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We examine the efficiency of radiative emission from thin layers of light-emitting conjugated polymers. We
compare our experimental results for photoluminescence of the conjugated polyméR-mpelynoxy,
5-(2'-ethyl-hexyloxy 1,4 phenylenevinylene(MEH-PPV) with those of a theoretical model, finding good
agreement between the two. The specially developed model takes into account several factors including
absorption in the emissive layer, a spread of emitter sites within the layer, and the broad emission spectrum of
the polymer. We find that the photoluminescence quantum efficiency for radiative emission of a bare MEH-
PPV film on a glass substrate is25%. We then apply our model to study electroluminescent devices. We
show that for these structures the efficiency of radiative emissionli8%. There is thus potential for con-
siderable improvement in efficiency for both systems through recovery of some of the wasted waveguided
light. Finally we use our model to reexamine some controversial results that indicate the probability of singlet
exciton formation to be 040.05, and thus greater than the 0.25 expected from spin statistics. Our reanalysis
supports a probability>0.25. We conclude by discussing the limitations of present models, including our own,
in predicting the performance of realistic light-emitting diodes.
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. INTRODUCTION cally up to ~50%;%* the remaining power being lost to
absorption.

Many light-emitting devices, such as light-emitting diodes  Several studies have sought to go beyond the simple pla-
(LED’s), are based on thin films of light-emitting matertaf.  nar microcavity in an attempt to increase the radiative effi-
The efficiency of radiative emission from such structures is aiency still further. Their common theme has been to try and
key issue in device applications and is largely controlled byrecover some of the power lost to fully guided modes.
three factors: the efficiency with which excitons are Schnitzeret al'® achieved a radiative efficiency of 72% by
generated;® the efficiency with which excitons recombine to making use of photon recycling, an approach suited to ma-
produce photons rather than nonradiative decay; which in &rials with low waveguide losses. Tang, VanSlyke, and
good system is typically 40%and the efficiency with which Chert* demonstrated that energy transfer from the electri-
the generated photons may escape the structure in which th&glly formed exciton to a dye molecule may also be used to
are produced to yield useful radiatiéf.Here we are inter- improve efficiency. Several other investigations have re-
ested principally in the last of these, i.e., the efficiency withV0lved around the concept of scattering the guided light so as
which photons generated within the material emerge as us&2 cOnvert it from wasted guided modes to useful radiation.
ful radiation. Owing to the relatively high index of the ma- Gu et al.” made use of emissive layers having angled side-

jority of light-emitting materials, much of the energy emitted walls in an attempt to extract guided light macroscopically

remains trapped in the material due to total internal reflecfromlt7he ends Qf the_gmde. Wmd|_sc_ei1 al. and_Schnltzer_
|-"accomplished increased efficiency by using scattering

tion. A simple analysis based on ray optics for the case of gta
j p y y op from texture imposed on the superstrate, while Matterson
et al'®and Luptoret al*® employed Bragg scattering from a

material of refractive index 2 shows that less thah2.5%
H H 7P0—-11
of the energy is radiatef periodically microstructured emissive layer to achieve a dou-

Various approaches have been adopted to overcome thﬂﬁing of the efficiency of light emission.

Iimitati'on'. One sucpessful approach i§ to place the thin film \ynhat is the scope of these approaches for increasing the
of emissive material between two Mirors so as to form gagjative efficiency? The present paper concems a study un-
microcavity.“ The boundary conditions imposed on the elec-dertaken to address this question. We carried out a series of
tromagnetic field by the microcavity limit the modes into photoluminescence experiments to determine the different
which emission may take place. In general, microcavitiesoutes by which light leaves thin films of light-emitting con-
possess two types of mode: leaky and fully guided. Emissiojugated polymers, and to quantify the significance of each
into a leaky mode of the microcavity structure produces useroute. To understand our results we developed a theoretical
ful radiation, though a fraction is lost to absorption. How- model. Having verified our model against experimental data
ever, emission into fully guided modes cannot, in generalwe were then able to quantify how much light remains
escape the microcavity and is thus absorbed by the micrdrapped inside light-emitting polymer films, and thus assess
cavity materials. By restricting the number of fully guided the extent to which the strategies mentioned above might be
modes into which the emitters may lose their energy, thaised to improve efficiency. We then turned our attention to
efficiency of radiation may be significantly increased, typi-electroluminescence, and discuss the efficiency of radiative
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emission from realistic LED structures. Finally we used ourof the conjugated polymer films and the orientation of the
model to reexamine some controversial results concerningipole moments responsible for the emission; these aspects
the probability of singlet exciton formation undertaken by gre discussed below.

