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Abstract

Surface plasmon—polariton (SPP) modes may act as significant loss channels in organic light-emitting diode devices. We
present experimental data illustrating that by the introduction of an appropriately scaled microstructure into a device,
some of this lost power may be recovered as light. It is shown that in order to maximize this SPP-mediated light emission
in a top-emitting light-emitting diode (TOLED) the plasmon modes associated with the two metal surfaces of the cathode
must be coupled together. Data from grating-coupled and index-coupled SPP schemes are presented, and we show that
photoluminescence emission from a structure containing a microstructured thin metal film that supports coupled SPPs
is at least 50 times more effective than a similar planar structure. Experimental data is also presented from a structure con-
taining a thin metal film whose profile contains a wavelength scale microstructure on a single interface. These data suggest
that such a device geometry has the potential to increase the efficiency of top-emitting organic light-emitting devices.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction polymers, small molecules and

dendrimers.

conjugated

Since it was first demonstrated that organic mate-
rials could be used to make organic light-emitting
diodes (OLEDs) much work has concentrated on
improving the efficiency of these devices. To this
end, three main classes of organic materials have
been considered for OLED fabrication; conjugated
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The first polymer device utilized poly(p-pheny-
lene vinylene) as an emissive material and upon
charge injection the resulting electroluminescence
(EL) was emitted through a transparent substrate
[1]. Subsequent polymer devices have implemented
a number of schemes to address both the internal
and external efficiency of the device. Methods of
increasing internal efficiency have include the use
of electron transport layers [2] to aid charge injec-
tion and phosphorescent dyes [3] to obtain light
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from otherwise non-radiative triplet states. More
recently increases in the external or optical efficiency
of polymer devices have been sought by the use of
periodic microstructure to scatter waveguided [4]
and surface plasmon—polariton (SPP) modes [5] to
light.

Initial studies into the use of organic small mole-
cules as light-emitting layers employed the material
tris(8-hydroxyquinoline)aluminium (Alqs) [6]. As
with polymer based devices improvements in device
efficiency of small molecule OLEDs were sought.
Approaches to increase device efficiency have
included the addition of low work function materi-
als to the cathode [7], oxygen plasma treatment of
the anode [8] and again the use of microstructure
to recover power lost to non-radiative modes [5,9].
Small molecule based OLEDs have also been con-
sidered where emission takes place through an opti-
cally thin metallic cathode [10]. Such top-emitting
OLED (TOLED) devices have the capacity to be
constructed on opaque silicon substrates. These
TOLED devices have two advantages over substrate
emitting OLEDs. Firstly, the use of a silicon sub-
strate allows the integration of switching elements
into this layer. Secondly, in a substrate emitting
OLED between 50% and 80% of the light emission
may be waveguided in the organic, anode and sub-
strate layers [11] and the use of an opaque substrate
may reduce these loses. As with substrate emitters
efficiency improvements have been sought via the
use of charge injection layers [12,13], tuning of the
thickness of the electrodes [14] and the inclusion
of highly reflective anodes [15].

The latest class of materials considered for
OLED applications are conjugated dendrimers
[16]. Emission of light from dendrimer materials
occurs via phosphorescent, as opposed to fluores-
cence from both polymer and small molecule emit-
ters and thus this class of material has the
potential of producing highly efficient devices [17].

Above, it was noted that power dissipated to SPP
modes supported by an OLED structure might be
recovered as light by the introduction into the struc-
ture of a wavelength scale periodic microstructure.
Due to the constructional geometry of OLEDs,
where an emissive layer is bounded by metallic elec-
trodes the existence of SPP modes is unavoidable. It
has been demonstrated that power from the emitter
may be lost to SPP modes associated with both the
cathode/organic and anode/organic interfaces [18].
In a planar system SPP modes are non-radiative
[19] and thus SPP modes may act to limit the effi-

ciency of an OLED device. The power dissipated
to SPP modes supported at metal/dielectric inter-
faces within an OLED depends greatly upon the
class of emitter used [20]. This variation in dissi-
pated power is primarily because of the orientation
of the dipole moment of the different types of emis-
sive material. For materials where the dipole
moment may sample all directions in space on a
time scale faster than the excited state lifetime,
and are thus effectively isotropic, power is seen to
be strongly coupled to SPP modes [21]. This is true
of both small molecule and dendrimer emitters. In
contrast, the dipole moment of conjugated polymers
lie predominantly in the plane of the layers [22] and
are therefore less strongly coupled to by SPP modes
than either small molecule or dendrimer emitters
[20].

