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Abstract

The experimental technigues of attenuated total reflection (ATR) and grating coupling were originally emploved
separately as probes for polaritons. The combined technigue of these methods into a single probe is a very versatile tool
for probing elementary surface excitations. A theoretical investigation of this single probe for surface polaritons, ATR-
grating coupling, is undertaken. The emphasis is on the calculations of first-order diffuse reflectivities, which arise due
to the presence of a classical grating. More specifically, the ATR set-up in the Otto configuration is considered and for
ease of presentation of the results, a classical grating is thought to be deposited on only one interface of a surface-active
thin-film specimen. The discussion highlights the advantages the combined technique has over either of the two methods

when each is emploved on its own.
i3 2002 Elsevier Science B.V. All rights reserved.
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I. Introduction

Surface polaritons propagating along planar
mterfaces are not accessible in ordinary optical
experiments whereby light of any intensity is
mncident on a planar specimen [1). ATR has proved
to be a powerful tool for probing surface excita-
tions propagating along planar surfaces. Extensive
experimental as well as theoretical considerations
of this method may be found in the early
exhaustive editions, for example, by Agranovich
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and Mills [2]. There have also been some
mvestigations of surface polaritons in composite
media using the ATR method [3.4] In these
mvestigations, the frequency-dependent dielectric
function used takes into account the inhomogene-
ity of the surface-active medium.

The other experimental technique which has
been employed with success as a probe for surface
excilations is grating coupling [5,6). Although
surface roughness, of any kind, was viewed as a
nuisance by perturbing the wvery mode under
mvestigation [7], it was found to play a key role
i potential device applications of polaritons
particularly along corrugated surfaces [8). In this
regard, it was important Lo map out precisely the
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surface profile of the media supporting the
propagation of surface modes [Y], which would
also be essential for the evaluations of the extent to
which the mode is perfurbed by surface roughness
[10]. Fabrication techniques for producing well-
characterized gratings were soon in place [11],
followed by experimental investigations of plas-
mon polaritons propagating on corrugated Ag
films using the ATR method [12)

A classical grating, especially of small height,
scatters ight in a far more coherent manner than
does a staustically rough surface. In view of the
recent flexibility in sample preparation as well as
fabrication technigues [13), grating coupling might
as well be reconsidered as a probe for surface
excitations. The desire to manipulate photons in a
manner similar to the control of electron in solids
has led o a great deal of renewed interest in a
number of research areas such as, for example,
localization of light and microcavity guantum
electrodynamics. Indeed there have been extensive
recent investigations in optical transmission of
light through subwavelength hole arrays in metal
films [14-16]. The arrays of periodic cylindrical
cavities excite the plasmon mode in much the same
way that a grating excites surface phonon polar-
itons in semiconductor materials. In  similar
studies, grating couplers in the form of an array
of dots were employed in combination with a
prism coupler to map out full photonic band gaps
for surface plasmons in the visible window of the
electromagnetic spectrum [17].

In the investigations undertaken here, grating
coupling is reconsidered, but, in combination with
ATR in the Otto [18] configuration. The analysis
given here is closely related to the extensive
experimental as well as theoretical earlier work
by Schriter and Heitmann [19), using the ATR
method in the Kretschmann—Raether arrange-
ment. The combined experimental technique of
ATR and grating coupling potentially has sub-
stantial advantages over either of the two con-
stituent methods when each is employed on its
own. The main results of the investigations carried
out here are the first-order diffuse reflectivities.
For simplicity, the treatment given 1s hmited (o
woropic  thin-film  speamen, with a classical
grating deposited on only one of the interfaces.

2. Formalism

The ATR set-up in the Oito [18] configuration
for the systems siudied here i3 as follows: a prism
of (high) dielectric constant g occupies the region
z=0; an air-gap, characterized by g2 = 1.00, fills
the region —d = :z=0; the surface-active thin film,
characterized by a frequency-dependent dielectric
function gy = #(w), cccupies the region —d=z=
—(d + L); finally, a substrate of dielectric constant
gq fills the half-space z= — (d + L). The quantities
d and L are, respectively, the thicknesses of the
air-gap and that of the surface-active film speci-
men. The single-pole frequency-dependent dielec-
tric function is taken in the simple form [20]
Sw%-

dlew) = o 00) + — (1)
I'.UT

—w? — 1w
where £(o0) is the high-frequency dielectric con-
stant, § measures the strength of resonance, o7 15
the TO phonon frequency and [ is the damping
parameter.

