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In this letter the authors describe a particular method to outcouple in air, via surface plasmons 共SPs兲,
optical radiation trapped in leaky waveguide modes of a resonant-cavity light-emitting diode. The
deposition of a thin metal layer on the device surface creates SP modes at both the metal-dielectric
interfaces. The successive overcoating of the metal layer with a thin polymer film and the
roughening of its surface produce outcoupling of radiation trapped in leaky modes via SP modes.
Experimental results for polarization resolved reflectivity and emission spectra are in excellent
agreement with theoretical predictions. © 2006 American Institute of Physics.
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Surface plasmons 共SPs兲 are transverse-magnetic 共TM兲
waves supported by electron gas oscillations at a metaldielectric interface. In the case of a smooth interface the
dispersion relation that defines SP modes lies below the light
line  = ck, with  the electromagnetic wave frequency, c its
speed in vacuum, and k its propagation vector.1 For this reason SP modes cannot radiate and usually are described as
evanescent waves decaying away rapidly from the metaldielectric interface. In very thin metal films bounded by two
dielectric materials the two SP waves at each metal-dielectric
interface can couple to form a new type of mode called
coupled SP mode that can favor transfer of energy from one
medium into the other.2 The extraction of optical radiation
from light sources using SP modes requires a method to
change the SP momentum to make it radiative. The formation of diffraction gratings on the surface of an organic lightemitting diode3 共LED兲 and the definition of a periodic pattern
of submicron holes in the top layer of a semiconductor LED
are two possible solutions to outcouple SP modes in air.4 A
hemispherical prism is also another useful tool to extract
surface plasmon coupled emission5 from fluorescent dye
molecules 20– 250 nm away from a metal surface.
In this letter we describe a simple method to outcouple,
via SP modes, optical radiation trapped inside a particular
light source called resonant-cavity LED 共RCLED兲. This extraction scheme requires only a thin gold layer with a rough
surface and a very thin overcoating of a polymer called
polymethylmethacrylate 共PMMA兲. The realization of this
type of device has been motivated by the growing interest in
developing new surface sensitive biosensors.6 There are several techniques to immobilize biological and biochemical
samples on a surface of a biosensor.7 The availability of a
light source whose output properties change in a controlled
way depending on the substance present on its surface would
allow for the realization of a new compact SP based biosensor with integrated illumination.
The RCLED is a semiconductor LED whose active region is embedded in a one-wavelength cavity to resonantly
enhance its optical emission.8 As can be seen in Fig. 1, this
device is formed by two distributed Bragg reflector 共DBR兲
produced by alternating several pairs of  / 4 layers of
Al0.5Ga0.5 As and AlAs. They define a 1  cavity containing
a兲
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the active region composed of three GaInP / AlGaInP quantum wells with peak emission wavelength at 645 nm. The
emission modes of the RCLED can be divided in three categories: Fabry-Pérot modes, leaky modes, and guided
modes.9 Fabry-Pérot modes are defined by the cavity resonance; they are emitted from the top of the device and their
angular emission is limited by the critical angle c for total
internal reflection between the semiconductor material and
the external medium where these modes radiate. Guided
modes are determined by the waveguiding properties of this
structure in the direction parallel to the epitaxial plane; they
are confined in the active region of the device and are emitted only from its side. Leaky modes are created by the particular structure of the DBR and are usually an unwanted
loss in a standard RCLED. Light tends to propagate in the
region where the refractive index is the largest.10 Since GaAs
and Al0.5Ga0.5As have refractive index higher than that of
AlGaInP, part of the optical radiation generated in the active
region is coupled into these layers of the DBR forming leaky
modes towards the surface or the substrate of the device. The
epitaxial structure of the RCLEDs for this project is terminated by a 10 nm thin cap layer of GaAs used normally to
define via anodic oxidation insulating regions on the top of
the device.11 In the devices made for this project the cap
layer is left unoxidized. Optical radiation in leaky modes is
guided efficiently underneath the RCLED surface where it
can interact with surface modes, as shown in the sketch of
Fig. 1, and be outcoupled into air.
Since our final goal is to develop a new surface sensor
for biological and biochemical substances deposited on the
top of the device, we process large area samples, typically
5 ⫻ 5 mm2, whose emission can be easily analyzed with an
optical fiber or a charge coupled device camera. Due to their
large size, these devices can be considered as onedimensional resonators in the direction orthogonal to the epitaxial plane. To fabricate these devices we deposited 50 nm
of gold over the entire top surface of the chip using a thin Cr
layer 共2 – 4 nm兲 to improve the gold adhesion to the semiconductor surface. The metallization covered the entire surface of the emitting device to produce uniform current injection and was followed by thermal annealing at 385° in a
nitrogen atmosphere. This process improved the p-type
Ohmic contact and created the surface roughening12 that
made possible outcoupling of SP modes in the dielectric
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FIG. 1. 共Color online兲 Schematic representation of the multilayer structure
of a RCLED. The z axis defines the
vertical direction of growth of the
multilayer structure while the r axis
defines the epitaxial plane where the
SP modes lie. The active region, represented by the narrower part of the
drawing, is sandwiched between two
DBRs. The top DBR has a capping
layer made of GaAs where the gold
layer is deposited. The dielectric overcoating is PMMA. The three types of
optical emission from a RCLED are
represented schematically and are explained in detail in this letter.