The utilization of SPP modes as means to trans-
mit light through thin metal films has been demon-
strated in a number of studies [23,24]. In the context
of TOLEDs the use of SPPs to augment the emis-
sion of light is particularly attractive. Moreover,
recently it has been shown that the non-radiative
decay of excitons within an emissive layer via cou-
pling to SPP modes supported by TOLEDs may
provide a significant loss channel, thus restricting
device efficiency [18]. However, the use of SPP
modes as a means of mediating light emission from
TOLED devices remains relatively little explored.
For this reason we examine here a number of
schemes in which SPP modes can be used to trans-
port energy across a metal film (cathode). These
SPP modes are then scattered to light, from a wave-
length scale microstructure. The application of such
a device geometry may be of interest commercially
and offers some unexpected challenges in under-
standing the physics involved.

2. Theory

SPPs are trapped surface modes that occur at the
interface between a metal and a dielectric and have
electromagnetic fields that decay exponentially into
both the surrounding media [19]. On a planar sur-
face SPPs are non-radiative in nature, this is due
to the wavevector (momentum) of the SPP along
the surface, kspp, being greater than that of a pho-
ton (ko) in free space of the same frequency. There-
fore in a device such as an OLED, in which a
metallic cathode is bounded by a dielectric emissive
layer, power that is coupled to SPPs is dissipated as
heat and therefore lost.
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The dispersion of the SPP mode for a simple
metal/dielectric interface may be found by solving
Maxwell’s equations [19] and is given by

Ed€m
kspp = ko 4 / 1
SPP 0 g + va ( )

where ¢4 and ¢, are the frequency-dependent rela-
tive permittivities of the dielectric material and me-
tal, respectively. The non-radiative nature of the
SPP may be overcome by the introduction into a de-
vice of a wavelength scale periodic microstructure
(pitch Ag) [23]. Such a microstructure may act to re-
duce/augment the momentum (wavevector) of the
SPP mode, thus allowing the SPP to Bragg scatter
to light according to the relation,

kspp + I’lkg = k() sin 0, (2)

where k, is the grating wavevector (|k,| = 21/1,),
kosin 0 is in-plane wavevector of the radiated light,
0 being the polar angle of the emitted light (see
Fig. 2(b)) and # is an integer that defines the order
of the scattering process. Here in-plane is the com-
ponent of the wavevector in the plane of incidence
and parallel to the layers of the structure. However,
as will be shown below, the recovery of energy dis-
sipated to SPP modes is more complex than the sim-
ple scattering process described by Eq. (2).
Emission from a TOLED takes place through a
metallic cathode that is often of order 50 nm thick.
This thickness is comparable with the decay length
of the optical field into the metal so that excitons
within the organic emissive material may couple to
SPP modes supported at both the metal/organic
medium and metal/air interfaces. However, the field
of the organic emitter is exponentially attenuated on
crossing the metal so that significantly more power
is coupled to the SPP supported at the metal/
organic interface than to the SPP associated with
the metal/air interface [25]. This disparity of cou-
pling strength between SPP supported on either side
of a thin metal film is illustrated in Fig. 1 where the
emitter has been modelled as an electric dipole at a
distance of 20 nm from a 30 nm thick silver film [25].
From Fig. 1 it may be seen that the power dissipated
by the emitter to the metal/organic SPP is approxi-
mately two orders of magnitude greater than that
dissipated to the metal/air SPP. Although the cou-
pling strength between the emitter and the metal/
air SPP is relatively weak we will see that the exis-
tence of this mode may allow the transfer of energy
from the metal/organic interface across the metal.
This transfer of energy may be facilitated by cou-
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Fig. 1. Calculated power dissipation spectrum on a logarithmic
scale for an emitter located in the light-emitting media at a
distance of 20 nm from the surface of a 30 nm thick metal film.
The large peak at a normalised in-plane wavevector of ~1.7
indicates power being lost to the metal/organic SPP, the inset is
an expanded plot (linear scale) of the feature associated with the
metal/air SPP.

pling together the modes on either side of the metal
by means of either grating-coupled or index-coupled
SPPs. Here grating-coupling is the matching of the
wavevectors of the SPP modes associated with each
interface of a thin metal film via a periodic micro-
structure. Index-coupling is the matching of the
SPP wavevectors by matching of the relative permit-
tivities of the two media bounding a thin metal film.

If a metal is thin enough, of order tens of nano-
metres, the SPP fields associated with each interface
of the metal may span the metal and overlap. Usu-
ally the metal film is bounded on either side by
media with differing dielectric constants (refractive
indices), i.e. an organic emitter and air, so that each
of these SPP modes will have different in-plane
wavevectors for a given frequency. The two SPP
modes will therefore not be able to couple together.
In order to couple these modes together, thus
enabling energy to be transported across the metal
some means must be sought to match the wavevec-
tors of the two modes.