The surface profile of a classical grating, taking
only the first Fourier component, is described by

wix) = gle'? + t_“?x), (2)

where g is (half) the grating amplitude and O =
2/ ay s the reciprocal lattice vector of a grating of
period g In simple systems such as those
described by the dielectric function above, the
polariton fields are simply plane waves and for
perfectly planar surfaces these are proportional to
glfi=r=a The crystal, in a process mediated by
surface roughness, imparts momentum +h0 Lo
the incident radiation and thereby generates the
diffuse fields which are proportional Lo
ezt Q- These are the first-order fields
characterized by propagation in the gi, = ki, +Q
tangential components of the polariton’s wave
vector. In first-order perturbation theory the two
types of the first-order fields couple independently
o the zerc-order fields. It therefore suffices to
consider the first-order fields for propagation in
only one of the two (g, or g7, ) wave numbers. In
fact, reversing the sign of @ in the fields for
propagation in the one wave number gives the
fields for propagation in the other wave number.
The nomenclature of the polariion fields adopted
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here 15 that the amplitudes of the zero-order
polariton fields are denoted by normal letters
while those for the first-order fields are denoted by
script letters. In p-polarization, that is, the electric
field in the plane perpendicular to the interface, the
polariton fields in the /th (¢ = 1,2,3 and 4) region
are given in component form as follows:

The zero-order fields, which exist even in the
absence of surface roughness, are

E, = {.“l,df_u?z-l- Eﬁtqz}tl.{kh.:—ﬂﬂ'} {3)
and
K ix - {fepe X—enhf)
EK: =_{.-"i,df gz E,d:u"z}fj' s X \ {4]
dy

where the perpendicular g, and tangential &y,
components of the polariton wave vector are,
respectively, given by

e
ai =+ (s{‘—— 1;) and

o2

2
— ¢ T—zsinz 0, (5)

K

in which ¢ =1/, /equqy is the speed of light in
vacuum. The angle of incidence of the mcoming
radiation, 0, must be greater than the prism-air
critical angle, 8, = sin~'(/g2//51), if total inter-
nal reflection 18 to cccur. The tangential compo-
nent of the wave vector of the inadent radiation is
a conserved quantity which means that &y, = k..

The first-order fields for propagation in gy, =
kix — ), say, are

X

Epp = {2795 4 g{eu.rm}tt{qn..:—mr} (6)
and
fo = :: P P T L (7N
where

o’
- (i) 0

In Egs. (5) and (8) for the perpendicular compo-
nents of the wave vectors, the upper sign (+) 1s
taken only for fields in region one and the negative
sign for fields in the other regions. The polariton
fields in region one propagate freely in all spatial
directions. In the other regions, however, free
propagation 1s only parallel to the interface but the

fields are attenuated, or in general modulated, in
the perpendicular direction. This 15 to say that the
fields decay away from the mterface. In addinon,
since the fields must be bounded as z— — o0, the
coefficients By and 24 must be zero. Further, since
the first-order fields originate from the corrugated
surface and are therefore not part of the incident
radiation, the coefficient .« must be taken as zero.

2.1 The modified boundary conditions

The uswal boundary conditons of electrody-
namics at a planar surface now have (o be
modified to take into account the undulation of
the surface in the z=direction. The polariton fields
are referred to a coordinate system which 1s simply
a rotation of the ordinary cartesian coordinate
system through an angle v in the x—z plane. The
above mentioned rotation is in such a way that the
tangential component of the electric field is always
m the interface [21]. The tangential £, and the
normal £y, components of the eleciric field,
respectively, are related to the x- and z- compo-
nents according to

(2)-(2 2)E) e
Ey —smy  cosy L.