Kim et al® These authors undertook a fascinating study of

electroluminescence from two LED’s based on conjugated ) _ _

polymers. Their experimental results, combined with their 1. Dipole orientation

theoretical analysis, led them to a singlet exciton formation  geveral previous works have shown that the orientation of
probability of 0.4-0.05, greater than the 0.25 expected fromy, ginole moment associated with optical emission in spun

spin statistic$. Our reanalysis supports this high probability, films of conjugated polymers lies predominantly in the plane

though with several qualifications. We conclude by discuss- L 57.0526
: RN : o of the film.

ing the limitations of our model in predicting the perfor-

mance of realistic light-emitting diodes and indicate what

further information is still required. 2. Birefringence and absorption

Our report is structured as follows. Section Il is concerned Conjugated polymers, such as MEH-PPV, provide a chal-
with the computational model we used, and the assumptlonh%nge as materials in which to model the emission of light

we made. In particular we discuss how we incorporated de-; : e X
tails of the spectral width of the emission from an excited-°° they are in general both birefringettd absorbing. It

: . is not a priori clear to what extent these two factors are
mo!ec_ule, and the spread of emitter locations throyghout t.hﬁnportant in the present context. Ideally a suitable computa-
emissive layer. The process by which we Qetermme the "Nfional model would include both factors, since both the bire-
trinsic spectrum of emission from the conjugated polyme

I . . .
, . fringence and the absorption have been experimentally
Eollg(nze'r?&tgol_')%P\gezis'eggﬂ'gzglﬁéz q 1\}\1/1e Sg:;%fge”v'ht_ determined® Previous authors have pursued the problem of
yien : 9 emission in media that are both birefringent and absorbing.
emitting polymer MEH-PPV for our study because it is a

olymer whose optical properties have been characteffzed They found®*"that it is not possible to fit both material
poly P Prop . ‘properties into a coherent framework, owing to problems in
Furthermore we describe the experimental approach Wg

. ) ealing with the longitudinal field components. We have
adopted to StUdY the photoluminesceriee) quantum yield shown elsewhef@ that in computing the power radiated out
of thin polymer films. The results of both our experiment and

. . . ; of layers with optical properties characteristic of MEH-PPV,
associated modeling are discussed in Sec. lll. We then USRe birefringence has little effect. In the present case we are

our model to explore the extent to which trapped guided Iightmore concerned with the ratio of emitted power to the power

poly o e ; 9 of MEH-PPV, we chose to describe our emissive layer as
spectral width of emission upon these results in Sec. IV. |

Sec. V we extend our discussion to look at modelin elecr]_sotropic and absorbing, this combination retaining the im-
Cn . . aeting portant physics in the present case and having the merit of
troluminescent devices and we examine the efficiency of r

at')eing amenable to computation. Absorption was included by

diative emission from such structures. In partlcular we us‘?naking use of the complex in-plane refractive index, as de-
our model to reanalyze recent results on singlet exciton for-

mation that rely for their interpretation on a good knowledgepICtecj in Fig. 1.
of radiative emission efficiency. In Sec. VI we summarize
our results and discuss the limitations of present models, 25
including our own, in predicting the performance of realistic
light-emitting diodes. 20

IIl. MODELING THE EMISSION -

Our task here is to put together a model and verify it using y
experimental data so that we can simulate the radiative effi-§ [~ (Eaymed =0"iN"
ciency of light-emitting conjugated polymer thin films. We < 10} "
wish to predict how much power is dissipated, and in what - ey
directions, by sources within the emissive polymer layer. ;.1 ------- n",
Models suitable for use as a starting point are well ——e n"
developed’™?* and are based on treating the sources as — [.__
driven, damped dipole oscillators. They are damped becaus 0.0 : \;60 550 7(')0 7;0 500
they radiate and are driven by the fields that are reflectec
from the interfaces in the structure. Below we discuss how wavelength (nm)
we extended one of the existing models to accommodate
features pertinent to the polymer films of interest.

FIG. 1. A functional representation of the complex refractive
index for a spun film of MEH-PPV. The in-plar{® and normal)
values are both shown. The dispersion of the complex birefringent
indices we used was determined using angle-dependent reflectivity
We made several important assumptions in constructingechniquegRef. 20. The data were interpolated using polynomial
our model. These concern the birefringence and absorptiofits to provide the required information for the modeling used here.