2.1. Grating-coupled SPPs

One method of coupling the SPP modes associ-
ated with each side of a thin metal film is SPP grat-
ing-coupling [24,26,27]. By adding an appropriately
scaled periodic microstructure to the metal the
wavevectors of the metal/organic SPP (kspporg)
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and the metal/air SPP (kspp,;;) may be matched
when the following condition is satisfied.

:l:kSPPair = ikSPPorg + kg (3)

The metal/air SPP may subsequently be coupled to
light, again via the microstructure by satisfying Eq.

(2).
2.2. Index-coupled SPPs

Above it was noted that SPPs supported by a
metal film bounded by differing refractive indices
have different wavevectors. However, if the refrac-
tive indices of both bounding media are the same
then the two SPP modes are degenerate and may
therefore be coupled together [28]. The SPP modes
supported by such a system will be coupled across
all frequencies and energy may be transferred across
the metal film without the need for the addition of a
scattering surface. However, a microstructure is
required in order to subsequently couple this plas-
mon energy to light. Below we explore the use of
grating-coupled and index-coupled SPPs as a means
of recovering energy lost to SPP modes.

3. Sample fabrication

To investigate the emission of light through a
thin metal film mediated by SPP modes a number
of different samples were constructed and are shown
schematically in Fig. 2. Since we were interested
here only in the underlying physics of the coupling
of the SPP modes to light, it was sufficient to mea-
sure the SPP-mediated photoluminescence (PL)
emission from an emissive layer through a thin
metal film from each of these structures.

The first of these structures (Fig. 2(a)) was a pla-
nar control sample and consisted of a 60 nm thick
emissive Alqs film deposited by thermal evapora-
tion. The Alqs layer was subsequently coated with
a thermally evaporated silver film (thickness
55+ 2nm) again by thermal evaporation under
vacuum (~1077 Torr). This structure was used as
a reference sample.

The second structure (Fig. 2(b)) was used to
investigate the use of a wavelength scale periodic
microstructure to scatter SPP modes to light. This
sample was similar in construction to the planar
control structure (Fig. 2(a)) containing a 60 nm
evaporated Alqs; emissive layer and was coated with
a metal film of thickness 55 + 2 nm. However, the
Ag film differed from that used in the above sample
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Fig. 2. Schematic representations of the experimental structures
used in this study. (a) A 60 nm thick evaporated Alq; layer coated
with a ~55nm thick planar silver film. (b) An ~60 nm thick
evaporated Alq; layer coated with a microstructured
(4g =338 nm) 55 nm thick silver film. (c) A 160 nm thick spun
Alqs layer coated with a ~50 nm thick silver film where only the
metal/air interface has been textured (1, =400nm). (d) An
~43 nm thick microstructured (4, = 338 nm) silver film bounded
on one side by a 160 nm thick spun Alqs film and on the other by
a dielectric overlayer (22-tric). (¢) An ~55 nm thick planar silver
film bounded on one side by a 160 nm spun Alqs layer and on the
other by an ~100nm thick microstructured (4, =485nm)
photoresist overlayer.

in one important respect. The metal film included a
wavelength scale microstructure (1, = 338 & 1 nm).
This microstructure was produced by spin coating
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the silica substrate with a ~300 nm thick photoresist
(PR) (Shipley Megaposit SPR 700-1.2) film and
exposing this film to an interference pattern pro-
duced using a 325 nm He-Cd laser. The pattern
was chemically developed and then transferred to
the silica substrate by reactive-ion etching with a
mixture of CHF; and O, gases. The Alqs and silver
layers were then in turn deposited on this corru-
gated substrate.

The third experimental sample (Fig. 2(c)) was
constructed in order to examine the emission medi-
ated via SPP modes which were coupled to light
from a single scattering surface. The emissive Alqs
layer differed from that used in the previous samples
here being deposited by means of spin coating
rather than evaporation. This was achieved by dop-
ing a solution of polymethylmethacrylate (PMMA),
with Alq; (3% by weight) in chloroform. The
PMMA/Alqg; solution was then spin-coated onto
the substrate at 4000 rpm the thickness of the result-
ing film found to be ~160 nm. Subsequently, a silver
film of thickness (50 + 1) nm was thermally evapo-
rated on top of the organic layer. A periodic corru-
gation was then introduced at the metal/air
interface using a focused ion-beam milling system
(FEI Nova 600). The corrugation consisted of a
grating with square profile having a pitch of
400 nm and a depth of 15 nm; the grating area cov-
ered a total of 95um x 190 pm.

