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OPTOELECTRONIC DEVICES 

0001. This invention relates to improved optoelectronic 
devices, in particular it relates to optoelectronic devices Such 
as light emitting diodes (LEDs), photodiodes and photovol 
taic cells. 

0002 Optoelectronic devices include devices that gener 
ate light radiation and those that detect light radiation. 
Typically Such devices are used in displays and Sensors. 
0003. Many optoelectronic devices continue to be refined 
and improved. It is an on-going objective with regard to the 
development of such devices that they should be as efficient 
as possible. For example desirable improvements include 
increased brightness from an LED or photodiodes that may 
operate Successfully with lower levels of input light. 

0004. An organic LED essentially consists of a light 
emitting layer Sandwiched between an anode and a cathode. 
Typically the anode is in contact with a Substrate. 
0005 Electrons and holes combine in the light emitting 
layer to produce light via the decay of excitons. In addition 
to generating “useful' light radiation, both heat and trapped 
optical modes may also be produced. 

0006. Usually light is emitted through the anode, how 
ever more recently organic LED emission through a planar 
metal cathode has been demonstrated by Hung et al., Appl. 
Phys. Lett., 78,544 (2001). 
0007. The presence of a metallic cathode cannot usually 
be avoided. In addition to its necessary electrical function, it 
also significantly modifies the optical properties of the 
Structure. Such modifications can be advantageous. For 
example where emission is to take place through a (semi-) 
transparent anode, light that was initially directed towards 
the cathode may be partially reflected So as to emerge 
through the anode and thus be recovered as useful radiation. 
However, metal Surfaces also act to quench emission. Two 
distinct effects can act to quench emission from a light 
emitting layer if it is placed close to a metal electrode. If the 
light emissive layer is very close to the metal layer, for 
example if the distance between the light emitting Species 
and the metal is as Small as the emission wavelength/40, the 
energy of the emissive layer can be transferred directly to an 
electronic excitation of the metal, which results in conver 
Sion of the energy to heat. It is common practice in the 
fabrication of light emitting devices to design the Structure 
in Such a way that the emissive Zone in the light emitting 
layer is spaced away from the metal electrode to minimise 
this effect. If the emissive Species is at a greater distance 
from the metal electrode, for example at a distance of the 
emission wavelength/10, the energy can be captured as a 
plasmon wave at the Surface of the metal. On planar Surfaces 
the Surface plasmon modes are non-radiative and thus act as 
a loSS channel for the device, So impeding efficiency, See 
Barnes IEEE J. Light. Tech., 17, 2170 (1999), and Hobson 
et. al. IEEE J. Sel. Top. Quant. 8, 378. In a typical organic 
light emitting diode Structure, if the emitting Species is 
placed at a distance of 10 nm from a metal electrode, Some 
60% of the energy will be directly lost to the metal. If the 
emitting species is placed at a distance of 50 nm from the 
metal electrode, the loSS of energy to the metal is reduced to 
about 8%, but some 47% of the energy is trapped as a 
Surface plasmon mode. 
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0008. In some applications emission through the anode 
may be either impractical or undesired. One example is 
emission from quantum wells embedded just below the 
Surface of a high indeX Semiconductor; here emission 
through the Semiconducting wafer may be impractical. 
Another example is that of an organic LED built onto the 
Surface of a silicon wafer. In both cases it would be 
convenient to accomplish emission through a Semitranspar 
ent metal electrode. It is one of the aims of the present 
invention to improve the efficiency of Such a Scheme. 
0009. It is well known that in fabricating a light emitting 
organic device, it is desirable to use an electrode material 
having a low electronic work function for the cathode. Such 
low work function materials are desirable, because they 
minimise the energy barrier to the injection of electrons into 
typical organic Semiconductor layers. Such low work func 
tion electrodes are normally metals Such as calcium, lithium, 
the rare earth or lanthanide metals and their alloys. It is also 
known that cathode materials. Such as aluminium which have 
an intermediate value of work function together with an 
additional layer which promotes charge injection can be 
used. Such additional layers include a thin layer of lithium 
fluoride. It remains difficult to provide a low work function 
electrode which does not have a metallic character. Organic 
light emitting devices in which emission cannot take place 
through the anode must therefore, in general emit their light 
through a thin Semi transparent metal cathode. The problem 
remains that much of the emitted light is trapped as Surface 
plasmons. 

0010) If nothing is done to recover trapped guided modes 
Such as SP modes then they represent a wasteful decay route 
for the excitons that generate the light and will reduce the 
external efficiency of the device. 
0011 Various attempts have been made to increase the 
light output from LEDs. Lupton et al Appl. Phys. Lett, 71, 
p 3340, 2000 discuss the use of a diffraction grating for 
increasing the brightness of the emitted light. 

0012 Typically such diffraction gratings are described as 
being added to the Surface of the optoelectronic device, 
however in reality what results is a periodic microStructure 
extending through a number of layers. For example FIG. 1 
illustrates a typical LED and FIG. 1a illustrates the LED of 
FIG. 1 after a periodic microstructure has been imparted on 
to it. 

