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Surface-plasmon-polariton mode conversion on rough interfaces
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We have observed mode conversion in the structure that supports two surface-plasmon polaritons.
This mode-conversion phenomenon shows up as the emission from both modes, when either of the
modes is excited, and is due to intrinsic roughness of the interfaces. We present an outline of a first-
order (in roughness) Green's-function-based theory that yields a simple expression for the scattering
cross section and which is in good agreement with the experimental data. Implications of these re-
sults for light-emitting tunnel junctions are discussed.

INTRODUCTION

Surface-plasmon polaritons (SPP) have been found to
play important roles in optical processes involving metal-
lic surfaces. In the case of surface-enhanced Ram an
scattering (SERS), ' their resonant excitation by the in-
cident laser beam generates strongly enhanced electric
fields near metal surfaces and causes at least part of the
enhancement of Raman scattering by adsorbed mole-
cules (the so-called "electromagnetic effect" in SERS).
The same effect also results in enhanced second-harmonic
generation (SHG) at the metal surface. In the case of
light-emitting tunnel junctions (LETJ), SPP are excited by
tunneling currents and they in turn emit external light. '

The SPP on a perfectly Bat metal surface are nonradia-
tive; thus to facilitate radiative decay of SPP into external
light, one must roughen the surface or draw a grating on
the tunnel-junction surface to break the conservation of
wave vectors k~ parallel to the surface. Or one can pro-
vide coupling by a prism as was demonstrated recently by
one of us. ' In Ref. 10 it was suggested that the slow
mode of the tunnel junction is being converted to the fast
mode which is radiative in the coupler prism. This cross
coupling or mode conversion was assumed to occur due
to residual roughness of the junction. More recently,
Gruhlke, Holland, and Hall" have demonstrated the ex-
istence of mode coupling between the two SPP modes that
propagate on the opposite sides of a silver film. On the
theoretical side, Weber and Mills' presented a theory of
cross coupling between different modes of SPP in a metal
film. This is the background through which we hav~
come to focus our attention on the question of mode con-
version among different modes of SPP in thin metal films.

In this paper we present an outline of a physically ap-
pealing theory of mode coupling or conversion between
two SPP modes of a thin-metal film via surface roughness,
and demonstrate the applicability of the theory to experi-
mental results. The main purpose of this paper is to show
that a qualitatively satisfactory theory of mode conversion
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FIG. 1. Sample and experimental geometry. The cones
represent light emitted by the two surface-plasmon polaritons
of the silver film. The angle of emission is determined by the
mode dispersion relations. The intensity of emission is moni-
tored by two p-i-n photodiodes positioned on the cones in the
plane perpendicular to the plane of incidence. The p-polarized
laser beam can excite either of the modes depending on the an-
gle of incidence.

can be formulated and that it agrees well with actual mea-
surements. Thus, we will defer the detailed derivation to
another paper' dedicated to the theory, and in this paper
we will concentrate on the comparison of theoretical re-
sults with experimental results.

Consider the sample geometry shown in Fig. 1, con-
sisting of a hemispherical glass prism (e =2.3), an
MgFz film (e= 1.9) and an Ag film. The Ag film is
bounded by vacuum and the MgF2 film; thus, there are
two modes of SPP arising from the two inequivalent in-
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surface. k; is the parallel component of the wave vector
of the incident light, and we observe the radiation emitted
90' away in the azimuthal direction from k;. In our ex-
periment two detectors were located in the directions cor-
responding to k, and ky in Fig. 2(b). Thus, one detector
measures emission from the slow mode with wave vector
k, and the second detector measures emission from the
fast mode at k~. In what follows we will call these detec-
tors "slow-mode detector" and "fast-mode detector, " re-
spectively. The emission intensities were measured by the
two detectors as the magnitude of k; was varied over the
range covering both k, and k~. As we describe later,
when either of the modes is excited both modes radiate
light into the detectors, showing that mode conversion is
taking place.

In the following sections we will present the outline of a
Green's-function theory that describes mode conversion
via small surface roughness, and then describe the details
of the experiment.