Following Marvin et al. [22], the tangential and the
normal components of the electric field may be
written as follows:

g _ Ex W E:

e b

e 1?(x) (b)
and

_E W (0E, 00

By = ——
V1 + u?ix)

where (x) = fw(x)/0x. The modified boundary
conditions are then continuity of £ and ek, at the
three interfaces. In linear-perturbation theory,
only the leading terms in the expansion of the
exponentials in Eq. (2) for w(x) are retained. The
application of the modified boundary conditions
leads o tedious formulas connecting the various
amplitudes of the polariton fields. In these, linear
combinations of the amplitudes emerge which are
coefficients of e~ and those of ekt Qo
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The coefficients of ™=~ gre associated with
the specularly reflected intensity while those of the
factor e™i"0 are associated with the diffuse
reflectivities. The inadequacy of this first-order
perturbation theory to account for the distribution
of the different reflected intensities according to
their orders should be emphasized. In first-order
perturbation theory, the equations that determine
the zero-order amplitudes stand alone. First-order
perturbation theory therefore does not account for
the deficit in the intensity of the specularly
reflected beam, which is a signature of the grating.
In real systems, this deficit is a consequence of the
redistribution of the incident radiation among the
zero- and the higher-order polariton fields. In a
full theoretical treatment, the zero- and the higher-
order polariton fields are only coupled if the
polariton fields are expanded at least up to second-
order in the grating amplitude. Retaining higher-
order terms in the expansion of w(x) necessitates
meorporating higher-order polariton fields in the
more realistic reatment of this problem. Clearly,
this goes far beyvond taking only the first Fourier
term in the expansion of wix). An alternative
realistic approach to the problem of corrugated
surfaces 18 to employ the Chandezon method
[19,23.24], which s valid even for highly modu-
lated gratings.

I Applications

The formalism developed in the previous section
15 now applied to the two systems mentioned
earlier, when a grating is inscribed or deposited on
only one interface of a surface-active thin-film
specimen. The numerical values of the parameters
used are as follows: g = 11.70, g2 = 100, &4 =
L43, el /e = 100 and wrd /e = 1.00. The values
of the constants in Eg. (1) for the frequency
dielectric function are taken as follows [20]:
gon) =909, §=201 and w7 =366 cm™'. The
room-temperature value of the damping para-
meter, reduced by an order of magnitude, is
Fjwp =5 %107% For this value of I', the
corresponding  experimental investigations will
have to be carried out at low temperatures, where
such small wvalues of ' are attainable. Unless

otherwise stated, the grating is characterized by
the amplitude and the period such that wrwg/c =
0.05 and ¢Q/wr = 0.30, respectively.

3.1, Grating on the upper side of a thin film

The application of the modified boundary
conditions at the interface z = —d + w(x) leads 1o
the following equations which connect the zero-
and first-order amplitudes of the polariton fields

ar(l — ki, Qa3 gl A2e™ — Bye™™9)
— [I:fthu,d + ggzt—qrz.d]
= a5l — ko Qf g Az €™ — Bye ™)

— [ 369 + dyen] (10a)
for the angential components of the electric field,
and
e2:qaziolA2e™ + Byem ]

_ nghL.:fgtw’J _ Eﬂgt_*rz‘d]

= &3ga:qatigl A3 + Bye™ ]

— eagaefof 360 — Byt (108b)
for the normal components of the displacement
vector. The uncoupled equations, that is, those in
which the zero- or the first-order amplitudes stand
alone are obtained from the applications of the
standard boundary conditons of eleciromagnet-
ism, see for example, Cottam and Tilley [1). The
diffuse reflectivity, # = |3, /4], is calculated
from the corresponding amplitude which is
# N

I = Ej’ (1la)
where
Ny = Diggeales — es)eskiegan g2

+ B2 qa:Aa0 Jg - ga-aaiy (11h)

and

Dy = [ieaan o + eraaf |21/ + 21g2sh ], (11e)
n which

fi = [e2a3g) coshlaad) + e3qaga sinhlaad)],  (11d)
fiy = [e2aagy sinh{aad) + £3a2g2 coshiaad)],  (11e)