A. Assumptions made in the model

205201-2



EFFICIENCY OF RADIATIVE EMISSION FROM THIN . . . PHYSICAL REVIEW B64 205201

With these assumptions in place we followed the theoryfree space. We can also construct an expression for the
of Tomas and Len&éto model the cavity modification to the amount of power radiated out of the cavity by the composite
spontaneous emission rate of the excitons in the lightemitter, P,,q, given by
emitting polymer. There are two key aspects of the experi-
mental situation that required us to extend this driven,
damped dipole-oscillator model. First we need to include the Pradzz fi power(\;), 3
broadband nature of the source, taking account of the emis- :
sion spectrum. Secondly, we also need to take account of the
distribution of emitters through the sampl@ssumed to be Wheref; is the amount of power radiated out of the cavity by

uniform) in conjunction with the spatial profile with which theith emitter(a single emitter with free-space emission at a
they are excited. wavelength ofi;), divided by the total power dissipated by

that single emitter in free space.

We now have expressions for the total power dissipated
and for the power radiated out of the cavity for just one
To account for the broad spectrum of the MEH-PPV emiS-Composite emitter in a cavity, Eq&2) and(3), respectively.
sion we model this broadband emitter by means of what wéve now need to account for the spread of emitter positions
refer to as a composite emitter. The details of including theahrough the emissive layer, where each position in the layer
emission spectrum specific to MEH-PPV will be discussed inmay have a different effect on the properties of an emitter
Sec. 1ID. Here we simply introduce the concepts and asplaced there.

sumptions needed to model a broadband rather than a nar-
rowband spectrum. We present expressions for the total
power dissipated in free space by a composite emiggy,
the total power dissipated by such an emitter in a cavity To model the distribution of the excited emitters in the
environment,P/,;, and the power such an emitter radiatespolymer layer we made several further assumptions. We as-
into the far field from within a cavity environmerf, 4. Our  sumed that the effects of the laser used to excite the emissive
model for the composite emitter comprises an appropriatelyayer in the experiment are such that the laser intensity is
weighted sum of single emitters, théh emitter having a well below that required to saturate the layer. We can then
free-space emission wavelength\gf In free space the total assume that the power available to emitters at a particular
power dissipated by the composite emitter is position in the emissive layer remains constant in time and
corresponds to the total power dissipated by all the emitters
at that position. We further assume that the decay of an ex-
Piot= 2 power(\;), (1) cited emitter cannot result in the excitation of another emitter
' (i.e., no photon recycling effect3.
where power denotes the contribution to the total power e can now define some functigr{x), corresponding to
dissipated by théth emitter(with wavelength\;), and effec- ~ the excitation profile in the layer, whesedescribes the po-
tively defines the intrinsic emission spectrum of the compossition within the emissive layer, normal to the interface
ite emitter. Our model thus assumes the emission to be hdlanes. We expegi(x) to take an approximately exponential
mogeneously broadened. We further assumed the emissi¢@rm where we have a laser directed at one side of the layer
spectrum could be represented by emitters equally spaced { Provide the excitation, as in the PL experiments reported
wavelength, such thai{,;—\;)=A\; is a constant for all here. To account for the continuous excitation profile we di-
i. The function powerthus corresponds to some continuousVide the emissive layer into a number of equal thickness
function, powef)), the continuous intrinsic emission spec- Sublayers. We consider a single composite emitter located at
trum. Placing the composite emitter in a cavity environmenthe midpoint of each sublayer. The position of ftle emitter

will result in a modified total dissipated powe?,,,, which IS given byx;. We define the total power dissipated by a
can be written as composite emitter at; asp(x;). As such, it should be clear

that the total laser power dissipated by the emissive layer is
given by 2 p(x;). For convenience we normalizgx) such
Pioi= E c; powet(\;), (2)  thatXp(x;)=1. Making use of Eqs2) and(3), we may also
! obtain an expression for the power radiated out of the cavity
by the composite emitter & ,R;(X;), given by

B. Spectral width

C. Excitation profile

wherec; represents the modification to the contribution from
the emitter with wavelength; induced by the local environ-
ment. From Eq(2), we see that if the local optical environ-

ment modifies the emission at a single wavelength we may EI fi power(x)
expect the emissive rate for the composite emitter to be al- R;(x;)=p(x;) . (4)
tered. The values; can be found using our model for calcu- > ¢, powek(\y)

k

lating the modification to the power dissipated by a single

emitter when it is placed in a cavity environménfThe co-

efficientc; is thus the power dissipated by tha emitter in ~ Summing over emitter sites, the total power radiated out of
the cavity, divided by the power dissipated by that emitter inthe emissive layer is given ByR;(x;). Through our normal-
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ization of p(x), the value of=R;(x;) corresponds to the 1.0
fraction of power absorbed from the laser by the emissive 08 i Rad(8.1) (a)
layer that results in radiation out of the cavity. 1 >
06 |
D. Intrinsic emission spectrum of MEH-PPV 04
Before we can use Ed4) to model our polymer layers, 0.2 f

we need to determine values for powewhich correspond 4
to the intrinsic spectrum of the emissive species in question, 0.0 —
i.e., the MEH-PPV emission spectrum. This may be done by
measuring the spectrum of the radiation from a thin sample, 012 F
for some fixed angle with respect to the sample normal. This er (b)7

