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Efficient coupling of surface plasmon polaritons to radiation
using a bi-grating

P. T. Worthinga) and W. L. Barnes
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~Received 9 July 2001; accepted for publication 20 August 2001!

A nanostructured surface in the form of a bi-grating is shown to efficiently couple surface plasmon
polaritons to free-space radiation in the visible part of the spectrum. Coupling was achieved for all
propagation directions of the surface mode and the efficiency found to be independent of the
propagation direction, taking a mean value of 60% for the structure examined. The consequences of
the findings for emissive devices that make use of surface plasmons are discussed. ©2001
American Institute of Physics.@DOI: 10.1063/1.1414294#
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Surface plasmon polaritons~SPPs! are electromagnetic
waves that are guided by a metal–dielectric interface and
of increasing fundamental and technological interest.1–3 In
particular, our ability to fabricate structures on the subwa
length scale is opening up new opportunities in controll
SPPs.4–6 SPPs are often regarded as a problem owing to t
nonradiative nature. Absorption in the metal indicates t
energy coupled to SPPs is usually lost in the form of he
thus quenching optical emission7,8 and detracting from per
formance in devices such as light emitting diodes~LEDs!.9

However, one can now envisage engineering metallic
faces with new optical properties that arise from the inter
tion between SPPs and wavelength scale surface texture
cently a similar approach to extract waveguide modes
explored theoretically10 and successfully applied to organ
LEDs.11 Here we explore the coupling of SPP modes to
diation by focusing on measurements of the coupling e
ciency.

Morelandet al.12 showed that a SPP propagating norm
to the grooves of a single grating could be coupled to rad
tion with an efficiency of up to 80%. However, in general
a device such as a LED, SPP modes will be generated
propagate in all in-plane directions. We recently addres
the question of how the coupling efficiency depends on
angle between the SPP propagation direction and the gra
vector.13 For SPP modes propagating on a singly corruga
surface not all SPP propagation directions can couple to
diation; we found that approximately half of all propagati
directions can couple to radiation. Significantly, for tho
directions that can couple to radiation we found the e
ciency to be independent of propagation angle, taking
value of between 53% and 73%. Could a two dimensiona
corrugated surface do the same for all in-plane propaga
directions? To answer this question we have measured
efficiency with which a bi-grating may couple SPP modes
radiation.

The measurements reported here were obtained u
previously described techniques.12,13 The SPP mode was ex
cited using laser light and the Kretschmann prism coupl
technique, shown schematically in Fig. 1. Once excited
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SPPs are scattered by the corrugation to produce a prop
ing transmitted diffracted order. By determining the ratio
the power in the scattered order to that lost from the incid
beam, the coupling efficiency of SPPs to radiation was
termined. Prism coupling ensures that the SPP propagat
the plane of incidence, thus affording easy control over
SPP propagation direction.

The corrugated surface was obtained by exposing a p
toresist coated silica substrate to an interference pattern
duced by laser interferometry.14 The surface profile was
transferred to the silica substrate by reactive ion etching
then covered with a 6361 nm thick layer of silver. Littrow
angle measurements established the pitch (lg) of both cor-
rugations to be 39961 nm, atomic force microscopy dat
indicated both profiles could be well approximated by a sin
soidal function of amplitude 17.562.5 nm.

The corrugated sample was optically contacted to a si
prism using index matching fluid, thus allowing rotation~f!
of the substrate with respect to the prism and hence plan
incidence. The polar angle~u! of the incident beam~543.5
nm HeNe laser,p polarized! was varied and the powe
emerging in the different diffracted orders then measur
We label reflected and transmitted orders asR andT, and use
a double subscript to indicate the order of diffraction in thex
andy directions respectively~Fig. 2!. A superscript indicates

FIG. 1. Schematic of the prism-coupling configuration used. A laser bea
incident via a silica prism onto the corrugated metal film and excites a
on the air–metal interface. Also shown are the scattered diffracted ord
T21 andR21 and the specular reflection,R0 .
5 © 2001 American Institute of Physics
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the polarization selected at the detector; no superscript i
cates that no selection was made.