0013 In FIG. 1, the LED comprises a glass substrate 1 on 
to which have been deposited an anode 2, a light emitting 
layer 3 and a cathode 4 typically made from metal. The 
arrow indicates the usual direction of the emitted light. 
0014. In FIG. 1a the periodic microstructure is repre 
Sented as a corrugated layer. Typically the glass Substrate 1 
is spin-coated with photoresist, baked and exposed to laser 
light Such that a wave pattern is formed in the photoresist. 
Following further processing and exposure to UV radiation 
to harden the photoresist, or use of reactive ion etching to 
transfer the pattern to the Substrate, the anode 2, dielectric or 
Semiconductor layer 3 (often referred to as a light emitting 
layer) and cathode 4 are deposited. The effect of depositing 
further layers on to the corrugated glass Substrate is that this 
periodic microstructure extends through the Subsequently 
deposited layerS Such that, in the example illustrated by 
FIG. 1a, the cathode 4 possesses a periodic microstructure. 
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0015. In FIGS. 1 and 1a the interface between, for 
example the cathode 4 and “above” would, in the absence of 
a further layer be commonly referred to as the cathode/air 
interface. 

0016. It is an objective of the current invention to provide 
more efficient optoelectronic devices. This is realised partly 
by understanding more fully those processes occurring at the 
various interfaces of optoelectronic devices and the Subse 
quent use of microstructures in Such a way that SP modes are 
recovered as useful radiation. 

0.017. The above description of devices has been framed 
primarily in the context of devices which emit light. Such 
devices include light emitting diodes, organic light emitting 
diodes, electroluminescent devices using thin film or pow 
dered phosphors and light emitting polymer devices. Those 
skilled in the art will immediately recognise that the essen 
tial aspects of the discussion are common to these and to 
other light emitting devices. It will also be recognised that 
the same considerations apply to other electro-optic devices. 
For example, light detection and photovoltaic devices rely 
on light entering the device through an electrode Structure 
and causing excitation of a Semiconducting layer. Those 
skilled in the art will recognise that Surface plasmon effects 
can correspondingly reduce the operational efficiency of 
light detecting and photovoltaic devices by trapping incident 
light, and that the problem may be reduced by the same 
means as for emissive devices. The same considerations and 
remedies apply to other devices, Such as electro-optic modu 
lators, Switches etc which rely on a dielectric or Semicon 
ductor layer provided with at least one metal electrode. 
0.018. The inventors of the present invention have analy 
Sed the mechanisms by which light may be coupled from 
Surface plasmon modes at a metal Surface into an emitted 
mode in the Surrounding medium, by means of a periodic 
microStructure. Further the inventors have newly recognised 
the relative importance of Surface plasmon modes Supported 
at the inner and outer Surfaces of the metal electrode, and the 
detailed effect of a periodic microStructure on the Scattering 
of each. In particular the inventors have newly recognised 
that the Surface plasmon modes Supported at the inner 
Surface of the metal electrode are of dominant importance in 
reducing the efficiency of devices, and that periodic micro 
Structures described in the prior art are Substantially inef 
fective in coupling light from Surface plasmon modes at the 
inner Surface of the metal electrode into emitted modes. 
Recently Gifford and Hall (App. Phys. Lett. Vol. 80, p 
3679-3681, 2002 showed that emission could be enhanced if 
the periodic microStructure is used to couple the SP modes 
on the inner and outer metal Surfaces together as well as 
coupling them to emitted radiation. In their work the SP 
mode at the inner Surface is only coupled out under very 
Specific matching conditions, So providing only limited 
recovery of power lost to the SP mode at the inner surface. 
The inventors of the present invention have further 
addressed this problem by the design and fabrication of a 
new type of periodic microstructure. By the inner Surface of 
the metal electrode, is meant the Surface of the metal 
electrode which is closer to the emissive layer in a light 
emitting device ega dielectric or Semiconductor layer. The 
inventors have found that the reason for the ineffectiveness 
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of prior art microStructures lies in a destructive interference 
of light which occurs between light produced via i? and ii/ 
below: 

0019 i) Light scattered by a periodic microstructure 
from the Surface plasmon mode at the inner metal 
electrode Surface i.e. at the interface between the emis 
Sive layer and the metal electrode and then propagating 
through the electrode. The periodic microstructure is 
Substantially present at the inner metal Surface. 

0020 ii) Light scattered by a periodic microstructure 
Substantially present at the outer metal Surface by 
interaction with the evanescent wave associated with 
the Surface plasmon mode at the inner metal electrode 
Surface. 

0021 According to a first aspect of this invention an 
optoelectronic device comprises: 

0022 a dielectric layer or a semiconductor layer sand 
wiched between electrode Structures, wherein at least 
one of the electrodes is Substantially metal comprising 
and at least Semi-transparent, 

0023 a periodic microstructure in contact with at least 
one Surface of the Substantially metal comprising and at 
least Semi-transparent electrode, 

0024 characterised in that the structure and position 
ing of the periodic microStructure is Such that: 

0025 surface plasmon (SP) polariton modes supported 
mainly at the interface between the dielectric layer or 
Semiconductor layer and the metal comprising, Semi 
transparent electrode 

0026 are Substantially Scattered into propagating light, 
Said propagation being out of the plane of the dielectric 
layer or Semiconductor layer and the metal comprising, 
Semi-transparent electrode interface. 