The next structure studied, shown in Fig. 2(d)
was used to study index-coupled SPPs. This sample
contained a 43 + 2 nm thick microstructured metal
film (4g =338 & 1 nm) constructed in an identical
manner to that used in the sample shown in
Fig. 2(b). As with the previous sample, the planar
substrate was spin-coated with a solution of PMMA
and Alqs (3% by weight) in chloroform. Again the
thickness of this layer was ~160 nm. The refractive
index of this spun emissive layer (~1.46) was less
than that of the evaporated Alq; film (~1.7). The
use of this lower refractive index emitted allowed
for a greater choice of media that could be added
to the metal/air interface so as to couple the SPP
modes supported by the metal film together. This
coupling of the SPP modes was achieved by building
up layers of a dielectric material at the metal-air
interface until the effective refractive indices of the
two materials bounding the metal were equal. To
this end, monolayers of the material, 22-tricsenoic
acid (22-tric) were deposited onto the metal film
using the Langmuir-Blodgett (LB) technique [29].
This technique allowed nanometer control of the

thickness of the dielectric overlayer, and thus great
control over the effective refractive index of the
upper air half-space. By increasing the thickness of
the dielectric film in this way the effective refractive
index at the metal/air boundary could be varied
from 1.0 (bare metal) to ~1.58 for a semi-infinite
dielectric  (22-tric) overlayer thickness. This
approach allowed the effective refractive indices of
the dielectric material (as seen by the SPP modes)
bounding the metal film to be matched by the addi-
tion to the metal of a dielectric overlayer of an
appropriate thickness.

The final structure studied is shown in Fig. 2(e).
The structure consisted of a 55 + 2 nm thick planar
silver film bound on one side by a ~160 nm thick
spun Alqs/PMMA layer. This sample was investi-
gated to explore the use of index-coupled SPP
modes further. The other side of the Ag was spin-
coated with a PR film, into this film a microstruc-
ture was introduced (period A, =485nm) using
the holographic technique detailed above, the thick-
ness of this microstructured PR film was ~100 nm.
The microstructured PR film served two purposes.
Firstly, the thickness of the PR film was such that
it enabled the effective refractive index of this layer
to be matched to the index of the emissive layer,
so allowing the SPPs to couple across the metal.
Secondly, the microstructure at the PR/air interface
enabled the SPP modes supported by the structure
to be Bragg scattered to light.

4. Results/analysis
4.1. Modes supported by the structure

Before examining the optical emission from the
samples shown in Fig. 2 it was first deemed useful
to determine the nature of the various optical modes
supported by the structures. This was achieved by
measuring the transmittance through the structures
as a function of both the angle of incidence and
wavelength of the light incident upon the sample.
From these data an experimentally derived disper-
sion map was constructed by converting the col-
lected data to transmittance as a function of both
angular frequency and in-plane wavevector. Disper-
sion maps for TM polarised light incident upon the
first two the structures (Fig. 2(a) and (b)) are shown
in Fig. 3(a) and (b), respectively. From examination
of Fig. 3(a) it may be seen that no modes are sup-
ported by this planar structure as the light incident
upon the sample is unable to couple to any SPP
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Fig. 3. Dispersion map constructed from experimentally mea-
sured transmission data from the experimental samples shown in
(a) Fig. 2(a) and (b) Fig. 2(b). Light regions represent high
transmission and dark regions represent low transmission. Also
shown in (b) is the calculated dispersion of the metal/air (black
squares) and metal/organic (white squares) SPPs.

modes due the momentum mismatch mentioned
previously. In contrast, from Fig. 3(b) a number
of transmission maxima/minima may be seen, these
features correspond to incident light coupling to
modes supported by the structure. In order to deter-
mine the nature of these mode numerical calcula-
tions where undertaken.

Using the SPP dispersion relation (Eq. (1)) the in-
plane wavevectors of the SPP modes associated with
each of the metal interfaces were calculated for a
range of angular frequencies (from 1.25 to
2.0 um™ ). The real component of the relative per-
mittivity of silver for each of the values were taken
from the literature [30], the relative permittivities of
Alqs and air were taken to be 2.89 and unity, respec-
tively. By adding/subtracting a grating vector (k)

where appropriate, the in-plane wavevectors of the
Bragg-scattered SPPs were calculated. These calcu-
lated data are plotted in Fig. 3(b) together with
the TM polarised transmittance data. From
Fig. 3(b) good agreement may be seen between the
calculated SPP in-plane wavevectors and the exper-
imentally measured transmittance data. The trans-
mittance features seen in Fig. 3(b) may therefore
be identified as being the result of the TM polarised
incident light coupling to SPP modes supported by
each of the metal/dielectric interfaces of the struc-
ture. (It should be noted that when TE polarised
light was incident upon the structure no modes were
seen.) Furthermore, as the calculations presented in
Fig. 3(b) depend upon the grating vector (k,), this
transmission is shown to be result of the SPP modes
being Bragg scattering from the microstructured
metal film. Note: the discrepancy between the calcu-
lated and measured in-plane wavevectors for the
metal/organic SPP at lower angular frequencies is
due to a single value being used for the relative per-
mittivity of the Alqs thus not taking into consider-
ation the dispersion of the refractive index of this
layer. Having identified that the samples studied
supported SPP modes the structures were further
examined in order to see if power coupled to these
modes could be recovered as light. To this end PL
measurement were taken from each of the structures
shown in Fig. 2 and the SPP-mediated emission
from each of these samples investigated.