medium.1 The metal layer generated SP modes at both the
metal-dielectric interfaces and was thin enough to allow for
interaction between SP modes at the top metal-dielectric interface with leaky modes at the semiconductor surface.
In Fig. 2 we have merged two images of the surface of
the thin gold layer deposited onto GaAs before 共picture on
the left兲 and after 共picture on the right兲 thermal annealing.
These images, taken with a scanning electron microscope,
show clearly how thermal annealing, as reported in Ref. 12,
causes the formation of nanometer scale metal islands that
transform drastically the structure of the metal surface. In the
1970s it was demonstrated that the formation of a thin dielectric layer on the top of a metal could alter the SP resonance properties.13 Following these results we deposited a
thin coating made of 200 nm of PMMA over the gold layer
to study its effects on the SP’s optical properties and consequently on the device optical output. Three small regions
with size of 0.5 ⫻ 0.5 mm2 on one side of the device were
left uncoated to provide a direct comparison of the effects
produced by the dielectric coating.
The first analysis consisted of taking polarization resolved reflectivity measurements of parts of the device with
and without PMMA at different angles of incidence. Two TM
polarized reflectivity spectra taken at 70° with respect to the
normal to the surface are shown in Fig. 3. The bottom curve
corresponding to a region covered with PMMA shows a clear
dip in the reflectivity at 0.55 m which we attribute to coupling of the incident radiation with SP modes at the metaldielectric interface via surface roughness. To model this process and verify the validity of this assumption we have
calculated the k vectors of the SP ksp given by the dispersion
relation for an air-dielectric-metal film system:9

the metal film are, respectively, d and m while t is the
thickness of the dielectric layer.
The solutions of Eq. 共1兲 are used to verify the validity of
the in-plane momentum conservation at the metal surface for
a wave incident at an angle  with respect to the normal
expressed by
k sin共兲 + kr = ksp .

共3兲

The terms ksp and kr are the moduli of the SP mode k vector
and of the k vector representing the scattering induced by
surface roughness.
Since the k vector of the incident radiation and its incidence angle  are known and ksp can be calculated using Eq.
共1兲, Eq. 共3兲 allows one to calculate the average k vector kr. At
the wavelength of 0.55 m, kr is found to be equal to
9.4 m−1, in good agreement with typical values of the
roughness period of metal surfaces reported in the
literature.14 Modeling surface roughness of a metal layer is
usually done using a spectral density function s共k兲 that gives
values and ranges of the momentum that can be transferred
into photons.1 The irregularity of a rough surface broadens

mk2关1 + r共k兲exp共− 2k2t兲兴 + dk3关1 − r共k兲exp共− 2k2t兲兴 = 0,
共1兲
with
r共k兲 = 共dk1 − k2兲/共dk1 + k2兲.