>
layer must be sufficiently thin that the variations across the @ 0.10 )
thickness of the emissive layer resulting from cavity effects g 0.08 L FH6,)(sin(OP(A))
are not important. This then enables us to use a single emit-.& ~*° |
ter, centrally located to adequately model the effects of the g 0.06
layer. Let us define the measured intensity distribution ® i
rad 6,\), from such a system, for radiation at some fixed £ 0.04 . L .y .
olar anglef b
p g y 10
F(O,\) [ (c)
7 08
rad 0, 53 sin g) POVEM): © iy Power(4)

whereF(6,\) is the power radiated per unit of solid angle Tt
from the sample by a single emitter in the structure, corre- 04
sponding to a free-space wavelengthP(\) is the total o2L
power dissipated by that single emitter, and pogweris the 00 - . ' .
continuous form of powef\;) (i.e., the weighting that rep- - ! ! ' !
resents the intrinsic emission spectyurBince bothF(6,\) 550 600 650 700 750 800
and P(\) can be calculated with our model, and (&d\) wavelength (nm)

can be measured experimentally, the form of pdwecan
be determined. By choosing an appropriate range in wave- FIG. 2. The steps of the calculation of the intrinsic emission
length where the polymer is seen to erfit500—800 nmj spectrum of the polymer MEH-PPVa) The measured emission
and dividing this range into a number of equally spaced inspectrum, at 15°, for a thin MEH-PPV filmib) The calculated
tervals, powg(\;) can be determined. modification to the polymer’s intrinsic spectrurtt) The deduced
The structure used to obtain the measurements by whicttrinsic spectrum for MEH-PPV.
the intrinsic spectrum was calculated comprised 20-nm- . _ _
thick layer of MEH-PPV on a silica substrate. The back of E. Emission pathways: Experimental details
the substrate was painted with black absorbing paint to elimi- Our task here was to determine quantitatively the effec-
nate any scattering from the back face. A measurement faiveness of the different pathways by which light leaves the
the spectrum of the emitted radiation from the sample wagolymer films. We did this by comparing the results of mea-
taken at an angle of 15° to the sample normal and is showsurements with the predictions of the model outlined above.
in Fig. 2(@); the sample was excited by an argon laser oper- Thin films (80+5-nm thick of the polymer MEH-PPV
ating at 488 nm. The term corresponding to the modificatiorwere deposited by spin coating onto silica glass substrates,
of the internal spectrum due to the cavity(8,\)/P(\)] is 7-mm square and 1-mm thick. The polymer was excited us-
also shown, Fig. @), and the resulting intrinsic spectrum ing the 488-nm line of an argon-ion laser at normal incidence
[power\)], determined using Ed5), is shown in Fig. ). to the sample. The beam covered an area 1-mm wide and
In calculatingF(6,\) the emissive layer was treated as was positioned in the center of the sample. In general, light
birefringent and absorbing, since as noted in Sec. Il A2, thgyenerated in the emissive layer can escape through the back
radiative field components from a dipole source in such and front faces, and also through the sides of the sample. The
mediumcanbe modeled, even though the nonradiative com-experiment involved collection of the emitted radiation in an
ponents cannot. In this way self-absorption in the polymeintegrating sphere when the sample wasas madgbare,
could be accounted for. The dipole moment of the emittergb) painted black on the side&;) painted black on the back,
was taken to be randomly oriented in the plane of theand(d) painted black on the back and edges, see Fig. 3. The
film.?>26 Values for the intrinsic spectrum were determinedblack paint used was an excellent absorber of light so that
every 10 nm between 550 and 800 nm to define pgwer. this strategy enabled us to identify the different directions
Looking at Fig. 2, the major difference between the intrinsicinto which the power was radiated, providing a means of
and measured radiation spectra is that the intrinsic spectruwerifying the model we used. We measured the radiative
is biased towards shorter wavelengths due to the increasesnission using techniques we have described bé&fore.
absorption in this spectral region. Briefly, the absorbed pump power was determined by com-
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a) No paint b) Sides 0.50
MEH-PPV MEH-PPV 0.45 \___,/
Silica Silica ? 0.40-
= —b
E 035 ----c
c) Base d) Base and sides A d P
8 030 T
o .
MEH-PPV MEH-PPV '-g T
50254  _.__---
Silica Silica %
———— 0.201
FIG. 3. A schematic of the four types of sample used to examine 0.15 . . ----- . — T
the different emissive pathways, and the way in which they were 6 1 220 3 4 0 6 0 8