4.2. Photoluminescence measurements

To measure the PL through the silver films each
sample was mounted on a rotation stage and the
emission measured over a range of polar emission
angles 0. The emissive layer was optically pumped
through the silica substrate with a 410 nm diode
laser, the resulting PL being collected through a
small circular aperture that limited the angular
acceptance of the emission to approximately 1°.
On passing through a polariser, that could be set
to pass either TM or TE polarised light, the col-
lected light was focused onto an optical fibre con-
nected to a spectrometer and a charged coupled
device (CCD) detector (resolution AZ=2nm). In
order to keep the pumping conditions constant the
pump angle relative to the sample was maintained
constant throughout each experiment.

PL data were measured in the form of emis-
sion intensity as a function of both polar emission
angle and wavelength, and as with the previous
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transmittance data, were converted into the form of
a dispersion map. Fig. 4(a) shows the dispersion
map constructed from the data measure from the
sample shown in Fig. 2(b). The z-axis of this plot
represents emission intensity with light regions cor-
responding to areas of strong emission. From
Fig. 4(a) a number of emission maxima may be seen,
by comparison with the transmittance data shown in
Fig. 3(b) it may be seen that this emission is mediated
via the SPP modes previously identified as being
associated with each interface of the metal film.
These data (Fig. 4(a)) shown that energy lost by exci-
tons within the organic media to SPP modes may be
recovered by the introduction into the sample of an
appropriate wavelength scale microstructure.

a klllkg
0.0 0.1 0.2 0.3 0.4 0.5
2.2
T
e
8 2.0 metal/air SPP 500 =
Q o
8 3
218 550 g
g e
metal/organi c SPP 600 =
g 16 = >
= 650 3
§ 7002
g’ 1.4
< 750
800
0.0 02 04 06 08 10 12 14
In-plane wavevector k, /2 (um)'1
b k,lkq
0.0 0.1 0.2 0.3 0.4 0.5
500

1.8

(4]

a

o
yibusjonem

1.6

2
(W)

14

Angualr frequency ®/2znc (um)

00 02 04 06 08 10 12 14
-1
In-plane wavevector k;, /2 & (um)

Fig. 4. Dispersion maps constructed from experimentally mea-
sured photoluminescence data from the experimental sample
shown in (a) Fig. 2(b) and (b) Fig. 2(a). Light regions represent
strong emission.

PL measurements were also taken from the pla-
nar control sample and these data are shown in
Fig. 4(b). From Fig. 4(b) no evidence of PL medi-
ated via SPP modes may be seen. However, the rea-
son for this is not that the structure does not
support any SPP modes. In this case the excited
emitter may couple to the SPP modes associated
with both the metal/organic and metal/air interfaces
via the near field [21,31]. The lack of emission from
these SPP modes is because the in-plane wavevector
of the SPP has no means to match to the in-plane
wavevector of photons in air.

To investigate the relative strength of the PL
emission from both the metal/organic and metal/
air SPP modes individual emission spectra from
the samples with planar and microstructured metal
films (Fig. 2(a) and (b)) where examined. Fig. 5
shows TM polarised PL spectra measured from
the sample with a planar metal film at a polar mis-
sion angle of 28° and from microstructured sample
at angles of 25°, 28° and 40°. From Fig. 5 a number
of features may be seen. For each emission spectrum
there is a broad feature with a peak at a wavelength
of approximately 520 nm corresponding to the
intrinsic emission spectrum of the Alqs;. Addition-
ally for the data collected from the sample with
the microstructured metal film a number of sharp
emission peaks may be observed. These peaks may
be seen to disperse with emission angle, indicative
of Bragg scattered modes, they correspond to PL
emission mediated via both the metal/organic and
metal/air SPP.
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Fig. 5. TM polarised photoluminescence spectra of light emitted
from the structure shown in Fig. 2(b) at a polar emission angles 0
of 25°, 28° and 40° and from the structure shown in Fig. 2(a) at
28°.
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Comparing the SPP-mediated PL from the
microstructured sample it can be seen that the rela-
tive emission intensities of the metal/organic and
metal/air SPPs are approximately equal and seem
to depend only upon where the SPP emission peak
sits within the Alqs intrinsic emission. This appears
to be at odds with the data shown in Fig. 1 in which
the power coupled to the metal/organic SPP was
approximately 100 times greater than the power
coupled to the metal/air SPP. To gain an under-
standing of why this disparity is not seen in the
PL emission, the way in which the SPPs may out-
couple to light must be considered.