共2兲

ki are defined as k21 = 共k2 − k2o兲 in air, k22 = 共k2
dielectric medium, and k23 = 共k2 − mk2o兲 in the

The k vectors
− dk2o兲 in the
metal film. The permittivities of the dielectric medium and of

FIG. 2. Scanning electron microscope images of Au surface not annealed
共left兲 and annealed at 385° for 5 min in nitrogen atmosphere 共right兲.
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FIG. 3. 共Color online兲 TM polarized reflectivity spectra of a region uncoated
共thick line兲 and of a region coated 共thin line兲 with PMMA at an angle of
observation equal to 70°.

the spectral function s共k兲. Hence it has a specific spectral
width ⌬kr that can be calculated using Eq. 共3兲. By taking the
k vector corresponding to the reflectivity cut off at about
0.68 m in Fig. 3 and the k vector of the SP mode at this
wavelength, the value of ⌬kr was found to be equal to
3.3 m−1.
The emission spectra from these devices have been collected with an optical fiber close to the surface of the device
and connected to an optical spectrum analyzer ANDO
AQ6315. The thick lines in the inset of Fig. 4 represent emission from parts coated with PMMA and the thin line emission from parts uncoated. The RCLED output emission depends on the direction of observation7 and has a maximum at
the angle at which the frequency of the resonant Fabry-Perot
mode coincides with that of the peak gain of the active medium. The spectra have been normalized to the emission values at normal incidence since our interest is only in the quantification of the relative enhancement mediated by SP modes.
As can be seen by comparing these data, the relative enhancement starts at 30° and reaches a maximum of about
40% at an angle equal to 50°. In the main part of Fig. 4 we
have plotted the ratios of the spectral peak intensities from

regions with and without PMMA at various angles of observation to show clearly the maximum enhancement at 50°. By
using Eq. 共3兲 for the conservation of momentum at the wavelength of 0.64 m, with the k vector ksp of the SP calculated
using Eq. 共1兲 and the k vector kr of the surface roughness
calculated from the reflectivity data, the angle of maximum
emission in air is found to be equal to 49°, in good agreement with the data in Fig. 3. By using Eq. 共3兲 and replacing
the k vector of the surface roughness with the sum of kr and
its bandwidth ⌬kr, the minimum angle of emission into air
can be found to be equal to 26°, again in good agreement
with the experimental data. When the angle of emission
into the PMMA reaches the value of 41.8°, the angle of
total internal reflection for the interface PMMA-air, light
scattered from SP modes cannot be outcoupled directly into
air anymore.
The beam shape of this set of RCLEDs is doughnutlike
since there is detuning between the cavity resonance and the
peak gain of the active medium.9 The top emission from the
device coated with PMMA is altered to produce a wider ring
of emission due to the enhanced intensity at 50°. By bringing
the optical fiber close to the cleaved facets of the devices, it
is possible to measure a decrease of the side emission from
regions coated with PMMA in correspondence with the enhancement of their top emission. This decrease of optical
emission is found to be in a spectral range that contains the
TM polarized leaky modes that are outcoupled on the top of
the device by the nanostructure.
To conclude, we have demonstrated that the deposition
of a thin dielectric layer on the gold coated surface of a
RCLED modifies its emission through outcoupling of optical
radiation via SP modes. This emission enhancement is in a
direction determined by the momentum matching between
photon, surface plasmon, and the effective grating formed by
the rough Au surface. This device has potential application as
a SP based biosensor for biological samples immobilized on
its upper surface.
The authors wish to acknowledge the Wellcome Trust for
financial support 共Grant No. 072640/Z/03/Z兲 and Glyn Summers for his precious help to prepare various experimental
setups.
1

FIG. 4. 共Color online兲 Peak intensity ratios of emission from regions coated
with PMMA and uncoated. Inset: emission spectra from regions of the
RCLED surface uncoated 共thin lines兲 and coated 共thick lines兲with PMMA.
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