The direction of propagation of the diffracted orders c
be evaluated using the wave vector diagram shown in Fig
The grating vectors of the two corrugations,Gx andGy lie in
thex andy directions and have magnitude 2p/lg . The large
dotted circle represents the maximum in-plane wave vect
photon can have when incident from the silica prism~index
ns!, the silica light circle; it has radiusnsk0 wherek0 is the
free space wave vector of the incident beam. Similarly,
smaller dotted circle represents the air light circle, radiusk0 .
For the amplitude of the corrugation used the textured na
of the surface does not significantly perturb the dispersion
the SPP mode from that of a planar surface. The SPP circ
shown as a full line of radius;1.03k0 .15

The four off-center arcs represent the first order scatte
SPP mode, indicated by$n,m% wheren(m) is the order of
x(y)-direction grating scattering. These scattered SPPs
shown as full lines when they lie within the air light circle
the region of wave vector space in which they may couple
free space radiation. The incident beam excites the
mode propagating at anglef with respect to thex axis, rep-
resented by the dotted arrow. The solid arrow represents s
tering by the gratingGx. Consider how the SPP mode ma
be scattered to radiation as the azimuth is increased f
zero. For 0,f,41° the SPP may only couple to radiatio
via Gx . For 41°,f,49° the SPP may couple to radiatio
via both Gx and 2Gy , and for 49°,f,90° only 2Gy al-
lows the mode to be scattered to radiation. As the system
fourfold rotational symmetry this behavior is repeated in
four quadrants, hence SPPs propagating in any in-plane
rection may couple to radiation via first-order scatterin
Having established that all SPP modes may be couple
radiation, we now examine the efficiency of this process

Figure 3 shows the specular,p-polarized reflectivity,
R0,0

p , as a function of the polar angleu for a fixed azimuthal
anglef530°. At u;46.3° the reflectivity drops to a mini
mum; at this angle the in-plane wave vector of the incid
beam and the SPP mode are equal, thus enabling the inc
beam to excite the SPP mode. Figure 3 also shows the po
of the outcoupled SPP radiation, bothp ands polarized, via

FIG. 2. In-plane wave vector diagram of the bi-grating, pitchlg5400 nm
for incident radiation ofl05543.5 nm. The dotted circles are the silica a
air light circles, respectively. The bold circle is the SPP mode. SPP mo
scattered by a grating vector are represented by arcs. Arcs labeled~61,0! are
scattered by the corrugation whose grating vector lies in thex direction,
those labeled~0,61! by the corrugation with grating vector in they direc-
tion. Where these arcs lie inside the air light circle the scattered SPP m
may couple to radiation, in these regions the arcs are shown as full lin
Downloaded 17 Jul 2003 to 144.173.6.79. Redistribution subject to AIP
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Gx scattering,T1,0
p and T1,0

s . The power coupled out in this
way is negligible unless the incident beam is at an an
appropriate for SPP excitation.

The power coupled from the incident laser beam to
SPP mode was evaluated from data shown in Fig. 3. In do
so one has to decide on a reference level. Two choices ca
made. First, the fraction of power coupled to the SPP can
taken as the difference between the incident power and
power reflected at the specular reflectivity minimum, i.
50%. However, we also need to take account of the po
coupled to the other scattered order, the2Gx reflected beam,
R21 ~see Fig. 1!. This contribution was found to be largel
independent of polar angle, taking a value of 963%. On this
basis 41% of the incident power is coupled into the S
Second, examination of the specular reflectivity of Fig.
shows that the reflectivity at the critical edge~u;43°! takes
the value of 0.78. This implies 22% of the incident bea
goes into losses not associated with the SPP resonanc
which 963% is coupled to the2Gx reflected beam, as men
tioned above. Adopting this second approach 28% of
incident power is coupled to the SPP. We thus have an up
estimate of the fraction of power coupled to the SPP mo

es

es
.

FIG. 3. Power in the specular reflected beam,R0
p , and the polarized com-

ponents of transmitted diffracted order,T21
P and T21

S , as functions of the
polar angle forf530°. The power is scaled such that the incident beam
unit intensity.