Taking first the SPP mode associated with the
metal/organic interface; this mode may couple to
light via one of two routes. Firstly, it may be scat-
tered by the microstructure at the metal/organic
interface. The light will then be attenuated as it
propagates through the metal before emerging into
the far-field. Secondly, the microstructure at the
metal/air boundary may scatter the mode. In this
case it is the attenuated field associated with the
metal/organic SPP that is scattered by the micro-
structure. Emission mediated via either of these
two routes is attenuated to a similar degree on
crossing the metal film and thus they have a similar
amplitude. Recent work [32] has shown that emis-
sion via these two out-coupling routes are out of
phase with each other, and thus destructively inter-
fere. Therefore, whilst the emitter couples to this
mode strongly the resulting emission appears weak.

The emission mediated via the SPP mode associ-
ated with the metal/air interface is also attenuated
as the power coupled to this mode by the emitter
has to cross the metal film. However, this SPP
may then scatter from the metal/air interface and
emit freely into the far-field. As this emission only
occurs by scattering from one interface no cancella-
tion occurs. Thus, whilst this mode is only relatively
weakly coupled to by the emitter the intensity of the
emission mediated via the metal/air SPP it may be
seen to be comparable with that via the metal/
organic SPP (Fig. 5).

From the data presented above it may be seen
that the introduction into a sample of a wavelength
scale microstructure may allow SPP modes to be
scattered to light. However, in order to maximize
this SPP-mediated emission some means must be
sought to overcome the phase cancellation between
the two scattering routes open to the metal/organic
SPP. One means to achieve this may be to couple
the modes associated with the metal/organic and

metal/air SPPs together thus allowing energy to be
transferred across the metal before being scattered
into the far-field. To this end two coupling schemes
were considered, grating coupling and index cou-
pling. Also considered was a structure with a thin
metal film that was only modulated at one interface.
From such a structure SPP modes could only scatter
to light from one interface and therefore the phase
cancellation route above would be negated.

Fig. 6(a) shows an experimentally derived disper-
sion map constructed from PL emission mea-
sured from the structure shown in Fig. 2(c) [33].
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Fig. 6. (a) Dispersion map constructed from TM polarised
photoluminescence data from the sample shown in Fig. 2(c)
(metal is only textured on top surface the period of grating is
400 nm). (b) Normalised TM polarised photoluminescence inten-
sity measured for two samples shown in Fig. 2(b) (solid line) and
(c) (dashed line). Data represented by the solid line were taken at
a wavelength of 550 nm, whereas data corresponding to the
dashed line were taken at 580 nm.
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Comparing these data (Fig. 6(a)) with the corre-
sponding dispersion map constructed from the sam-
ple with a symmetrically microstructured metal film
(Fig. 4(a)) it may be seen that both plots show evi-
dence of the metal/organic and metal/air SPP
modes. There is however one striking difference
between the two sets of data, the relative intensity
of light mediated via the two SPP modes. From
Fig. 4(a) it may be seen that the intensity of the
emission mediated by both the metal/organic and
metal/air SPPs is very similar in intensity. In con-
trast the intensity of the emission mediated by the
metal/organic SPP is much strong than that emitted
by metal/air SPP in Fig. 6(a). This intensity differ-
ence is even more evident when the results obtained
for the two samples are compared in a single graph,
as shown in Fig. 6(b) [33]. These data (Fig. 6(b))
show the normalised PL intensity from each struc-
ture plotted as a function of the in-plane wavevector
for a given value of angular frequency (1.82 um™'
for the asymmetric structure shown in Fig. 2(c)
and 1.72 pm~" for the symmetric sample shown in
Fig. 2(b)). Fig. 6(b) shows that in the presence of
an asymmetric profile of the two interfaces (dashed
line) there is a significant increase in PL intensity
due to radiative SPPs excited at the metal/organic
boundary. These data are consistent with the ideas
outlined above, namely that, by removing one of
the pathways for emission of the metal/organic
SPP, the possibility of destructive interference is
removed, resulting in more emission associated with
this mode being observed. In turn, this suggests that
the efficiency of OLEDs could be increased simply
by using a non-conformal geometry for the different
metallic interfaces.

