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Investigation of Polymer Thin
Flms Using Surface Plasmon Modes
and Optical Waveguide Modes

E.F. Aust, S. Ito, M. Sawodny and W, Knolll m—— s

This review describes recent advances in the development
of optical techniques based on the use of surface plas-
mons and guided optical waves, respectively, as electro-
magnetic modes bound to an interface. This ‘surface
light’ allows for a very sensitive characterization of poly-
meric thin films. We demonstrate this for various exper-
imental configurations, focusing on angular-dependent
reflectivity measurements.

The use of polymeric or other organic thin films deposited
onto solid samples constitutes a considerable challenge
for the experimentalist because in aiming at characteriz-
ing the properties of these coatings he is concerned with
systems that are, in some cases, only a monomolecular
layer thick. Geometrical constraints for molecules at an
interface typically lead to substantial changes of the
properties of a material in thin film form compared to the
same system in bulk. This means that extremely sensitive
experimental techniques are required that allow the
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measurement and evaluation of these structural and
dynamic changes in thin film samples and the determi-
nation of how these variations modify their various op-
tical, thermal, mechanical and electrical properties.

As far as optical techniques are concerned, the use of
different types of surface-electromagnetic! instead of
plane waves has proven to be particularly sensitive for
monitoring the optical properties of ultrathin layers. Plas-
mon surface polaritons? (PSPs or surface plasmons) and
guided optical waves? are two examples of such surface-
bound modes, which can be looked upon as surface light
that specifically monitors the optical properties of thin
layers at interfaces®S,

The purpose of this article is to summarize some of the
advantages found when ‘evanescent’ waves are used
instead of normal photons. The concept of using surface
plasmons can then be extended to guided optical waves as
surface-bound light, if thicker coatings that eventually
become capable of carrying such modes are considered.
This is an important approach to deriving the linear and
nonlinear optical characteristics of functionalized poly-
mers designed for use in future photonic devicess.

‘We will concentrate on optical experiments that are based
on only the elastic interaction of this light with matter, that
is, we will not consider quasi- or inelastic scattering tech-
niques like Brillouin? or Raman spectroscopies-19, In this
part, we will also ignore diffraction experiments with
phase gratings!!:12 or any microscopic approaches!3.14 that
try to combine excellent thickness sensitivity with high
lateral resolution in thin film characterization!s. These
approaches with evanescent light will be discussed in a
forthcoming contribution to Trends in Polymer Science.
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313




Surface plasmons at an interface between two
half-infinite spaces

An interface in the x,y-plane between two half-infinite
spaces, 1 and 2, of materials is described optically by their
complex frequency-dependent dielectric functions & (w)
and &,(w), respectively. We ignore magnetic materials.
Surface polaritons can only be excited-at an interface if
the dielectric displacement D of the electromagnetic
mode has a component normal to the surface (that is, par-
allel to z) that can induce a surface charge density, o©

D, D) - z=470 )

S-polarized light propagating along the x-direction pos-
sesses only electric field components, E,, parallel to the
surface (parallel to the y-direction), i.e. transversal elec-
tric (TE) waves have E= (0, E,, 0), and hence are unable
to excite surface polaritons. Only p-polarized light (trans-
versal magnetic, TM) modes with E = (E,, 0, E)) or,
equivalently, the magnetic component, H=(0,H,,0),can
couple to such modes.

The resulting surface electromagnetic wave, therefore,
will have the following general form:

A, = Ay expilk, 3K, 2—t) inmedium 1  (22)
and:

A, = Ay expi(k x+K z—wt) in medium 2 (2b)
where A stands for E and H; k., k,, are the wavevectors
in the x-direction; k,;, k,, those in z-direction, i.e. normal

to the interface; and @ is the angular frequency. Both
fields E and H must fulfil the Maxwell equations:

VH=0 3
VE=0 @
1 dH
VXE +——=0
X +c > 5)
JE
wH-£ =
c ot 0 ©

with V- and Vx being the usual divergence and curl oper-
ations, ¢ the speed of light in vacuo, and € the dielectric
function of the material, The tangential components of E
and H have to be equal at the interface, that is:

E,=E, ™

y=Hy ®

and:
H

¥

From Eqn 7 it follows immediately that &, = k,=k,.On
the other hand it follows from Eqns 2 and 6 that:

w
k,H, = " &E, )]
and:
koHp =~ B0 10
This leads to the only nontrivial solution if:
by 8 D
ky €

Equation 11 indicates that surface electromagnetic
modes can only be excited at interfaces between two
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media with dielectric constants of opposite sign. For a
material in contact with a dielectric, the dielectric con-
stant (€;) of which is positive, this can be fulfilled for a
whole variety of possible elementary excitations provided
their oscillator strength is sufficiently strong to result in
a negative €. Within a limited spectral range this can be
the case for phonons as well as for excitons. The coupling
of these excitations to an electromagnetic field has been
shown to produce phonon surface polariton or exciton
surface polariton modes, respectively. We are dealing
with the coupling of the collective plasma oscillations of
the nearly free electron gas in a metal to an electromag-
netic field. Within the Drude model these excitations
result in a strongly negative dielectric function for metals,

€, Ref. 16):

TN

€, =1-

12)

&8

from =0 throughout the visible range up to 2 maximum
frequency given by:

Dpax =cop/1/1+ed

where w, is the plasma frequency of the metal and is typi-
cally in the deep-UV range. In some cases lower limits for
the excitation of PSPs occur through the existence of other
transitions in the metal, e.g. a d-band excitation in Au at
A~ 520 nm, which is also responsible for its golden colour.

For simplicity, we deal with the interface between a
metal (with its complex dielectric function €= &, +i€y)
and a dielectric material (¢;= €+ i€). From Eqns 5, 6,
9 and 10 we obtain:

2
w
kf +kz24 =('—c—) €4

(13)

(14)
or:

2
Ky = ed(_‘cﬂ) @ (15)

With Eqn 11 this leads to the dispersion relationship (that
is, the energy—momentum relation) for PSPs at a
metal—dielectric interface:

® | €y €4

“m e {learer)

A few points are noteworthy. Firstly, in the usual treat-
ment, o is taken to be real. Since €, is complex k, is also
complex: k, = K, + ik (Ref. 17). As a consequence, PSP
modes propagating along a metal—dielectric interface
exhibit a finite propagation length, L, given by L, = 1K,
This has a strong impact on the lateral resolution that we
want to obtain in the characterization of laterally struc-
tured samples investigated with plasmon light in a micro-
scopic setup. Secondly, in the frequency (spectral) range
of interest we have:

(16)

€n° €
(€n +eg)

This has two important consequences. The first can be
seen from Eqn 15. Inserting Eqn 17 shows that in this case

2 e, an
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is always smaller than the momentum of a surface plas-
mon mode propagating along an interface between that
same medium and metal (Fig. 2). The dispersion of
photons is described by the light line, @ = ¢k (Fig. 2,
curve a), with ¢4 = cf\i:d. For the excitation of surface
plasmons only the photon wavevector projection to the
x-direction is the relevant parameter. For a simple reflec-
tion of photons (with energy %, e.g. from a laser) at a
planar dielectric—metal interface (see Fig. 3a) this means
that by changing the angle of incidence, ¢, kpt = kPhsing
can be tuned from zero at normal incidence (point 1 in
Fig. 2) to the full wavevector &t at grazing incidence
(point 2 in Fig. 2). Equation 16 or Eqn 17, however, tells
us that this is not sufficient to fulfil, in addition to the
energy conservation, the momentum-matching condition
for resonant PSP excitation because, for very low ener-
gies, the PSP dispersion curve (Fig. 2, curve b) asymp-
totically reaches the light line (curve a), whereas for
M) 1.0- higher energies it approaches the cutoff angular fre-

- i quency, ... In any case, the PSP wavevector is too
large. One way to overcome this problem was introduced
by the experimental setup shown schematically in Fig.
3b'9. Photons are not coupled directly to the metal-dielec-
tric interface, but via the evanescent tail of light total
internally reflected at the base of a high index prism (with
€>¢€,). This light is characterized by a larger momentum
A=633nm (Fig. 2, curve c) that, for a certain spectral range, can
exceed the momentum of the PSP to be excited at the
metal surface. So by choosing the appropriate (inner)
0 T —————— angle of incidence, ¢, (see point 3 in Fig. 2), resonant coup-
-100 100 300 500 700 ling between evanescent photons and surface plasmons
Distance along z direction (nm)

A=488 nm

Fig. 1 (a) Schematic representation of a plasmon surface polariton
(PSP) as a surface-electromagnetic mode propagating along the
x-~direction coupled to a surface charge density wave. (b) Evanescent
optical intensity profile along the z-direction of a PSP mode for two Dmax
different wavelengths.
the z-component of the PSP wavevector is purely imagin-
ary. From Eqn 2 we see that the surface plasmon is a
bound, nonradiative evanescent wave with a field ampli-
tude, the maximum of which is at the interface (z=0) and
which is decaying exponentially into the dielectric (and
into the metal). Propagation is as a damped oscillatory
electromagnetic mode along the x-direction, coupled to a
surface charge density wave (Fig. 1a). All parameters
characterizing the properties of PSPs can be quanti-
tatively described on the basis of the dielectric functions
of the involved materials; for example, Fig. 1b shows the
exponential decay of the optical field intensity normal to
an Ag-air interface. The penetration depth of this light
into the dielectric medium is of the order of a few hun-
dred nanometres only, and it is this surface specificity that | .
makes it such an interesting probe field. The enormous , % ¢
field-intensity ephancement can amount to more than two ' Wavevector in the x-direction, k,
orders of magnitude for these modes, and is the source of Incident angle, ¢
the very high surface sensitivity obtainable in PSP Raman
spectroscopy and microscopy's. . Fig. 2 Dispersion relation, angular frequency o versus wavevector in the x-direction k,,
The second consequence of Eqn 17 is that the momen- of PSPs at a metal-dielectric (e.g. air) interface (PSP?, curve b) and at @ metal—
tum of a free photon, kb propagating in a dielectric  coating-dielectric interface (PSP!, curve d), respectively. Given also are the light lines
medium, according to: ' o, phofons propagating in the bulk t{ielectric material (w = ¢k, curve @) and in a prism
material (w = ¢k, curve ¢). Laser light of energy Tw, couples to PSP states at angles
P by and b, (points 3 and 4, respectively), given by the energy- and momentum-matching
=2 \/a (18)  condition (see the intersection of the horizontal line at w, with the two dispersion
c curves). All other symbols are given in the text.

60]_1

Angular frequency, w

Y

TRIP Vol. 2, No. 9, September 1994 315