0027. By contact is meant physical and/or optical contact 
and by optical contact is taken to mean that the electric field 
associated with the SP mode Supported at (or associated 
with) the dielectric layer or Semiconductor layer and the 
metal comprising, Semi-transparent electrode interface has a 
Significant/appreciable amplitude at the periodic microstruc 
ture. 

0028. In practice it will often be the case that the periodic 
microStructure is in physical contact with the metal com 
prising Semi-transparent electrode, however there may 
optionally be further Semi-transparent or transparent layers 
positioned in between the various layerS referred to above, 
for example there may be transparent layer(s) in between the 
periodic microstructure and the layers either Side of the 
periodic microStructure. 
0029 Periodic microstructures include grating type struc 
tures Such as a periodic Sequence of Valleys and hills, or a 
periodic Sequence of grooves. They also include Surfaces 
that are periodic in more than one direction on the Surface, 
examples are the Simultaneous presence of two grating 
Structures and two dimensionally periodic arrangements of 
holes, bumps etc. 
0030 Periodic microstructures also includes structures 
which are described as quasi-periodic structures, one 
example of which is a So called Penrose tiling. 
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0.031) A periodic microstructure in contact with at least 
one of the electrodes includes the case where it is the Said 
electrode that is microStructured. 

0032. By semi-transparent it is meant that said electrode 
allows Sufficient light through for the device to operate and 
that the electrode is at least Semi-transparent. 
0033. In specific examples and/or in discussions relating 
to the prior art herein the term emissive layer or light 
emitting layer is often used which is taken to mean the 
dielectric or semiconductor layer(s) which is (are) sand 
wiched between electrodes as referred to in the statement of 
invention. In the case of an electro-optic device which 
functions as a photovoltaic device, a photodiode or a pho 
toresistive device, Such dielectric and Semiconducting layers 
may not actually be photoemissive with a usefully high 
efficiency but will perform a corresponding electro-optic 
function by absorbing light and generating or passing elec 
trical charge. It will be understood by those skilled in the 
field that the operation of Such devices and others can be 
understood by considering light absorption rather than emis 
Sion and charge Separation rather than recombination and 
applying these changes mutatis mutandis according to the 
device under discussion. 

0034. An interface with the air is taken to mean an 
interface with the Outer edge of the Structure. A further layer 
may be added (encapsulation) at this interface-typically by 
using a further transparent layer. 

0.035 Preferably the substantially metal comprising elec 
trode means that Said electrode comprises a metallic layer, 
more preferably the electrode is a metallic electrode Such as 
aluminium. Preferably the metal comprising electrode is the 
cathode. Preferably the cathode is made from aluminium. 

0036. It was stated earlier in the current application that 
the present inventors have found that the reason for the 
ineffectiveness of prior art microStructures lies in a destruc 
tive interference of light which occurs between light pro 
duced substantially via two routes. The current invention in 
effect results in a Substantial lack of Such destructive inter 
ference. 

0037 Preferably the substantial lack of destructive inter 
ference is taken to mean that the interference of the light 
arising from each of the above identified Scattering routes 
from a Surface plasmon is Such that at a chosen wavelength 
at least 50% of the power which in a planar structure would 
be trapped as a Surface plasmon, is emitted as useful 
radiation. Preferably such substantial lack of destructive 
interference will lead to an overall increase in the external 
efficiency of the device of at least 10%. 
0.038 Being out of the plane of the dielectric layer or 
Semiconductor layer means that the propagating light is 
sufficiently out of the plane so that it can be emitted from the 
device as useful light. 
0.039 SP modes supported mainly at the interface 
between the Said layerS and electrode is taken to mean the 
interface mode that comprises an oscillating electromagnetic 
field associated with an oscillating Surface charge distribu 
tion in the metal, the electromagnetic field being Such that it 
decays exponentially with distance away from the interface. 
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0040 Preferably the periodic microstructure is selected 
from the following structures: 

0041 the metal comprising electrode comprises a 
grating type structure on each of its Surfaces (i.e. 
possessing wavelength Scale periodic microStructure 
that is periodic in at least one direction in the plane 
of the device), wherein the relationship between the 
microStructure of the two metal comprising Surfaces 
is Such that they are out of phase by It radians or 
Substantially tradians. 

0042 a grating type structure present only at the 
interface between the metal comprising electrode 
and the layer into which electrons are injected ie the 
Semiconductor or dielectric layer. 

0043 a grating type structure present at the metal 
comprising electrode/air (or metal comprising elec 
trode/encapsulation) interface only. 

0044) a further dielectric layer present at the surface 
of the metal comprising electrode remote from the 
dielectric/semiconductor layer, on which is present a 
grating type Structure. 

0045. In addition all of these structures may be such that 
they possess wavelength Scale periodic microStructure in 
more than one direction in the plane of the device So that the 
microStructure extends in both the X and y directions in the 
plane of the device, as noted below. 
0046 For those periodic microstructures listed above the 
grating type structure may be a Series of holes preferably 
Sub-wavelength which have been made in the metal com 
prising electrode. Alternatively it may be a Series of lines 
etched in to the appropriate Surface, e.g. by laser. It may also 
be a Series of bumps and dimples. Such techniques are well 
known to those skilled in the art. 