THEORETICAL MODEL

k„

FIG. 2. (a) Schematic representation of the dispersion relation
for the two SPP's supported by silver film in Fig. 1. The straight
lines are the light lines in the various media. (b) The relationship
among the wave vectors in the plane of the film.

terfaces of the Ag film. The mode structure (dispersion
curves) of this layered structure is schematically shown
in Fig. 2(a). The "fast" mode is predominantly localized
at the Ag/vacuum interface and the "slow" mode is
similarly localized at the MgF2/Ag interface. Since the
dielectric constant of BK7 glass (Schott Optical Glass
Inc. ) is greater than that of the MgF2 film, a portion of
both of these modes lie to the left of the light line in the
prism. Thus, both the slow and the fast modes are radi-
ative in the prism. Consequently, when one shines a
beam of light through the prism at appropriate angles of
incidence 0, either of the modes can be excited; i.e.,
when

(~ )1/2
sin6=k, or kI,

C

where k, and k~ are the wave vectors of the respective
modes at frequency co as shown in Fig. 2(a).

Now the question we ask is as follows: in the presence
of surface roughness, how much of the energy injected
into either mode at k, or kI is converted to the other
mode or the same mode with a di6'erent kii vector? Figure
2(b) shows the wave-vector relations in the plane of the

The scattering of light by rough interfaces has been
considered by numerous authors. Various formalism s
have been used, ranging from a relatively simple Fresnel-
coefficient-type approach' to a more general apparatus of
electromagnetic Green's functions. ' ' Most of the au-
thors considered specific experimental geometries, with
only one [Bousquet et aI. (Ref. 17)) presenting a full
theoretical treatment extended to a general case of an ar-
bitrary multilayer stack. In what follows, we outline a
formalism that is based on the electromagnetic Green's
function and which was generalized to an arbitrary num-
ber of layers. Such generalization is possible because of a
certain symmetry property these functions have to satisfy
with respect to the location of source and observation
points. This symmetry property and the method of evalu-
ation of the Green's functions for an arbitrary stack is ful-
ly discussed in our recent paper (Ref. 18). As in all previ-
ous treatments, we treat roughness in a first-order approx-
imation, this being justified by a relative weakness of the
roughness-induced scattering. In the final formulas for
intensity of scattered light, the roughness enters through
its statistical properties including a cross-correlation term
that describes a degree to which profiles of various inter-
faces are related to each other.

We consider an arbitrary stack (Fig. 3) of n dielectric
layers each described by a local, linear, and isotropic
dielectric constant e; and of unit magnetic permeability p.
The layers are separated by rough boundaries located at
z =z;(x), where x is a vector in the x-y plane. Since the
actual profile of a rough interface is never known, z;(x)
will be considered a random stochastic process. We intro-
duce a nominal planar boundary located at z;, such that
(z;(x) —z;)—:(g;(x)) =0, where angular brackets denote
averaging over all possible interface profiles. The devia-
tion of the profile from the nominal boundary position is
assumed to be very small. The geometry of Fig. 3 and the
following theoretical treatment is a generalization of
simpler geometries previously considered by Laks and
Mills' and Mills and Maradudin. '

Electromagnetic properties of this geometry are given
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by a set of Green's functions D p(r, r') in the sense that
once a driving current J(r') is known, the electric fields
can be calculated everywhere by the equation

E (r)= — g f d r'D p(r, r')J~(r') .
C p

Here, subscripts a and P take on values x, y, and z. The
full Green's functions D p(r, r') can be represented by a
sum of Green's functions for a stack with perfectly
smooth interfaces D p(r, r') and the correction term,
D' p(r, r'), due to the presence of roughness: Z =Z

D p(r, r')=D p(r, r')+D'p(r, r') . (3)

The Green's functions for the smooth stack are known
and can be used to obtain a first-order approximation to
the full Green's function. The correction term, which is
responsible for mode conversion, is given by

Z3

2

D'p(r, r')= — g fd'r"[e(r") —e (r")]
4~c Z

n -1

XD ~(r, r")D~~(r",r'),

where e(r) includes the effect of rough boundaries and
e (r) is the dielectric constant of a perfectly smooth stack.
Application of the Rayleigh hypothesis together with the
assumption of small roughness yields a first-order approxi-
mation

&n

FIG. 3. An arbitrary stack of dielectric layers with rough in-

terfaces. The z direction is normal to the stack.

2 7l

D'p(r, r')—= — g (E; —e; ~) g f d x"D ~(x, x",z,z+)D~p(x", x', z;,z')g;(x"),
4vrc i=2 y

where z;—=z;+5 and 6 is a small positive quantity. The
physical contents of Eq. (4) can be better appreciated by
writing an explicit expression for the amplitude of the
scattered fields:

E (r)=—
c 2

n

X g g f d x "D z(x, x",z, z;+)Jz'(x",z;+),
I =2

where

2

J~'(x",z) = —
~

g;(x")(e;—e; ))
4~c

&& g f d r'D~~(x", x', z, z')Jp(r') .