coated with black paint. air emitter position (nm) silica

paring the pump throughput of the sphere for the sample FIG. 4. The calcula_ted_rat_jiative efficiency of a single compos?te

being measured with that of a blank substrate. A ﬁbelemltter, based on t_he |nt.r|n5|c spectrum_for MEH-PPV, for the dlf_-

coupled charge-coupled device spectrometer was then us gent S"?mple. C(.mf'g”rat'ons shown in Fig. 3, as a function of emit-

to determine the emitted power. er location within the polymer layer.

Our results were as follows. We took the power emitted

from the unpainted sample, samghy, to be our reference gions, any contribution to the total power impinging on a

level, assigning it the value 1. From the sample with blackpainted surface was assumed to be absorbed. The results,

edgegb) we measured a power of 0.45—0.5, from the samplenormalized with respect to those of the bare sample, are

with the black backic) 0.2-0.3, and from the sample with shown in Fig. 4. From these data it is easy to compute the

both back and edges blac¢#), 0.17-0.25; all are discussed average value of the power radiated from the structures, av-

below. eraged over all emitter locations, weighted to take account of
the excitation profile. For the samplés), (c), and (d) we

l1l. DISCUSSION find values of 0.45, 0.28, and 0.19, respectively.

Using the model outlined above we computed the powetl_ These data are compared with_ the experimental values in
radiated from the different structuréthe different painting '2pl€ I, where we see that there is good agreement between
strategiebas a function of emitter position within a polymer €xPeriment and theory. The model agrees well with the effi-
film 80-nm thick. In the experiment, some of the light ini- Ciéncy results obtained experimentally, and gives us confi-
tially radiated towards the silica/air interface is reflectedd®nce in using our model to investigate emission from such
within the sample, and emerges instead through the sideBClymer layers. In the following sections we use the model
The model described above assumes each interface to B¢ have developed to explore the extent to which the effi-
infinite, and as such does not account for emission througfi€Ncy from light-emitting layers may be improved, and to
the sides. We therefore accounted for light that emerge§onsider the importance of including the spectral and spatial
through the sides of the samples as follows. spreads (_)f emission in our model. Two types of system can
be examined: photoluminescent structures and electrolumi-
All light initially radiated directly towards the sides of the nescent structures. Both are of practical interest, the former
silica was assumed to emerge as radiation. in such applications as single-photon sources and the latter
Light that “bounced” in order to get to the edge was for light-emitting diodes.
accounted for, provided it encountered the polymer/silica in-
terface no more t_han once. If it was reflected by this interface  \p £ | The power emitted by the different samples, normal-
more than once it was assumed to havg been absorbed. Fi%d to the power emitted by the bare sample, i.e, the sample with
the sample geometry used, light bouncing more often thaf, pjack paint. The range given for sampibs-(d) is an indication

this was in any case totally internally reflected at the sidef the measurement error in each case. Also shown are the results of
rather than being partially transmitted. the theoretical model.

In this geometry and for the indices of materials used,

only ~1% of the emission is both totally internally reflected Sample E(Z)Lt;i?i naz\rl;ter Emg;eedo&ower
from both the back face and totally internally reflected from

the edges of the silica; we therefore neglected this small  (a) Bare sample 1 1
contribution to the emission process. The square shape of the (b) Black edge 0.45-0.55 0.45
sample and the reflections from the sample sides for light (c) Black back 0.2-0.3 0.28
guided in the silica were not accounted for since we esti-  (q) Black edge 0.17-0.25 0.19

mated this would make a relatively small change. In terms of

and back
modeling the sample with black paint covering certain re
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094 (a) composite emitter polymer/air interface and as such the value Ry, will

084 e tend to zero as the polymer layer is continuously increased in

I e thickness. This is seen in the general decreas;jp, for an

B . increase in polymer thickness, and is because any emission

0.5 —— P radiated into air into the silica must first travel through an increasingly larger
g 0.5 \"-' -—-- p:;ca radiated into silica absprb!ng p_olymer region. !_ooking at Fig(bp the periodip
o4 n o e P__ absorbed in polymer oscillations in power with thickness are expected and arise as

03] N new waveguide modes are introduced into the system. In

1 A comparison, Fig. &) shows less evidence of these periodic
0.2 N e m e Pl ]

{ T T T emseee e __ oscillations, since they are further damped by the spectral
0171 ~— width of the emission in this case. In comparing Fig&) 5
0.0 — T T T T T T and 3b) it is clear that for the particular experimental geom-

0 100 200 300 400 500 600 etry considered a good choice of a single emission wave-
09+ (b) single emitter ... length and single emitter position can make a good approxi-
08 UL mation for a broadband emitter, since the variation in results
07 ] T is seen to be-10%.