0047. By wavelength scale periodic microstructure is 
taken preferably to mean a periodic arrangement of bumps 
and hollows or grooves and ridges wherein the distance 
between Successive bumps or grooves and the like is of the 
order of the wavelength involved or less. 
0048. By Substantially at radians is preferably taken to 
mean between and including JL/2 and 37 L/2 radians. 
0049. To optimise the light extracted the periodic micro 
Structure may be periodic in more than one dimension. For 
example a second (and optionally a third) microstructure or 
corrugation may be added, thus allowing Surface plasmons 
propagating in all in-plane directions to be coupled to 
radiation. It has been demonstrated that this can be an 
efficient process, Worthing et al., Appl. Phys. Lett., 79, 3035 
(2001). Multi-periodic microstructures include gratings 
etched at Substantially 90 to each other where two gratings 
are used or at Substantially 60 to each other where three 
gratings are used. It is understood that periodic microstruc 
tures may be fabricated by a variety of known methods 
including but not restricted to photolithography, e-beam 
lithography, chemical or plasma etching, laser machining or 
ablation, mechanical Scribing or ruling, embossing, and 
Selective exposure of a photopolymer. 
0050. By careful design of the periodic microstructure 
Surface plasmon modes are recovered as useful radiation 
which in the case of a device Such as an LED results in 
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increased efficiency and increased brightness. Similarly it 
allows for sensors which may work more efficiently in lower 
lighting conditions 
0051 Preferred optoelectronic devices include photo 
diodes, photovoltaics, light emitting diodes both organic and 
inorganic, light emitting polymer devices, emissive displayS 
and Solid State lighting elements. 
0.052 The dielectric or semiconductor layer may itself 
consist of one or more layers. For example in the case of an 
LED the dielectric or Semiconductor layer typically poS 
SeSSes the following three properties: electron transporting 
(ET); hole transporting (HT); light emitting (LE). If the layer 
of material is a Single layer then the Single layer of material 
must exhibit all three properties. For the case when the layer 
of material is a single layer then the material may consist of 
a Single material, for example in a typical organic LED 
polyphenylenevinylene, or by mixing two or more materials 
with appropriate properties together, for example N,N'- 
diphenyl-N,N'-ditolylbenzidine (HT), Coumarin 6 Laser dye 
(LE) and t-Butylphenyl 4-biphenylyl-oxadiazole (ET) which 
may be abbreviated to PBT. For the case when the layer of 
organic material comprises more than one layer then Suitable 
examples include: 

0053) i? Layer 1=HT layer, Layer 2=LE layer, Layer 
3=ET layer 

0054) ii/Layer 1=HT layer, Layer 2=material which 
acts as an ET medium but also emits light (LE), for 
example Aluminium tris 8-hydroxyquinolinate (Alq3) 

0055) iii/Layer 1=HT and LE, Layer 2=ET 
0056) iv/The LE material may be doped in small 
quantities-typically 0.5% into ET or HT or both. 
Typical doping agents are coumarin 6 or pentaphenyl 
cyclopentadiene. In cases where concentration quench 
ing is not Severe, larger doping concentrations, for 
example, 10% may be used. Examples of Suitable 
dopants include rubrene, and complexes of terbium, 
europium and iridium. 

0057 Preferably in the case where the layer of material is 
a multiplicity of layers, then the layer adjacent to the cathode 
preferentially transports electrons and/or the layer adjacent 
the anode preferentially transports holes. Preferably the 
luminescent material has a high quantum efficiency of 
luminescence. The luminescent component may be com 
bined with a charge transporting material or may be present 
in a separate layer. 
0.058. The dielectric or semiconductor layer may be 
deposited on the anode by any of the following techniques: 
thermal evaporation under Vacuum, Sputtering, chemical 
Vapour deposition, Spin depositing from Solution or other 
conventional thin film technology. Other Suitable techniques 
will be apparent to those skilled in the art. 
0059. The thickness of the dielectric or semiconductor 
layer is typically 30-2000 nm, preferably 50-500 nm. The 
device may contain further layers which are Situated next to 
the electrodes and the Semiconductor or dielectric layer 
these further layerS may be conducting or insulating and act 
as a barrier to diffusion of the electrode material or as a 
barrier to chemical reaction at the electrode and dielectric or 
Semiconductor layer interface and/or may act to facilitate 
injection of charge into the adjacent layer. Examples of 
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Suitable materials for these further layers include emeraldine 
which prevents indium diffusion into the layer of dielectric 
or semiconductor from an ITO electrode, or, for the same 
reason, copper phthalocyanine may be used; alternatively 
the addition of a thin layer (-0.5 nm) of lithium or magne 
sium fluoride at the interface between a lithium electrode 
and the dielectric or Semiconductor layer may be used. 
0060 Hence preferably according to the present inven 
tion an optoelectronic device comprises: 

0061 a dielectric layer or a semiconductor layer sand 
wiched between electrode Structures, wherein at least 
one of the electrodes is metallic and Semi-transparent; 