N1 = [e2g3:ma coshigazd) + eaga-ny sinh(gad)] (111)
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S = [e2g3:ma sinh(gaed) + e3gn-n, cosh(g-d)], (11g)
g1 = [eaas sinhias L) + e3a4 coshias L)), (11h)
g2 = |saas coshias L) + g3aq sinhias L)], (11i)
My = [eaga: coshigs-L) + esga. sinh(ga. L)] (115}

and
= [£ag3: sinhigs. L) + eaga- coshigs. L)) (11k)

3.2, Grating on the underside of a thin film

Following exactly the same analysis as in the
previous sub-section, the amplitude of the first-
order reflected wave for propagation in e®¥n*"9 i3
found to be
# N,

EIS 2
in which
Ny = 2igy55e3(e3 — £a ) £akyoqi

+ e3daga:1q1 :g2:q3:02a500 (13)
and
Dy = Dy (14)

Mote that for a grating of small height, the two
first-order beams emerge equi-angular about the
specularly reflected beam, at the two angles ¢
and ¢~ such that

qh' = I+ Af with
Af = Ytan™" (g, /a}.) — tan (g, /a7,)) (15)

Meglecting damping (I = () and writing a3 and g3
as pure imagmnary (a3 —tlas| and g3 — 1]gs:)). then
equating the denominator of the expression for the
reflection amplitude o zero gives the polariton
dispersion relation for the system under considera-
tion.

4. Results and discussion

For purposes of illustrating the kinematics of
ATR-grating coupling, the dispersion curves of
surface polaritons in a thin film of thickness such
that wrl/c= 100 and bounded by vacuum on

either side are shown in Fig. 1. The straight lines
are the ATR-grating scan lines, in the frequency
scan. The smooth solid line is that assoaated with
smooth surfaces, ek, /. The other lines are for
propagation in ek, — )/ wr, the dashed curve,
and that for propagation in dky, + O) o,
depicted as the dotted solid line. Now, since the
dielectric functions across each of the interfaces
differ in sign, it follows that each of the two
surfaces of the thin film supports propagation of
surface polaritons [1]. Consequently, there are two
branches of polariton dispersion, each correspond-
g to one or the other surface, but nonetheless
coupled through the film thickness. It s well-
known that the dispersion curves for polaritons
propagating along planar surfaces run far to the
right of the light line in air, the discontinuous
dotted line. In prism coupling, however, the prism-
light line (scan line) is displaced to the right by an
amount (/g — 1)sin @ relative the light line in air
and consequently intersects the polariton curves,
The points of intersection actually define the
condition of the simultaneous matching of the
frequency and the tangential wave vector compo-
nents of the polariton and of the incoming
radiation. Under these conditions, signifying the
simultaneous conservation of energy and momen-
tum, the polariton becomes radiative. The damp-
ing parameter actually broadens the cross-over
point of the dispersion curve and the scan line,
which for I"=0 15 essentially a delia function.
Mow, recall that in first-order perturbation theory
as here, the amplitudes of the zero-order fields are
coupled to the amplitudes of the first-order fields
only in one of the two propagation wave numbers,
gy, = ki — 0 or g, = ki, + 0 In terms of the
kinematics of Fig 1, therefore, these firsi-order
reflectivities are associated with only one pair of
the scan lines, either (k. g} or {ki.qf ) At
least in principle, the specular reflectivity (with
wg = 0) 18 characterized by two polariton struc-
tures (dips) while each of the two first-order
reflectivities possesses four polariton structures,
either dips or peaks. Just like in ATR alone, dips
occur when on becoming radiative the polariton
removes energy from the incoming radiation. A
polariton can become radiative by actually emit-
ting radiation in which case the polariton structure
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shows itsell as a peak in the reflectivity spectrum
[8]. The origin of this radiative character of the
mode 13 related to the oscillatory nature of the
component of the electric field £, normal o
the undulation as the surface polariton propagates
along the corrugated surface. The oscillatory
nature of £, has the polariton then radiating
energy more or less like an oscillating electric field
dipole. In a rather simplified picture, the radiated
energy is derived from the momentum AQ im-
parted to the polariton via surface roughness,
Fig. 2 shows the diffuse reflectivities in the
frequency scan for the system when a grating of
height wrug/c = 005 and period ¢Q/wr = 03018
mscribed on the upper surface of a thin film. The
other relevant parameters are summarized in
Section 3. Fig. 2a is the reflectivity associated with
polariton propagation in gy, and the angle of
meidence is 8 = 30°. Fig. 2b 1s for propagation in
g7, and for 8 = 27°. Each curve is characterized by
four polariton structures, labelled wawm or wam
(i =0 or 1), corresponding to the lower (LM) or
upper (UM) branch of the polariton curves,
respectively. The index subscript is used to