] We now focus on the results of the composite emitter
067 . model, Fig. %a). We can see that the model predicts a sig-

‘g 0.5+ \\ ____Pair nificant increase in the power absorbed by the film, from

g 04- N silica ~40% to ~75%, as the film thickness is increased from 40
0.3 \ " P to 120 nm. This increase is due to emergence of the first
02 Sl guided mode. This mode is initially a radiatileaky) mode

- R T in the air and silica. As the thickness increases the mode
011 ~——~— "= —— becomes more confined to the polymer layer as it ceases to
0.0 — T T T T T be radiative in the air. Finally, for sufficiently thick films the

0 100 200 300 400 500 600 mode becomes totally guided in the polymer layer. By be-

cavity thickness (nm) coming more localized in the polymer, the mode is more

effectively absorbed. Above a film thickness of 120 nm, the

FIG. 5. The calculated efficiency of the emission from the pho-ghsorbed power remains relatively constant, with a trend to
toexcited airfMEH-PPV/silica systenta) A spread of composite slowly increase with polymer thickness, as explained above.
emitters with an exponential excitation profile that decays awayrhe |ack of features as the thickness increases further, even
from the polymer/air interface(b) A single emitter with a free- though new modes become available, arises from a combi-
space emission wavelength of 590 nm at a fixed position of 20 nMLation of the broad spectral width of the emission and the
from the polymer/air interface. absorption of the polymer.

The model indicates that a significant proportion of power
may be confined to the polymer75%, for film thicknesses
above 100 nm. This is power that could be recovered through

The model we have established enables us to make sonuse of scattering mechanisms, such as gratfiiger surface
predictions about the amount of power initially radiated byroughness®*’An alternative strategy would be to inhibit the
sources in the polymer that does not escape from the polynodes to which power is lost, perhaps through the use of
mer layer, instead being absorbed. Since we have assum@Botonic band gaps formed by using periodic texturing at the
no photon recycling, the values we present must be considPolymer interface$?
ered as an upper limit on the power absorbed by the film.

IV. PREDICTIONS OF THE MODEL
FOR PHOTOLUMINESCENCE (PL)

Simiary. e falues e gie o e pove (A OUL Oy, UG THE MODEL To ExpLORE

? . . ' ELECTROLUMINESCENCE (EL

In Fig. 5, we plot the power directly emitted from the EL)

polymer layer into the silica substrate,;;.,, and the power In this section we apply our model to a calculation of both

emitted directly into the airP,,. Since these results are the efficiency with which radiative singlet excitons may be
normalized to the pump-laser power absorbed in the film, th@roduced by electrical injection, and the efficiency with
power trapped and therefore ultimately absorbed in the polywhich such excitons may produce useful radiation in an EL
mer (Papd iS given byP,=1—Pgiica— Pair- IN Fig. 5@ we  device. By working with the results of Kiret al,> we use
show the result of our model where we have included theour model to find a value for the number of singlet excitons
intrinsic spectrum of the emitt¢Fig. 2(c)] and an exponen- that are excited per electron flowing in the external circuit of
tial form for the excitation profile through the polymer layer, their device and compare our result with theirs.

decaying away from the polymer/air interface. For compari- We consider the green-emitting LED of Kiet al®> The
son, in Fig. Bb) we plot the result of our model for a single structure of the LED is identified as a glass substrate covered
emitter with a free-space emission wavelength of 590 nnby a 160-nm-thick indium-tin oxidéiTO) layer upon which
that is at a fixed distance of 20 nm from the polymer/aira 72-nm-thick emitting polymer layer is formed. The poly-
interface. For both systems the emitters are localized near thmer was then coated with metal to form the top cathode. In
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FIG. 6. Schematic of the green-emitting LED structure of Kim 0 1 2 3 4 5 6
et al. (Ref. 5, which includes the optical parameters used in our in-plane wavevector, k, /k,
modeling.

FIG. 7. Contributions to the total power lost by an emitter as a
an EL device the electron-hole recombination often occurdunction of the normalized in-plane wave vectqr(normalized by
within a reasonably well-defined layer within the polymer. the magnitude of the wave vector in free sp&ge-2m/\, where
This recombination |ayer is the region in the p0|ymer Where)\:550 nm). The emitter is a horizontally Oljiented electric dipole
excitons are formed and from which emission may subselocated in the LED structurgas depicted in Fig. )6 Power compo-
quently occur. The problem of identifying an excitation pro- Nents with a normalized in-plane wave veclkgrng may radiate
file (Sec. Il Q may be simplified for an EL device if a single into the air and/or silica, those wn’nb<kH_< n, are confined to Fhe
position can be associated with all of the emission. KimPeymer and ITO layers, and those wiky>n, are nonradiative
et alS identify the recombination zone in their green LED to (dominated in this regime by coupling to t&PPmods.

'?he 40fnm frtc_)m :Ee catho%e. V\/Ie tL.Jse tthltshvalufe, at_s w«_alldas a‘Hwer through, for example, the excitation of local phonon
€ information they provide refating to the refractive INAiCes o | considering our photoluminescence results above

of the materials of the LED, to model emission from their o . I\) this was justified since there we were only con-

device. The_ strl_Jcture and parameters used in our mOdeI'né’erned with how the emitted radiation was distributed among
are shown n E|g. 6. Furthermore, we are restricted to COMNthe various emission pathways. However, in considering
sidering emission for the single free-space wavelength o lectroluminescence we need to take specific account of the

550 nm, just as they used ir_1 th_eir_opticgl mOde””Q* since V\.'equantum efficiency. The factax in Eq. (6) depends on the
have no information on the intrinsic emission spectrum. This uantum efficiency in two ways. First, the higher the value

do?ds, thotvr\]/ever, f“:(‘?a”tthf_‘g our r?sglFs gan ?\3 tc#mpgr(ald t g, the greater the EL efficiency since a greater proportion
rectly to those of ®imet al, = as noted in Sec. 1V, tiS SINGIE. o g 16t excitons decay to produce radiation. Secondly, a

%igh value ofg means that the cavity has a greater influence
: . over how effectively radiative emission competes with non-

. we St"’“é with an expression, related to E@Eﬂd(“) O.f radiative emission. Nonradiative decay is unaffected by the
Kim et al,” for the external EL quantum yield . This iS4y “thys, if the cavity is able to enhance the radiative
the ratio of the number of photons radiated out through thya oy rate, nonradiative decay will become less significant.
diode sgrfaqe to the number of electrons 'flowmg in the €%~ \we model the singlet exciton as a dipole emitter with a
ternal circuit, and was measured experimentally by Kimginole moment oriented in the plane of the polymer layer.
etal. forsthelr green LED to be 6%0.5% (see Table | in  qreating the emissive layer as isotropic and lossless with a
Kim et al”). The external quantum yield can be written as efractive index of 2, in the fashion of Kiret al,® we obtain

ext_ 6) values for the power emitted from the face of the diode and
el = Vst the total power lost by the emitter as 0.292 and 2.87, respec-
where vy is the probability that an electron flowing in the tively, thus givinga as 0.1. Here we have assumed that
external circuit produces an excitan; is the probability that =1; the effect of changingy is discussed below. These
the exciton so formed is a singlet, as opposed to a triplet, anquantities are scaled to the total power radiated by an emitter
«a is the probability of a singlet exciton decaying to producein an unbounded region of the polymer.
a photon that is emitted from the diode surface. The prob- The contribution to the total power lost by the emitter as a
ability « is equivalent to the fraction of the total power that function of in-plane wave vectdy; is shown in Fig. 7. The
is lost by a radiative emitter and subsequently emittedstrong features in the figure correspond to coupling between
through the surface of the device. the emitter and the modes of the structure. The area under the
Thus far we have not discussed the quantum efficiency whole curve gives the total power lost by the emitter. The
of the emission. This is the probability that a singlet excitonarea under that part of the curve associated with a particular
decays radiatively, rather than being directly lost to the poly-mode is a measure of the power lost through coupling to that

not clear this is the case for this EL system.
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FIG. 9. The variation ofa and the contributions to the total

FIG. 8. The probability of a singlet exciton decaying to produce power lost by a singlet exciton, as a function of emitter position in
a photon that is emitted from the diode surfagds shown as a  the polymer layer.

function of the quantum efficienay of the emitter.

mode. That a significant amount of power is lost by the emitchange in the value foe, and the contribution of the differ-
ter to the waveguide and surfa¢@PP modes of the struc- €nt emissive pathways to the decay of singlet states, as a
ture is evident from the figure. The strength of these modeé&nction of emitter position in the polymer layer. The strong
means that they have a significant effect upon the decay ofariation ofa with emitter position indicates that accounting
the emitter and must therefore be properly accounted for téor & spread of emitter positions, corresponding to a poten-
describe the behavior of the emitter, an aspect assumed to ally broad recombination zorfemay be necessary to prop-
unimportant by Kimet al® erly model the EL device structure.