0062) a periodic microstructure in contact with the 
metallic Semi-transparent electrode 

0063 wherein the periodic microstructure is given by 
one of the following Structures: 

0064 a grating type structure which is in contact 
with both sides of the metallic semi-transparent 
electrode, wherein the relationship between the 
microStructure of the two Surfaces of the grating type 
Structure is Such that they are out of phase by It or 
Substantially U, 

0065 a grating type structure present only at the 
interface between the metallic Semi-transparent elec 
trode and the Semiconductor or dielectric layer; 

0066 a grating type structure present at the metallic 
Semi-transparent electrode/air interface only; 

0067 a grating type structure present on a further 
dielectric layer present at the Surface of the metallic 
Semi-transparent electrode Said Surface being remote 
from the dielectric layer or Semiconductor layer. 

0068 Preferably the metallic semi-transparent electrode 
is the cathode. 

0069. For all of the aspects of the present invention at any 
of the interfaces of the optoelectronic device there may be 
present transparent layers—when Such a layer is used at the 
interface with the air then this is generally referred to as an 
encapsulation layer. For example the Semi-transparent elec 
trode air interface may have an encapsulation layer. 
0070 All of the previously disclosed statements in rela 
tion to the first aspect of the invention are applicable to this 
preferred aspect of the invention. 
0071. The invention will now be described by way of 
example only with reference to the following Figures: 
0072 FIG. 1 illustrates a typical planar LED structure 
0073 FIG. 1a illustrates a light emitting structure such as 
that illustrated in FIG. 1 with wavelength scale periodic 
corrugation incorporated 
0074 FIG. 2 illustrates a power dissipation spectrum for 
an emitter embedded in an emissive layer (Ald) in close 
proximity (30 nm) to a thin (30 nm) silver layer (simulating 
the cathode) 
0075 FIG. 3 illustrates emission spectra recorded at a 
polar emission angle of 19 degrees. The mode assignments 
are made by reference to measurements and calculations of 
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the dispersion of the optical modes of this structure. The 
Spectra were obtained by using a device as illustrated in 
FIG. 1 a 

0.076 FIGS. 4a-d illustrate periodic microstructures for 
use in the present invention 

0077 4a illustrates a bi-grating where the individual 
gratings are out of phase by It with respect to each 
other 

0078 4b illustrates a periodic microstructure at the 
cathode/air interface only 

0079 4c illustrates a periodic microstructure at the 
interface between cathode and dielectric or Semicon 
ductor layer only 

0080 4d illustrates the case where a further dielec 
tric layer is deposited on the cathode and wherein 
there is a periodic microStructure at the further 
dielectric layer/air interface only 

0.081 FIG. 5 illustrates a device according to the present 
invention 

0082 FIG. 6 illustrates emission spectra (photolumines 
cence) recorded at a polar emission angle of 11 degrees by 
use of the device in FIG. 5 

0083 FIGS. 7a-c illustrate a device according to the 
present invention 
0084 FIG. 8 illustrates a multiplexed addressed device 
according to the present invention. 

0085. In order that the invention may be more readily 
understood it is necessary to more fully understand Some of 
those processes occurring in optoelectronic devices Such as 
LEDS. 

0.086 To gain a quantitative idea of the nature of the 
problem that SP modes represent, the current inventors have 
calculated the power coupled to the different modes using 
well established techniques of Ford et al., Phys. Rep., 113, 
195 (1984) and Wasey et al., J. Mod. Opt., 47, 725 (2000). 
FIG. 2 illustrates the power coupled from an emitter as a 
function of in-plane wavevector. By way of example the 
Structure investigated comprises a 60 nm layer of light 
emitting material (e.g. Ald) fabricated on top of a glass 
Substrate, and coated with 30 nm of silver, to simulate a 
cathode. The calculation is for an emitter in the middle of the 
emissive layer, i.e. 30 nm from the metal surface. The 
different peaks in FIG. 2 represent different modes to which 
the emitter may couple; the area under each peak represents 
the power coupled to that mode. In addition to radiation a 
very Significant amount of power is coupled to Surface 
plasmon modes, notably the SP mode associated with the 
metal/emissive material interface. (There are two SP modes 
in this Structure, one associated with the metal/air interface, 
the other associated with the metal/emissive material inter 
face). If nothing is done to recover trapped guided modes 
Such as these SP modes then they represent a wasteful decay 
route for the excitons and will reduce the efficiency of the 
device. 

0087. From FIG. 2 it is clear that molecules lose a very 
Significant fraction of their energy to the SP mode associated 
with the metal/emissive material interface (in this case the 
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Ag/Alq interface). If nothing is done to recover the power 
coupled to this SP mode then the efficiency of the device will 
always be Sub optimal. 