FIG. 4. Measured coupling efficiency of the SPP mode to radiation a
function of the azimuthal angle. The error bars represent the limits impo
by the two methods used in evaluating the power coupled from the incid
beam to the SPP mode. The horizontal lines represent the azimuthal a
for which each of the scatters may couple to radiation.
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and available for radiation into the air of 41%, and a low
estimate of 28%. The coupling efficiency is obtained by
viding the normalized power in the outcoupled beams by
two estimates given above for the power coupled into
SPP, yielding 49% and 70%, respectively, for this azimut
angle.

Data for different azimuthal angles were obtained fro
which we determined the efficiency with which the SP
couples to radiation in the air half space. The results
shown in Fig. 4 where the error bars correspond to the ra
imposed by the two assumptions for the power coupled fr
the incident beam to the SPP mode discussed above. Fo
structure used here, the efficiency has an arithmetic m
over all propagation directions of 60%. We anticipate t
may be improved by optimizing the surface profile of t
bi-grating.12

In summary, our key finding is that the coupling of SP
propagating in all in-plane directions to free-space radiat
may be efficiently accomplished through the use of an
propriately nanostructured system, in this case a bi-grat
We have thus demonstrated that SPPs can be considere
radiative channel rather than simply as a loss. This open
many interesting possibilities, notably the extraction of lig
from thin-film optical sources containing metallic layers.16,17

The authors would like to thank Piers Andrew and R
Sambles for many useful discussions. The authors are g
ful to both the EPSRC~UK! and the European IST/FET Pro
Downloaded 17 Jul 2003 to 144.173.6.79. Redistribution subject to AIP
r
-
e
e
l

re
ge

the
an
s

s
n
-

g.
as a
up
t

te-

gram~‘‘Quantum Information Processing and Telecommu
cation’’ Project No. 1999-10243 S4P! for funding part of this
work.

1S. C. Kitson, W. L. Barnes, and J. R. Sambles, Phys. Rev. Lett.77, 2670
~1996!.

2A. Tredicucci, C. Gmachl, F. Capasso, A. L. Hutchinson, D. L. Sivico, a
A. Y. Cho, Appl. Phys. Lett.76, 2164~2000!.

3L. Martı́n-Moreno, F. J. Garcı´a-Vidal, H. J. Lezec, T. Thio, J. B. Pendry
and T. W. Ebbesen, Phys. Rev. Lett.86, 1114~2001!.

4T. Ebbesen, H. Lezec, H. Ghaemi, T. Thio, and P. Wolff, Nature~London!
391, 667 ~1998!.

5J. R. Krenn, A. Dereux, J. C. Weeber, E. Bourillot, Y. Lacroute, J.
Goudonnet, G. Schider, W. Gotschy, A. Leitner, F. R. Aussenegg, an
Girard, Phys. Rev. Lett.82, 2590~1999!.

6S. I. Bozhevolnyi, J. Erland, K. Leosson, P. M. W. Skovgaard, and J.
Hvam, Phys. Rev. Lett.86, 3008~2001!.

7W. L. Barnes, J. Mod. Opt.45, 661 ~1998!.
8H. Morawitz and M. Philpott, Phys. Rev. B10, 4863~1974!.
9H. Becker, S. E. Burns, and R. H. Friend, Phys. Rev. B56, 1893~1997!.

10H. Rigneault, F. Lemarchand, and A. Sentenac, J. Opt. Soc. Am. A17,
1048 ~2000!.

11J. M. Lupton, B. J. Matterson, I. D. W. Samuel, M. J. Jory, and W.
Barnes, Appl. Phys. Lett.77, 3340~2000!.

12J. Moreland, A. Adams, and P. K. Hansma, Phys. Rev. B25, 2297~1982!.
13P. T. Worthing and W. L. Barnes~unpublished!.
14S. C. Kitson, W. L. Barnes, and J. R. Sambles, IEEE Photonics Tech

Lett. 8, 1662~1996!.
15H. Raether,Surface Plasmons~Springer, Hamburg, 1988!.
16J. Vuckovic, M. Loncar, and A. Scherer, IEEE J. Quantum Electron.36,

1131 ~2000!.
17W. L. Barnes, IEEE J. Lightwave Technol.17, 2170~1999!.
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp


