 
6700 - 2 0 . .3 - 2 1 . 4 0.81 0.45 
6600 - 1 9 . .7 - 2 0 . 6 0.77 0.46 
6500 - 1 9 . .0 - 1 9 . 6 -20 .6 0.74 0.47 0. .97 

6400 - 1 8 . .3 - 1 8 . 6 -19 .9 0.69 0.49 0. .93 
6300 -17 . .6 - 1 8 . 0 -19 .2 0.67 0.50 0. ,89 
6200 - 1 6 . .9 -17 .2 - 1 8 . 4 0.65 0.50 0. .86 
6100 - 1 6 . ,3 - 1 6 . 5 -17 .6 0.62 0.50 0. ,82 
6000 - 1 5 . .6 - 1 5 . 9 -16 .9 0.59 0.50 0 ,78 

5900 - 1 4 . ,9 -15 .2 -16 .2 0.55 0.49 0 .74 
5800 - 1 4 . .3 - 1 4 . 6 -15 .5 0.52 0.48 0 .71 
5700 - 1 3 . .6 - 1 4 . 0 -14 .8 0.49 0.47 0 .68 
5600 - 1 3 . .0 - 1 3 . 4 -14 .1 0.47 0.47 0. .65 
5500 -12 . .4 -12 .7 -13 .5 0.45 0.46 0. .62 

5400 - 1 1 .8 -12 .1 -12 .8 0.43 0.45 0. .59 
5300 - 1 1 .2 - 1 1 . 4 -12 .2 0.41 0.42 0. .56 
5200 - 1 0 .6 - 1 0 . 8 -11 .6 0.39 0.39 0 .53 
5100 - 1 0 .0 - 1 0 . 2 -10 .9 0.38 0.37 0 .51 
5000 - 9 .4 - 9 . 7 -10 .3 0.37 0.34 0 .48 

4900 - 8 .9 - 9 . 2 0.35 0.32 
4800 - 8 .4 - 8 . 7 0.34 0.29 
4700 - 7 .7 - 8 . 2 0.33 0.27 
4600 - 7 .2 - 7 . 7 0.32 0.24 
4500 - 6 .6 - 7 . 1 0.31 0.22 

4400 - 6 .1 - 6 . 6 0.30 0.20 
4300 - 5 .6 - 6 . 1 0.30 0.20 
4200 - 5 .1 - 5 . 6 0.30 0.20 
4100 - 4 .5 - 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 A. l ) 

A [ A ] Real part Imaginary part 

PM J C DT PM J C 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 1.62 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 -15 .4 -16 .6 1.43 1.05 

6900 -14 .7 -15 .9 1.42 1.04 
6800 -14 .1 -15 .2 1.41 1.03 
6700 -13 .4 -14 .4 1.40 1.02 
6600 -12 .7 -13 .7 -15.2 1.41 1.04 1.29 
6500 -12.1 -13 .1 -14 .3 1.42 1.08 1.29 

6400 -11 .4 -12 .4 -13 .4 1.45 1.14 1.32 
6300 -10 .8 -11 .6 -12 .8 1.47 1.20 1.36 
6200 -10 .1 -11 .0 -12 .0 1.50 1.27 1.39 
6100 - 9 . 5 -10 .2 -11 .2 1.54 1.35 1.41 
6000 - 8 . 9 - 9 . 6 -10 .2 1.59 1.45 1.47 

5900 - 8 . 2 - 8 . 8 -9 .6 1.65 1.55 1.55 
5800 - 7 . 5 -8 .2 -8 .8 1.72 1.67 1.67 
5700 - 6 . 8 - 7 . 4 -8 .1 1.80 1.80 1.72 
5600 -6 .1 -6 .7 -7 .3 1.88 1.94 1.80 
5500 - 5 . 5 - 6 . 0 - 6 . 5 1.98 2.09 1.91 