0088. The structure in FIG. 1a was fabricated as follows, 
in this instance with the absence of an anode. A film of 
Shipley Megaposit 700 was deposited onto a planar silica 
glass slide 1 by Spin coating. The corrugated Surface, taking 
the form of a diffraction grating ( =412 nm) was then 
produced in the photoresist by means of holographic lithog 
raphy Kitson et al, IEEE. Phot. Tech. Lett., 8, 1662, 1996. 
The Structure was then placed in a reactive ion etcher where 
CHF and O gases were used to etch the grating profile into 
the Silica Substrate and to remove the remainder of the 
photoresist layer. Onto the textured substrate the Alq (70 
nm) layer 3 and silver (30 nm) films 4 were sequentially 
evaporated. The pitch of the grating needs to be appropri 
ately chosen. The grating produced here had a Surface profile 
that can be approximated by a sine wave, y(x)=ao sin(k,x) 
where k=2 / , , is the pitch of the grating. In the present 
case the pitch was 412 nm and the amplitude of the Surface 
profile was ac-25 nm. The condition on the pitch is that the 
Surface plasmon modes Supported by the structure (see FIG. 
2) can be Bragg Scattered by the periodic corrugation and in 
so doing be coupled to far-field radiation. Thus the pitch of 
the grating must be Such that, 

kinks.<tko 
0089 where k is the wavevector of a photon at the 
emission frequency in free Space, ks is the in-plane 
wavevector of the SP mode that is to be coupled to radiation 
and k is the Bragg vector associated with the corrugation. 
The integer n is the order of the Bragg Scattering and usually 
takes the value n=1, i.e. lowest order Scattering. The ampli 
tude is an important parameter in determining the efficiengy 
of the Scattering process, and should typically be of the order 
of swo/10 where W is the free space emission wavelength of 
the emissive material. 

0090 The emission spectrum for light emerging through 
the metallic layer should include features due to the SP 
modes associated with the Structure. The results, shown in 
FIG. 3, show that emission associated with the metal/air 
plasmon dominates the recorded emission. Given that the 
emitters couple much more Strongly to the Surface plasmon 
associated with the metal/emissive layer interface (see FIG. 
2), these results indicate that the metal/emissive layer Sur 
face plasmon is very poorly coupled to radiation by this 
Structure. 

0091. The inventors of the current invention have found 
that the reason for this weak coupling of the metal/emissive 
layer SP mode to radiation, is a result of destructive inter 
ference between the two Scattering processes that may 
couple the SP mode to radiation. The two processes are: 

0092] 1. The SP mode is scattered by the lower (metal/ 
emissive layer) corrugation and propagates through the 
metal to emerge in the air. 

0093 2. The SP mode penetrates through the metal, is 
Scattered by the upper (metal/air) corrugation, to 
emerge in the air. 

0094. The net phase incurred in these two scattering 
processes differ by It so that they interfere destructively. By 
contrast, the upper, metal/air Surface plasmon has only one 
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route for Scattering So as to produce radiation in the air 
there can thus be no cancellation due to destructive inter 
ference, thus explaining why this mode is seen in the Spectra 
shown in FIG. 2, despite being only very weakly excited by 
the emissive layer. 
0.095 FIGS. 4a-d illustrate examples according to the 
present invention of how the phase difference between SP 
modes may be altered and the interference conditions 
changed from destructive to constructive. 
0096. In FIG. 4a the two periodic microstructures or 
Surface corrugations are Slipped by It relative to each other. 
0097. In FIG. 4b there is present a periodic microstruc 
ture at the cathode/air interface only. 
0098. In FIG. 4c there is present a periodic microstruc 
ture on the dielectric or Semiconductor layer (may be 
generally referred to as an emitter or emissive layer) and the 
interface with the cathode only. 
0099. In FIG. 4d there is a layer of dielectric or semi 
conductor (the anode is not shown), a metal comprising 
cathode which is flat or substantially flat on both surfaces. 
Instead of the next layer being air there is deposited a further 
dielectric layer with a periodic microStructure. 
0100. With respect to the structure illustrated in FIG. 4d 
this affords advantages in terms of the fabrication process in 
that the final dielectric layer could be deposited on an 
already formed planar metal comprising cathode. 
0101 FIG. 5 illustrates a device according to the present 
invention which is used to illustrate the effect of use of a 
periodic microStructure according to the present invention. 
There is present an anode, a layer of dielectric or Semicon 
ductor, a metal comprising cathode and instead of the next 
layer being air there is deposited a further dielectric layer 31 
possessing periodic microstructure on top of the cathode 4. 
0102) A structure similar to that shown in FIG. 5 was 
fabricated; but without the presence of an anode. A layer of 
emissive material (Ald) was deposited by vacuum Subli 
mation, after which a thin (~30 nm) layer of metal (Silver) 
was deposited to represent a cathode. A thin (~100 nm) layer 
of photoresist was then added by Spin coating. The photo 
resist was then exposed to an interference pattern produced 
by interfering two laser beams, chemical development being 
used to translate the exposure modulation into a physical 
modulation of the photoresist. 
0103) The emission spectrum from the structure illus 
trated in FIG. 5 is shown in FIG. 6. The SP mode associated 
with the metal comprising electrode/dielectric or Semicon 
ductor layer (generally referred to as the emissive layer) 
interface is now the Stronger of the Surface plasmon features 
(when compared to the intrinsic emission spectrum). 
0104 FIGS. 7a-c illustrate further examples of LED 
devices constructed according to the present invention. A 
Substrate typically made of glass 1 is Sequentially overlaid 
with an anode 2 typically made of Indium Tin Oxide (ITO), 
a dielectric or Semiconductor layer 3 (often referred to as any 
of an emissive layer or a light emitting layer) which may be 
essentially of an organic or inorganic nature. This layer may 
itself consist of one or more layers represented in FIG. 7c 
as 3a, 3b, 3c. The layer of material 3 possesses the following 
three properties: electron transporting (ET); hole transport 
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ing (HT), light emitting (LE). If the layer of material 3 is a 
Single layer then the Single layer of material 3 must exhibit 
all three properties. For the case when the layer of material 
3 is a single layer then the material may consist of a single 
material, for example in an Organic LED (OLED) polyphe 
nylenevinylene, or by mixing two or more materials with 
appropriate properties together, for example N,N'-diphenyl 
N,N'-ditolylbenzidine (HT), Coumarin 6 Laser dye (LE) and 
t-Butylphenyl 4-biphenylyl-oxadiazole (ET) which may be 
abbreviated to PBT. For the case when the layer of material 
3 comprises more than one layer then Suitable examples 
include: 

