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ABSTRACT

When the emission of light by molecules, excitotts &akes place close to a thin metallic film, cling of power to
surface plasmon-polariton (SPP) modes supportatidoynetal film often dominates. We explore thaur@bf the SPP
modes and examine how the energy lost to them eanetovered through the use of periodic, wavelersgtie
microstructure. We show that the photoluminescemession from a structure containing is much ggesrthan that
from a similar planar structure. We look at thgartance of the exact details of the microstructumethe emission
process.

1. INTRODUCTION

Top-emitting organic light-emitting diodes (OLEDspntinue to attract attention for applications sashdisplays.

These device are of particular interest since timay be fabricated directly on top of an opaque tates such as
silicon, thereby allowing display elements and oconélectronics to be integrated. In top-emittidEDs emission

usually takes place through the metallic cathoglgically 50 — 100 nm thick. As with all displays efficiency is a key
issue, and optical out-coupling remains the leasebbped aspect of device efficiency. Excitonsgaeerated within

an OLED by the injection of charge carriers ani ithe subsequent radiative decay of these excitmtsproduces

light. However, the probability that exciton decail lead to an emitted photon is reduced by congpbf the exciton

to bound optical modes, specifically wavegufdand surface plasmon-polariton (SPP) modesipported by the
structure. As we have previously shofyrpower lost to SPPs can account for up to 40%hefgower that would

otherwise have been radiated. In this paper wenmethe photoluminescence (PL) emission of liihoaigh various

micro-structured thin metal films in order to detéme whether some of the power lost to SPP modedeaecovered,
and thus lead to improved device efficiency in ¢éopitting OLEDs.

SPPs are trapped electromagnetic surface modesdtiat at the interface between metal and dieleotedia and are a
combined oscillation of the electromagnetic fielddathe surface charge density of the metal. SP&s h
electromagnetic fields that decay exponentiallp inbth the metal and dielectric media that bourdititerface. On a
planar surface their combined electromagnetic feldace charge nature means that they are noatirain nature.
This non-radiative nature is illustrated in figur@) which shows a schematic dispersion diagragnlanfrequencyw,

vs. in-plane wavevectolk, , for a thin planar metal film bounded on one digean organic layer and on the other by

air (here in-plane refers to the plane definedhgyinterfaces of the structure and, where it refeemissionk, is also

in the plane containing the emission direction)he Bhaded area in Fig. 1(a) is the air light-ca@mesenting those
combinations of frequency and in-plane wavevectsoaiated with photons propagating in the air bpHee. From
Fig. 1(a) it may be seen that for a given frequetheywavevector of the SPP mode always lies outsiddight cone,

and is thus non-radiative nature.

One method of recovering the energy lost to SPPesgsl to introduce some means by which the SPP Bragg
scatter so as to reduce its momentum (wavevecatorttaus couple to light. Figure 1(b) shows howititeoduction of
a periodic microstructure (pitchg) into the metal allows the momentum (wavevectdr)tte SPP mode to be
reduced/augmented by a integer number of gratiotpue k (= 2n/Ag) to lie within the air light-cone and thus couje
light. In the work presented a number of such aogdeally micro-structured metal films have beesed to
demonstrate that SPP mediated emission of ligbtutitr a thin metal film may be achieved.



From figure 1 it may be seen that a metal film korthon one side by an organic emissive materiabantthe other by
air will support two SPP modes, one associated wibh metal/dielectric interface. Excitons withire organic
emissive material may then couple to each of thesges via the near-field of the emitting exciton.
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Fig. 1 (a). Schematic representation of a dispersiap for a thin metal film bordered on one sigeb organic light-emitting
material and on the other side by air. The shadgibn labeled “air light-cone” represents the treacies and wavevectors
accessible to light propagating in air. Note, ith@lane wavevector range fromy R to k/ 2 corresponds to the first Brillouin
zone. (b). A schematic representation of a dispenmap for a corrugated thin metal film borderedome side by an organic
light-emitting material and on the other side by. aiThe area enclosed within the dashed lines sepis the range of
frequencies and wavevectors presented in Figui@te that for clarity the horizontal scale usedrig. 1b is not the same as
la.)