5499 -4 .7 -5 .3 -5 .7 2.20 2.28 2.09 
5300 - 3 . 8 - 4 . 6 -4 .8 2.44 2.49 2.25 
5200 -3 .2 - 3 . 9 -4 .1 2.80 2.73 2.52 
5100 - 2 . 5 -3 .2 -3 .2 3.26 3.12 2.93 
5000 -2 .0 - 2 . 6 -2 .4 4.12 3.56 3.24 

4900 - 1 . 6 -2 .2 4.02 
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Table A . 3 . e' values of thin silver films. H Hincelin [A.6], SCH Schroder [A.2], J C Johnson 
and Christie [A.3], DT Dujardin and Theye [A.5]. The last column gives the values of the 
film after 15 days aging under UHV conditions 

A [/im] H SCH J C DT 

0.38 -3 .62 - 3 . 4 - 3 . 4 9 
0.39 -4 .12 
0.40 - 4 . 6 4 - 4 . 0 - 4 . 4 - 4 . 5 8 
0.41 -5 .17 - 4 . 5 
0.42 -5 .70 - 5 . 1 - 5 . 5 
0.43 - 6 . 2 5 - 5 . 6 
0.44 - 6 . 8 0 - 6 . 1 - 6 . 5 
0.45 - 7 . 3 6 - 6 . 6 -7 .21 
0.46 - 7 . 9 3 - 7 . 2 - 7 . 6 
0.47 -8 .51 - 7 . 7 
0.48 - 9 . 1 0 - 8 . 4 - 8 . 7 
0.49 - 9 . 7 0 - 8 . 9 
0.50 -10 .30 - 9 . 4 - 9 . 8 -10 .30 -10 .06 
0.51 - 1 0 . 9 - 1 0 . 0 -10 .9 
0.51 - 1 1 . 5 - 1 0 . 6 -11 .0 -11 .6 
0.54 - 1 2 . 8 - 1 1 . 8 -12 .3 -12 .8 
0.55 - 1 3 . 5 - 1 2 . 4 - 1 3 . 5 -13 .1 
0.56 -14 .1 - 1 3 . 0 -13 .6 -14 .1 
0.57 - 1 4 . 8 - 1 3 . 6 i4.8 
0.58 -15-5 - 1 4 . 3 -14 .7 - 1 5 . 5 
0.59 -16 .2 - 1 4 . 9 -16 .2 
0.60 - 1 6 . 9 - 1 5 . 6 -16 .0 -16 .9 - 1 6 . 4 
0.61 - 1 7 . 6 - 1 6 . 3 -17 .6 
0.62 - 1 8 . 3 - 1 6 . 9 -17 .3 - 1 8 . 4 
0.63 -19 .1 - 1 7 . 6 -19 .2 
0.64 - 1 9 . 8 - 1 8 . 3 -18 .7 -19 .9 
0.65 -20 .6 - 1 9 . 0 -20 .6 -20 .0 
0.66 - 2 1 . 3 - 1 9 . 7 -20 .2 
0.67 -22 .1 - 2 0 . 3 
0.68 - 2 2 . 9 - 2 1 . 0 -21 .6 
0.69 -23 .7 - 2 1 . 7 
0.70 - 2 4 . 5 - 2 2 . 4 -23 .1 -23 .7 
0.71 - 2 5 . 3 
0.72 -26 .1 -24 .6 
0.73 - 2 7 . 0 
0.74 - 2 7 . 8 -26 .2 
0.75 -28 .7 
0.76 - 2 9 . 6 -27 .9 
0.77 - 3 0 . 5 
0.78 - 3 1 . 4 - 2 9 . 4 
0.79 - 3 2 . 3 
0.80 -33 .2 -31 .0 
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F i g . A . 8 

MM-m) 
F i g . A . 7 . Optical device to excite SPs on the metal (hatched)/vacuum interface under UHV 
conditions [A.7] 

F i g . A . 8 . Comparison of e" values of thin silver films obtained with different methods. ( ): 
H [A.6]; ( + + + ) : DT [A.5]; ( • • • ) : SCH [A.2]; (ooo): J C [A.3]; ( x x x ) films after 15 days aging 
under UHV 
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