Thus, the scattered field is due to a set of current sheets
J"(x",z;+) localized in the roughness region of the stack

and radiating as if no roughness was present. These
roughness-generated current sheets are proportional to
g;(x) and to the difference between currents generated on
two sides of a perfectly smooth interface by an external
current source J(r'). Such a sheet current source was in
fact a starting point in the early treatment of light scatter-
ing from rough planar interfaces given by Kroger and
Kretschmann. '

As will be shown in Ref. 13, Eq. (5) leads to rather sim-
ple expressions for scattering cross sections. The scatter-
ing cross section is defined as the power radiated in the
direction (H, P), per unit solid angle, per unit incident flux
in the direction (O', P'). The scattering cross section thus
defined determines the conversion rate or cross-coupling
rate between the modes separated in the k~~ space by
Ak:—k„—kr where k„ is the wave vector of the scattered
mode in the plane. For the four possible combinations of
incident and scattered light polarization, the cross sections
are given by

4 n 2
o'~ ~

=
2 4 g (e; —e; ~)g;(bk)E~(k, „z;+)E~(kl,z; )+cos(P P')Ef~'(k„, z;+)EI'(kl—,z; )

(4~) c; z
(6a)
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4 n 2

o., ~
= g (e; —e; i)g;(bk)EII(k„,z;+)E'~(kl, z; ) sin (P —P'),

(4~) c
(6b)

4 n 2

(e; —e; &)g;(bk)E~~(k„,z;+)EII(kl, z; ) sin (P —P'),
(4n) c

4 P1
2

cr, , = z 4 g (e; —e; &)g;(b,k)E~~(k„,z;+)Ell(kr, z; ) cos (P —P') .
(4') c

(6d)

Here, we assumed that both the source and the detector
are far away from the stack

~

r,
~

r'
~

~ oo. In Eqs.
(6a)—(6d), kI and k„are in-plane (x —y) components of
wave vectors of incident and scattered radiation,

kr =(e; )' (co/c)sin8'(cosP', sing', 0},
k„=(e„)' (co/c)sinO(cosg, sing, 0),

and g;(k) is a Fourier component of g;(x). Ef~(k, z),
E~(k, z), and EII(k, z) are the components of electric
fields at location z due, respectively, to s- and p-
polarized, unit-amplitude plane waves incident upon the
perfectly smooth stack. Physically, E(k, z) reffect the
"efficiency" with which external sources generate fields
within the structure. For p-polarized fields, the E(krz)
factor has strong resonances whenever k corresponds to
one of the normal modes of the structure. Note that we
have both E(kr) and E(k„) in the preceding equations.
The first is obviously related to incident radiation, it
determines field strength at the rough interface. The
second which physically must correspond to the
efficiency with which roughness-induced current radiates
energy out is given by E(k„), the "efficiency" of the re-
verse process. That this is so follows quite generally
from the Lorentz reciprocity theorem. ' ''

From Eqs. (6a) and (6b) it is clear that the cross section
will have a rather pronounced maximum when both k,„.

and kq are the wave vectors of resonant modes of the
dielectric stack. Since as we mentioned before the metal
film can support only transverse magnetic modes
(equivalent to p polarization), we expect only the cr(p~p)
cross section to exhibit a strong maximum.

I

limated inside the prism with the help of a lens. Two p-i-
n photodiodes measure light scattered into two polar an-
gles corresponding to two surface-plasmon polaritons in
the plane normal to the plane of incidence. Light that
reaches the detectors is due to a scattering process depict-
ed in Fig. 2(b). The two circles represent the magnitudes
of the wave vectors of the two surface-plasmon polaritons
supported by a silver film at a fixed frequency correspond-
ing to the wavelength of 632.8 nm. With the incident
beam driving the fast mode directly (the situation depicted
in the figure), the slow detector detects conversion of the
driven fast mode into the slow one. The other detector
(fast} records scattering of the fast mode into another fast
mode propagating at 90' with respect to the original direc-
tion of propagation (kr). The experimental data (see Figs.
4 and 5) clearly demonstrate that these two processes
occur simultaneously. For example, when the angle of in-
cidence is -43.2, which corresponds to the direct excita-
tion of the fast mode, both the slow- and the fast-mode
detector show an increase in the scattered intensity. A
similar effect is observed at 83.4 angle of incidence when
the slow mode is driven. Note the Fano-type line shape
of the slow- to fast mode conversion process. This feature
of the data is fully accounted for by the theory, and as we
show below reflects the fact that the mode conversion
occurs at all rough boundaries of the stack.