The first SPP coupling technique we examined
was SPP grating-coupling. From inspection of the
PL emission (Fig. 5) from the microstructured sam-
ple it may be seen that the maximum emission
appears to occur at a wavelength of 518 nm and
an emission angle (0) of 28°. This emission corre-
sponds to the crossing point of the metal/organic
and metal/air SPPs and may be seen in Fig. 4(a)
at k) =0.88 um~ ! and o =193 um'. Here the
wavevectors of the two SPP modes may be matched
via scattering from the microstructure satisfying Eq.
(3). Energy may therefore be transferred across the
metal where it may then scatter to light from the
corrugation at the metal/interface (Eq. (2)). How-
ever, as this cross-coupled SPP-mediated emission
only occurs over a narrow range of emission angles
and wavelengths such a scheme may therefore not

be best suited to applications such as display
devices. Below an alternative SPP coupling scheme
is considered.

The second SPP coupling scheme considered
was the use of index-coupled SPPs. In this study
the SPP modes supported on either side of a metal
film were coupled together by the addition to the
metal of a dielectric overlayer, see Fig. 2(d). In
total nine different dielectric overlayer thicknesses
ranging from 26 nm to 198 nm were used with
the intensity of the PL emission from the sample
measured as a function of dielectric overlayer
thickness.

Dispersion maps constructed from the TM polar-
ised PL measured from the samples with dielectric
overlayer thicknesses of 46.8 nm, 156.0 nm and
196.8 nm are shown in Fig. 7(a)-(c), respectively
[34]. Comparing the position of the SPP mode asso-
ciated with the metal/air interface from the PL data
for the bare microstructured metal sample (Fig. 4(a))
with the same mode for a sample with a dielectric
thickness of 46.8 nm (Fig. 7(a)) it may be seen that
the addition of the dielectric overlayer causes this
mode to shift downwards in frequency. This down-
shift results from an increase in the wavevector of
the SPP mode, given by Eq. (1), associated with
the metal/air (now metal/dielectric overlayer-air)
boundary as the permittivity at this interface
increases with the addition of the dielectric overlay-
ers. This decrease in frequency is seen to continue as
the dielectric film thickness is further increased to
156.0 nm (Fig. 7(b)). For dielectric overlayer thick-
nesses greater than 156.0 nm the position of the
metal/dielectric-overlayer/air SPP was seen to
remain largely unchanged in frequency (Fig. 7(c)).
The observation of two SPP modes with similar fre-
quencies (energies) is consistent with a structure sup-
porting coupled SPP modes and is in agreement with
the findings of Gruhlke et al. [27]. In order to deter-
mine if the coupling together of the SPP modes sup-
ported by the metal film was accompanied by an
increase in emission intensity, the PL emission from
each of the structures containing a dielectric over-
layer was further examined.

For each of the dielectric overlayer thicknesses
the PL emission was studied over a range of emis-
sion angles (0-40°) and wavelengths (416-806 nm).
This was achieved by summing the individual PL
spectra obtained at one degree intervals this
summed intensity was then plotted as a function
of wavelength. The area under each of these curves
was then determined by integration to give a mea-
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Fig. 7. Dispersion maps showing the TM polarised photolumi-
nescence emission from structures with dielectric overlayer
thicknesses of (a) 46.8 nm, (b) 156 nm and (c) 196.8 nm. Light
regions indicate areas of strong emission.

sure of the relative emission intensity from each
structure.

Fig. 8 shows this integrated emission intensity for
both TM and TE polarised emission as a function of
dielectric overlayer thickness [34]. Also shown is the
integrated TM polarised emission intensity from the
planar control sample. From Fig. 8 it may be seen
that for dielectric overlayers thicknesses of 26.0—
67.6 nm the intensity of the TM polarised PL is
the same as that from the microstructured sample
with no overlayer, i.e. a bare metal film (to within
experimental error). However, as the dielectric over-
layer thicknesses further increases the PL emission
intensity is seen to increase sharply until a maxi-
mum is reached for a dielectric thickness of
156.0 nm. For dielectric overlayer thicknesses
greater than ~156.0 nm the emission intensity may
be seen to fall. These data (Fig. 8) show the SPP
modes are best coupled together for a dielectric
overlayer thickness of 156 nm.

For the TE polarised data there were no modes
seen for dielectric overlayer thicknesses of less than
114 nm and the data for these samples were approx-
imately equal to the planar structure. For overlayer
thickness greater than 114 nm sharp emission fea-
tures were seen in the PL and corresponded to the
recovery of TE polarised waveguided modes associ-
ated with the dielectric overlayer. From Fig. 8§ it
may be seen that for the summed emission associ-
ated with the TE polarised emission there was no
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Fig. 8. Integrated intensity of photoluminescence emission as a
function of dielectric overlayer thickness from corrugated sam-
ples shown in Fig. 2(d). Also shown is the integrated TM
polarised photoluminescence emission intensity from a planar
control structure (Fig. 2(a)). (Note for dielectric overlayer
thicknesses below 114.4 nm no TE polarised emission features
were seen.)
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increase for dielectric overlayer thicknesses of
greater than 114 nm.