Numerical calculations in which the emitter is mibel as an electric dipole (Fig. 2) show that thi®cess is
dominated by losses to the SPP mode associatedhgitimetal/organic interface, with the couplingh® mode being
approximately 2 orders of magnitude greater thahtththe metal/air SPP. These data (Fig. 2) atdithat any scheme
to recover energy lost to SPP mode should focushenrecovery of the metal/organic SPP in order Bximize
emission.
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Fig. 2. Calculated power dissipation spectrum dogarithmic scale for an emitter located in thghtiemitting layer at a
distance of 20 nm from the metal surface. Theelgogak at a normalized in-plane wavevector of ~rdpfesents power being
lost to the metal/organic SPP (SPP2), the insa isxpanded plot (linear scale) of the featurediata with the metal/air SPP
(SPP1).



2. RESULTS

A natural approach from the fabrication perspectiventroducing the microstructure is to imposes thiicrostructure in

the substrate on which the OLED is fabricated. didethis by using interference lithography, folladviey deposition of

a dielectric layer doped with Adjgcapped with a thin layer of silver. The PL dstt@wn in figure 3 from this structure
reveal something very interesting; the SPP assmtiaith the Ag/air interface is the strongest featpresent in these
data, whereas the calculations showed (figure @&)ttte SPP mode associated with the Ag/organicfate takes much

more energy from the emitters.
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Fig. 3. (a) Dispersion maps of the TM polarized tphoninescence emission obtained from a sampleagong a 43 nm thick

micro-structured Ag film}g = 338 nm (shown inset). (b) TM polarised PL emisghrough both micro-structured and planar
43 nm thick Ag films, both spectra were obtainedraemission angleof 20°.



A natural approach from the fabrication perspedtiventroducing the microstructure is to imposes timicrostructure in
the substrate on which the OLED is fabricated. Phedata shown in figure 3 from just such a strietteveal

something very interesting; the SPP associated tvghAg/air interface is the strongest feature gme$n these data,
whereas the calculations showed (figure 2) thaSfAP mode associated with the Ag/organic interfakes much more
energy from the emitters.

The reason for the SPP associated with the Agigérface appearing stronger in the PL even thohghAlg/organic
interface SPP carries much more power turns oatise from a subtle interplay between two diffemrenttes by which
the Ag/organic SPP may be scattered to radiatidmese two pathways are, first, the mode may scaffethe
corrugation at the Ag/organic interface and theratienuated as it propagates through the metathet@ir half space,
second, the field associated with this SPP modeetkiats (attenuated by the metal film) at the Agfsterface may be
scattered by the corrugation at that interface.es€htwo routes by which emission may take placeo&rgimilar
amplitude (both suffer the same attenuation) bet @imost exactly out of phase so that there islymeamplete
cancellation®>. There are a variety of ways in which this célatien may be overcome. One way is to provide a
corrugation on just one of the metal surfaces.figare 4 we show PL data from just such a structuere a planar
system was fabricated and the grating was milléa iihe metal film using a Focussed lon-Beam millaygtem (FEI
Nova 600).
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Fig. 4. (a) Dispersion map of the TM polarized mhaminescence emission obtained from a sample icamgaa 50 nm thick
Ag with the metal/air interface containing a 400 pitch microstructure (shown inset). (b) TM padad PL emission through
both micro-structured obtained at an emission ahgle20°.



3. SUMMARY

The data shown in figures 3 and 4 show that thaildetf the profile of the microstructure used tatter SPP modes to
light when such scattering takes place through galnfédm have an important bearing on the effeatiess of the

generation of useful light. As the interest in-mpitting OLEDs gathers pace these results arectegdo become of
relevance in the design of optimised top-emittelnene recovery of power to SPP modes becomes antampdssue.
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