distinguish between the polariton structures asso-
ciated with the zero-order () and the first-order
(1) scan lines. The insert, as in the following
figures, is a schematic diagram of the system that is
modelled. Mow, for the particular parameters used
here, the polariton structures corresponding (o the
lower mode are dips while those corresponding 1o
the upper mode are peaks. In the case of a semi-
mfinite specimen, the diffuse reflectivities in ATR-
grating coupling are consistently characterized by
dips when the grating is on the base of the (semi-
mfinite) coupler prism. However, for the sysiem
when the grating is mscribed on a surface-active
medium, the polariton structures are peaks [25].
The dipsin the reflectivities of Fig. 2 arise possibly
m part due o coupling of the modes o the
meoming radiation through the thickness of the
film, just like in the ATR configuration due to
Kretschmann and Raether [26].

The first-order reflectivities for the system when
the grating is on the underside of a thin film are
shown in Fig. 3. Fig. 3a is for propagation in g7,
and the angle of incidence is 0= 30°. Fig. 3b is
for propagation g7, and the angle of incidence is
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Fig. 1. Surface polariton dispersion curves - a surface-active thin film of thickness el o = 100 bounded by vacuum on both sides.

The straight lines are the typical ATR-grating coupling [requency scan lines as follows: the solid scan line correspends 1o the zero-oder
reflectivity, thatis, for propagation in &y, The dashed scan line corresponds Lo first-order propagation in fyy — € and the dotled sold
line 1= for propagation in &y, + . The angle of madence is 8 = 277, The dotted line, -.,.-"Ezf-'l‘."'f-*n is the light line n air.
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Fig. 2. (a) Diffuse reflectivities for propagation in &y, — (. The
angle of incidence is § = 307, A grating, characterized by the
period, oo = 0030, and height, o /o = 0005, 15 deposited
on the upper side of a surface-active thin film. The other
relevant parameters, also givenin the text, are: 5 = 11,70, & =
100, 8(ec) =909, 5=201, wrdfc= 100, ewrLjc= 100,
o = 3600 an ' and e =500 = 107*, The insel is a
schematic layout of the system that 1z modelled. (b)) Same
capbon as [or {a) bul for propagation in &y, + Qand 0 =277,

= 27", Again, the other relevant parameters,
given in Section 3, are as for Fig 2. In this case
and for the parameters used all the polarion
struciures are peaks. It should be mentioned that,
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Fig. 3. {a) Same caption as for Fig. 2a except that here the
grating is deposited on the underside surface of a surface-active
thin-film specimen. {(b) Same caption as for {a) but for
propagation in fy + O and the angle of incidence 8 = 277,

with surface roughness present, the radiative
nature of these modes is very sensitive to all the
relevant parameters, see for example, Wendler
et al. [13]. Note that while the polariton structures
corresponding to the two lowest modes (o oy and
wygn) of Fig. 2 are dips, the same modes manifest
themselves as peaks in Fig. 3. Also, wgpm is the
most radiative mode in Fig. 3a but in Fig. 3b, it 15
g which is associated with the highest relative
intensity.