The PL data presented in Fig. 8 show that when
the SPP modes associated with the metal film are
best coupled (dielectric overlayer thickness of
156 nm) the that summed PL emission is ~3 times
greater than for a bare microstructure metal film
and ~50 times greater than for a planar metal film.
However, in term of a commercial device the manu-
facture of a microstructured metal film may be
demanding in terms of fabrication. Below the emis-
sion from a device containing a planar metal film
which supports coupled SPP and where these modes
are scattered to light from a textured dielectric over-
layer is examined.

The structure shown in Fig. 2(e) contained a pla-
nar metal coated with a microstructured photoresist
(PR) film, pitch A, =485+ 1 nm. As noted above
this microstructured PR layer served two purposes.
Firstly, the thickness of the PR film was such that it
enabled the effective refractive index of this layer to
be matched to the index of the emissive layer allow-
ing the SPPs to couple across the metal. Secondly,
the microstructure at the PR/air interface enabled
the SPP modes supported by the structure to be
Bragg scattered to light.

Fig. 9 shows the PL emission at an emission
angle of 10°, from the samples shown in Fig. 2(a),
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Fig. 9. TM polarised photoluminescence emission spectra mea-
sured through the metal film from; planar, grating-coupled,
index-coupled and dielectric structures (shown in Fig. 2(a)—(d)),
respectively. Each spectrum was measured at a polar emission
angle 0 of 10°. Note each spectrum has been normalised with
respect to the emission spectrum obtained from the planar
structure. This normalisation was achieved by fitting the spectra
obtained from the three microstructured samples to the spectrum
obtain from the planar structure over a wavelength range from
400 nm to 480 nm.

(b), (d) and (e) labelled planar, grating-coupled,
index-coupled and dielectric, respectively [35]. From
Fig. 9 it may be seen that the PL from the dielectric
and that from the index-coupled samples are com-
parable. In contrast the PL from the dielectric struc-
ture may be seen to be approximately an order of
magnitude greater than that from the grating-cou-
pled sample and ~50 times greater than that from
the planar structure.

Considering the separation between the Alqs/
PMMA layer and the scattering surface at the PR/
air interface (~150 nm) the intensity of the PL from
the dielectric structure is remarkable. These data
(Fig. 9) illustrate that by introducing an appropri-
ately scaled periodic microstructure into a dielectric
film energy lost to SPP modes may be recovered as
light.

5. Conclusions

It has been shown that surface plasmon—polari-
ton (SPP) modes supported by a TOLED may pro-
vide a significant loss channel thus diminishing the
efficiency of the device. The introduction into a
structure of an appropriately scale microstructure
enables some of this lost power to be recovered as
light. However, it has been demonstrated that if this
SPP-mediated emission of light is to be optimized
careful consideration must be taken over the device
geometry. It has been seen that the intensity of light
emitted via the SPP mode associated with the metal/
organic interface from a metal film that contains a
symmetric microstructure is less than might be
expected. This is attributed to light mediated via
the metal/organic SPP mode that is scattered
from the metal/organic interface being in anti-phase
with the light mediated from this mode when it is
scattered from the metal/air interface and thus lead-
ing to cancellation. A thin metal film that incorpo-
rates wavelength scale microstructure at a single
interface has been used to demonstrate that these
phase cancellations may be overcome.

We have also shown that these losses may in part
be overcome by selecting a sample geometry that
allows the SPP modes associated with either side
of a thin metal film to couple, thus enabling energy
to be transported across the metal. By the use of
grating-coupled and index-coupled SPP modes it
has been shown that power might be transported
across the metal and that this power may then be
scattered to light. However, the emission mediated
by grating-coupled SPPs has been seen to occur only
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over a narrow range of emission wavelengths and
angles and is thus of very limited practical value.

PL emission from a microstructured metal film
that supports coupled SPPs has been shown to be
~3 times greater than from a corrugated sample
that supports individual SPP modes and ~50 times
greater than a similar planar structure. Emission
mediated via these index-coupled SPP has been
shown to occur across a range of emission angles
and wavelengths. We have also shown that similar
improvements can be achieved by introducing the
microstructure into an overlying dielectric, leaving
the metallic cathode planar. This approach should
be more compatible with manufacturing processes.

In summary the work presented above has shown
that by the careful selection of device geometry
power dissipated to otherwise non-radiative SPP
modes may be scattered to light. These findings
may have the potential to increase the optical effi-
ciency of TOLED:s.
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