We now consider the effect of the quantum efficiemgy The absorption of the polymer layer is another factor ab-
In Fig. 8 we show howr depends org by calculating the — sent from our study of this EL device, although further mod-
power emitted from the face of the diode and total power los€ling (not shown with absorption present, for a single emis-
by the emitter for different values af. As expected, the sion wavelength and for a single emitter positi@s given
value ofq=1 gives the maximum value far (10%), and as by Kim et al®), indicated that such absorption does not sig-
q is decreased we see thatdecreases. Since Kimtal®  nificantly alter the value otx. However, without knowing
have measured;S for their green LED as-6%, we can aqcurately the complex index of the_ polymer, the result may
now use Eq(6) to obtain an estimate for the produgt.,, _st|II depend on the value of absorption for the polymer ysed
which corresponds to the ratio of singlet excitons formed td" the model. We note that complete account of all pertinent
electrons flowing in the external circuit. Kirat al® found ~ details has yet to be made in any realistic modeling of an EL
this product to be 40%, a result that is surprisingly highdewce; to do this one needs not only_acompr_ehenswe model
when compared to the 25% expected from simple spin sta(@s outlined above but als_o accurate information on a_lll rel-
tistics. However, as noted by Kirt al.’ their “half-space” evant pa_rameters, e;pe_czlally 'ghe complex refractive index of
model does not take full account of the guided modes of th&ll materials and their dispersion.
LED structure. Our model specifically takes account of these
modes(as shown in Fig. Y and so it is interesting to see
what our model will predict for the produatr ;. Using the
value ofq=0.33 quoted by Kirret al® (something they refer We have presented a model for the radiative emission of
to as the free-space photoluminescence yiekelfinda to be  sources embedded within a thin polymer film. This model
6% so that the resulting value for ¢ is 100%. This remark- accounts for the broad spectral width of the emission from
ably high value depends critically on the valuegpbised in  light-emitting polymers and also accounts for an excitation
the calculation. In the limit off=1 (a«=10%) we obtain a profile that may be necessary to describe the emissive region
lower limit for the value foryr ¢ of 60%. Thus the probabil- of the polymer layer.
ity that an electron flowing in the external circuit produces a By analyzing the emission measured from a very thin
singlet exciton ¢rg) would appear to lie between 60% and MEH-PPV layer with our model the intrinsic spectrum for
100%. Our result supports the finding of Kighal® thatyr,,  this polymer was calculated, account being taken of self-
is greater than the 25% expected from spin statistics, a matt@bsorption. Incorporating this intrinsic spectrum into our
discussed below. model allowed us to examine where the emission from an

It is worth noting that the modeling we have undertakenexperimental sample, comprising a polymer film on a silica
here, though it takes account of guided modes, still has limisubstrate, is directe@ither radiated from the top, bottom, or
tations. One limitation is a lack of knowledge concerning thesides of the sampleHaving found good agreement between
spatial distribution of the emitters. In Fig. 9 we show thethe experiment and our model, we proceeded to make some

VI. SUMMARY
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predictions about the power that is lost to absorption in thgpower is lost to guided modes, an aspect not fully dealt with
polymer for a simple photoexcited MEH-PPV film on a silica by Kim et al> However, as we noted above, our model also
slide, as a function of film thickness, Sec. IV. Our modelhas limitations and these can only be overcome by a more
showed that for such MEH-PPV films of sufficient thicknessthorough knowledge of the system. Though both our analysis
(>100 nm) approximately 75% of radiative emission never and that of Kimet al? are limited, it does seem as though the
escapes the emissive layer, and is lost to absorption in thealue is greater than the 25% value predicted by simple spin
polymer. This represents a significant proportion of powerstatistics; our results thus lend support to the theoretical work
that, if recovered, would produce a large increase in effiof Shuaiet al? where they calculate a higher value using a
ciency. molecular-orbital perturbation approach. Clearly, more work
Finally, we looked at the results of Kimt al® for an EL  is required to unravel this fascinating aspect of the photo-
green-emitting polymer LED that they had fabricated. Usingphysics of light-emitting polymers.
our model, and relying on the parameters that kémal®
provided for their system, we found the maximum radiative
efficiency of the devicéa) to be ~10%. We then went on to ACKNOWLEDGMENTS
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