EXPERIMENT

Figure 1 shows the sample and experimental geometry
used in this work. The sample was a hemispherical glass
prism (BK7: e~ =2.3) coated with an MgF2 spacer of
thickness 260 nm and a 46-nm Ag film on top. Both
films were prepared by evaporation in a standard liquid-
nitrogen-trapped, diffusion-pumped vacuum system at
pressures in the 10 -Pa(10 -Torr) range. The glass
prism was at room temperature and the Ag evaporation
followed MgF2 evaporation without a break in vacuum.
The surface roughness that is responsible for the mode
conversion was not introduced intentionally, but it is
present naturally from the evaporation process.

A 632.8-nm laser beam was used to excite directly one
of the modes by rotating the prism so that the incident
angle satisfies Eq. (I). The beam was p-polarized and col-

O

fast
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Z.'
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40 50 60 70
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80

FIG. 4. The intensity of emission into (a) the fast mode and
(b) the slow mode as a function of the angle of incidence.
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FIG. 6. The theoretical fit to the response of the slow-mode
detector in the region where the fast mode is driven directly.
The curves labeled a, b, and c represent, respectively, contribu-
tion from Ag-MgF2, Ag-vacuum interfaces, and the interference
term (cross correlation). Fit parameters are listed in the caption
to Fig. 5.

DISCUSSION

Experimental data presented here clearly demonstrate
that even on metal films that are not intentionally
roughened, the roughness-induced mode conversion does

reproduce the relative strength and angular dependence of
the fast-to-slow conversion process, but underestimate the
strength of the reverse process (slow to fast). We believe
that this is an experimental artifact due to scattering of
the incident laser beam on the edge of the prism, since the
excitation angle for the slow mode was very close to the
edge of the prism at 83 .

We do not quote here the absolute values of the
roughness parameters. In order to obtain these, one
would have to make absolute intensity measurements or
relax the assumption of Ak independence of g factors in
Eq. (9), and then try to fit the experimental data with
some assumed Ak dependence of the g factors. We feel
that the inherent difficulty of absolute intensity measure-
ments of scattered light, and the fact that the exact func-
tional form of the g(Ak) factors is always unknown
would make such an undertaking questionable at best.

Figure 6 shows explicitly the contribution of each
term in Eq. (9) to the total scattering cross section for
the slow-to-fast conversion process. Note that the
overall line shape is determined by all three terms, since
the contribution of the cross-correlation term (interfer-
ence effect) is comparable to the direct emission from the
two interfaces.

indeed occur. By applying a standard theoretical treat-
ment (generalized to an arbitrary planar stack) that treats
roughness in the first-order approximation we obtained a
rather simple physical picture of the mode-conversion pro-
cess. The salient points of this picture are as follows.
The scattering of, say, mode 3 into mode B occurs on
each rough interface of the stack with the rate determined
by roughness parameters and the intensity of the electric
field of a scattering mode 3 at this interface. If the excit-
ed mode B is radiative, emission will be proportional to
the intensity of the electric field this mode would have if it
were excited by radiation from outside the stack. The to-
tal emission by a particular mode is the sum of emissions
from all interfaces modified by interference terms if
roughnesses are correlated. Our experiment confirms that
the theory is sufficiently accurate.

We would like to conclude with a few remarks regard-
ing light-emitting tunnel junctions (LETJ). We note first
that real-world structures are unavoidably rough; thus,
in view of our results roughness-induced scattering has
to be included in the full theory of emission from such
structures, even if the geometry is such that it allows
direct radiative decoupling of some of the modes (prism,
grating). In fact, the calculations'" assuming smooth in-
terfaces failed to account for the spectral distribution ob-
served experimentally for LETJ fabricated on a prism
coupler. ' We note that the formalism sketched in the
present paper could easily be utilized in the more realis-
tic (i.e., including roughness) LETJ calculations. The
only difference between the situation considered in this
paper and the LETJ is the location of the current
source. We assume a source external to the stack, while
in LETJ the source is inside the stack. The remaining
parts of the model still apply. Specifically, the emission
by a particular radiative mode will be determined by a
sum of direct emission process and the conversion pro-
cesses [Eq. (6)] occurring at all rough interfaces with
each interface z; emitting with the efficiency determined
by E(k, zc,a), i.e., with the same efficiency that an exter-
nal source generates fields inside the structure. This
feature of the theory implies that at least in theory a
structure consisting of a metal film, tunneling spacer,
and an optically transparent electrode decoupled
through the prism, should improve efficiency of LETJ
provided that the source current is localized in the
spacer as has been in fact suggested.
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