01.05) 
0106 ii/3a=HT layer,3b=material which acts as an ET 
medium but also emits light (LE), for example Alu 
minium tris 8-hydroxyquinolinate (Alg3) 

0107 iii/3a=HT and LE, 3b-ET 
0.108 iv/The LE material may be doped in small 
quantities-typically 0.5% into ET or HT or both. 
Typical doping agents are coumarin 6 or pentaphenyl 
cyclopentadiene. 

i/3a=HT layer, 3b=LE layer, 3c=ET layer 

0109 Preferably in the case where the layer of material 3 
is a multiplicity of layers, then the layer adjacent to the 
cathode preferentially transports electrons and/or the layer 
adjacent the anode preferentially transports holes. Preferably 
the luminescent material has a high quantum efficiency of 
luminescence. The luminescent component may be com 
bined with a charge transporting material or may be present 
in a separate layer. 
0110. The layer of material 3 may be deposited on the 
anode 2 by any of the following techniques: thermal evapo 
ration under vacuum, Sputtering, chemical vapour deposi 
tion, Spin depositing from Solution or other conventional 
thin film technology. 
0111. The thickness of the layer of material 3 is typically 
30-2000 nm, preferably 50-500 nm. The device may contain 
layers 21a and 21b (see FIG. 7c) which are situated next to 
the electrodes 2 and 4, these layers 21a and 21b may be 
conducting or insulating and act as a barrier to diffusion of 
the electrode material or as a barrier to chemical reaction at 
the electrodes 2.4 and layer of organic material 3 interface. 
Examples of suitable materials for 21a and 21b include 
emeraldine which prevents indium diffusion into the layer of 
(organic) material 3 from an ITO electrode, or, for the same 
reason, copper phthalocyanine may be used; alternatively or 
additionally the addition of a thin layer (-0.5 nm) of lithium 
or magnesium fluoride at the interface between a lithium 
electrode and the layer of (organic) material 3 may be used. 
0112 The metal comprising periodically microstructured 
cathode illustrated in FIG. 7a is typically, when compared 
to standard cathodes for use in LEDs, thinner. The cathode 
possesses a planar lower Surface and a sinusoidally modu 
lated top Surface, the pitch of the modulation is of the order 
of Wo/2, for emission in the visible the pitch will thus be 
~250-300 nm. The mean thickness of the cathode may be 
--20-40 nm, whilst the amplitude of modulation is typically 
~10-30 nm. The textured profile of the top metal comprising 
layer is produced by a number of techniques including 
etching through a photoresist grating formed on top of the 
cathode. Alternatively a cathode in which the modulation is 
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deep enough to penetrate the cathode completely, leaving a 
metal film full of holes may be provided. In another variant 
the Semiconductor or dielectric layer may have its top 
Surface modulated and a cathode added that has a planar top 
Surface. 

0113 Another variant device structure has a textured 
dielectric layer 22 added above the cathode, as shown in 
FIG. 7b (see layer 31 in FIG. 5). Here the cathode is 
relatively thin and planar, ~30 nm. It is covered by a textured 
dielectric layer. The textured dielectric layer Serves the same 
purpose as the directly textured cathode of FIG.7a, it allows 
the Surface plasmon modes to be Bragg Scattered out of the 
device as useful radiation. The thickness of this layer must 
be thin enough to avoid the introduction of further 
waveguide modes. Typically this may be avoided if the 
textured dielectric layer has a thickness of the order of one 
sixth the emitted wavelength if the dielectric layer has 
optical properties typical of common organic materials. It is 
further desirable for the texture to comprise a thickneSS 
modulation of at least one tenth the emitted wavelength in 
order to achieve Strong Scattering. 

0114. For those devices described by FIGS. 7a-c the 
periodic microstructures of FIGS. 4a and 4c may alterna 
tively be incorporated in to devices 7a-c. 

0115 The device of FIG. 7a-c may be a single pixel 
device or it may be matrix addressed. An example of a 
matrix addressed OLED is shown in plan view in FIG. 8. 
The display of FIG. 8 has the internal structure described in 
FIG. 7a-c but the substrate electrode 5 is split into strip-like 
rows 5l to 5m and similar column electrodes 6l to 6n, this 
forms an mxn matrix of addressable elements or pixels. 
Each pixel is formed by the interSection of a row and column 
electrode. 