oz M. Masale ! Physica B 325 {2003 ) 385393

It should be emphasized, however, that the firsi-
order perturbation theory applied here 15 only
useful in as far as predicting the frequency
positions  of the polariton structures in  the
reflectivity spectra and perhaps the radiative
nature of the mode. The former prediction is, of
course, taken in conjunciion with the kinematical
tllustrations of Fig 1. Following the earlier dis-
cussion of Section 2.1, no accurate account can be
miven of the actual intensities of the reflected light.
Monetheless, ATR-grating coupling is evidently
the most effective and efficient method for probing
surface modes compared with its constituent
techniques when each one 15 employed on iis
own. To start with, m ATR alone the smallest
angle of mcidence is the prism-air critical angle.
This means that in ATR alone the section the
surface polariton dispersion curve Lo the left of the
scan line corresponding to 0., namely, ok, /owr =
Wl fmr)sinfle, can never be accessed. On the
other hand, in grating coupling alone, the ok, —
() feop scan lines do not intersect the branch of the
surface polariton curve along the positive-axes.
ATR-grating coupling is inherently associated
with the largest number of effective scan lines.
The effectiveness of the ATR-grating coupling
scan lines is in that the higher-order reflectivities
can easily be of the same order of magnitude as the
specular intensity. In comparison with the higher-
order reflectivities from grating coupling alone,
those in ATR-grating coupling are therefore
experimentally accessible. MNote that in a full
ATR-grating coupling theory, that is, taking as
many Fourier components of w(x) as necessary, at
least in principle, the whole of the polariton
dispersion curves can be covered for a given single
angle of incidence. There is also no need to
produce several gratings of different periods. The
one grating of reciprocal lattice vector @ can be
rotated through an angle  about the normal to
the interfaces. In that case, the surface then
presents an effective reciprocal lattice wvector,
Our = Qcos @, Again, this means that spanning
the entire window of the surface polariton disper-
sion becomes possible even for a imited number of
the lowest-order scan lines. The advantages of
using first-order perturbation theory over other
methods, for example, the Chandezon method, can

not be over emphasized. However, there are a few
points 1o note regarding first-order perturbation
theory: analytical resulis for the lowesi-order
reflectivities are easily obtained though after
tedious algebraic manipulations. These form a
solid foundation for understanding the basic
physics of surface modes propagating along
corrugated surfaces. This is in part due to the
reduction of the numerous optical parameters (o
which these modes are rather sensitive but none-
theless have to be incorporated in the developed
algorithms. A grating of deep grooves can lead to
complex phenomena such as the coversion of p- to
s-polarized waves. As stated earhier, a grating of
small height scatters light in a much more coherent
manner than does a statistically rough surface or
for that matter a highly modulated corrugated
surface. Gratings of shallow grooves should there-
fore be of more practical interest. In these, the
diffracted intensities beyond those of first-order
are very weak and need not be considered. The
results from first-order perturbation theory can be
used to determine with ease the fundamental optical
variables, for example, the value of the air-gap for
optimum coupling without much computational
effort. The critical optical parameters obtained this
way should be useful in the preparatory stages of
the corresponding experimental set-up.

5. Conclusions

The experimental technique of grating coupling
as a probe for surface excitations was revisited but
m combmmation with the method of attenuated
total reflection. The Oito [18] ATR set-up was
considered and, in addition, a classical grating was
assumed to be deposited on only one of the
mterfaces of a thin film. To be more specific, the
two systems considered were when the grating is
mscribed either on the upper or lower interface of
a surface-active thin-film specimen. Overall each
system constitutes a four medium problem. The
main results of these investigations were the first-
order diffuse reflectivities. These were obtained
within first-order perturbation theory, taking the
grating as a perturbation from the otherwise assu-
med planar supersmooth surface. The reflectivities
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are characterized by polariton structures, which
are peaks or dips, depending on the radiative
nature of the polariton. Dips in the reflectivity
occur when the radiative mode absorbs energy
from the incoming radiation. In association with
the osallatory character of the eleciric field normal
to the undulating surface, £, a polariton can emit
radiation. The emitted radiation then shows as a
peak in the diffuse reflectivity spectrum. A case
can casily be made for ATR-grating coupling
being the most versatile method for probing
surface modes when compared with the two
constituent technigues. The combined method of
ATR and grating coupling can be used to access
parts of the polariton dispersion that neither of the
two constituent technigues can when ecach 18
employved on its own. ATR-grating coupling is
also arguably the most efficient of the three
technigques by virtue of having the largest number
of effective scan lines. Finally, although illustrative
rather than directly predictive, the resulis pre-
sented here may be of value as precursors to
experimental investigations. As stated earher, the
radiative nature of these modes 15 very sensitive (o
the numerous relevant parameters. Reflectivity
simulations based on the analytical results derived
here may therefore be useful in the selection of
some specific values of the relevant parameters for
optimum ATR-grating coupling.
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