0116. A row driver 7 supplies voltage to each row elec 
trode 5. Similarly, a column driver 8 supplies voltage to each 
column electrode. Control of applied Voltages is from a 
control logic 9 which receives power from a Voltage Source 
10 and timing from a clock 11. 
0117. An organic photovoltaic device comprises a thin 
Stratified layer of organic Semiconductor placed between 
two electrically conducting electrodes, at least one of which 
is at least Semi-transparent. The Stratified layer of organic 
Semiconductor is So disposed that the organic Semiconductor 
in contact with one electrode is a n-type Semiconductor, and 
that in contact with the other electrode is a p-type Semicon 
ductor. Within the thickness of the organic layer, a p-n 
junction is formed. Light absorbed in the organic Semicon 
ductor layer causes electronic excitation of one or more 
molecules to provide an excited State molecule, excimer or 
eXciplex which may dissociate to provide a pair of charge 
carriers of opposite charge. If the pair of charge carriers is 
formed in close proximity to the organic p-n junction, one 
charge carrier may diffuse across the junction resulting in 
permanent Separation of the charges. Further diffusion of the 
charge carriers to the electrodes results, under constant 
illumination, in an electrical potential difference and/or 
external current flow between the electrodes. In order to 
achieve high conversion efficiency of light energy into 
electrical power, light should preferably be absorbed by the 
organic Semiconductor layer very close to the p-n junction in 
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order to increase the probability of diffusion of a charge 
carrier acroSS the junction. Means to increase this probability 
include creation of a roughened or diffuse p-n junction, 
inclusion of the organic Semiconductor layer in an optical 
resonant cavity having an antinode close to the plane of the 
p-n junction, and having light traverse the organic Semicon 
ductor layer at an oblique angle. It will readily be understood 
by those skilled in the art that according to the physical 
principle of reversibility of light the effects described above 
relating to an organic light emitting device and the effects of 
a metal electrode thereon are exactly paralleled in a photo 
voltaic device on which light is incident. Means by which 
the efficiency of out-coupling of light from an organic LED 
are improved, also increase the efficiency of in-coupling of 
light into an organic photovoltaic device and may be applied 
to increase its efficiency and power generation capacity. 
0118. An organic photodiode comprises a similar struc 
ture to that of an organic photovoltaic device but is used as 
a device to detect or measure incident light. Such a photo 
diode is often operated under an externally applied electrical 
potential difference, and the resulting photocurrent is moni 
tored. It will be apparent that like organic photovoltaic 
devices, organic photodiodes may be improved by increas 
ing the efficiency of in-coupling of externally incident light. 

1. An optoelectronic device comprising: 
a dielectric layer or a Semiconductor layer Sandwiched 

between electrode Structures, 
wherein at least one of the electrodes is Substantially 

metal comprising and at least Semi-transparent, 
a periodic microStructure in contact with at least one 

Surface of the Substantially metal comprising and at 
least Semi-transparent electrode, 

characterised in that the Structure and positioning of the 
periodic microStructure is Such that: 

Surface plasmon (SP) polariton modes Supported mainly 
at the interface between the dielectric layer or Semi 
conductor layer and the metal comprising, Semi-trans 
parent electrode 

are Substantially Scattered into propagating light, Said 
propagation being out of the plane of the dielectric 
layer or Semiconductor layer and the metal comprising, 
Semi-transparent electrode interface. 

2. A device according to claim 1 wherein the periodic 
microStructure is Selected from the following structures 

the metal comprising electrode comprises a grating type 
Structure on each of its Surfaces, wherein the relation 
ship between the microstructure of the two metal 
comprising Surfaces is Such that they are out of phase 
by It radians or Substantially at radians, 

a grating type structure present only at the interface 
between the metal comprising electrode and the Semi 
conductor or dielectric layer; 

a grating type structure present at the metal comprising 
electrode/air interface only; 

a further dielectric layer present at the Surface of the metal 
comprising electrode remote from the dielectric/semi 
conductor layer, on which is present a grating type 
Structure. 
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3. A device according to claim 2 wherein the periodic 
microStructure is Selected from a grating type structure 
present at the metal comprising electrode/air interface only 
wherein there is present an encapsulating layer on the 
electrode. 

4. A device according to claim 1 wherein the periodic 
microStructures are a periodic Sequence of Valleys and hills, 
or a periodic Sequence of grooves. 

5. A device according to claim 1 wherein the periodic 
microStructures are a grating type Structure which is a Series 
of holes in the metal comprising electrode. 

6. A device according to claim 1 wherein the periodic 
microStructures are periodic in more than one direction on 
the Surface. 
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7. A device according to claim 1 wherein the periodic 
microStructures are Sub-wavelength. 

8. A device according to claim 1 wherein the metal 
comprising electrode is an aluminium cathode. 

9. A device according to claim 1 wherein the device is 
chosen from a light emitting diode, a photovoltaic cell or a 
photodiode. 

10. A device according to claim 9 wherein the light 
emitting diode is an organic light emitting diode. 
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