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Effect of metal films on the photoluminescence and electroluminescence of conjugated polymer
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~Received 12 February 1997; revised manuscript received 15 April 1997!

We report the modification of photoluminescence~PL! and electroluminescence~EL! from conjugated
polymers due to the proximity of metal films. The presence of a metal film alters the radiative decay rate of an
emitter via interference effects, and also opens up an efficient nonradiative decay channel via energy transfer
to the metal film. We show that these effects lead to substantial changes in the PL and EL quantum efficiencies
and the emission spectra of the polymers studied here@cyano derivatives of poly~p-phenylenevinylene!, PPV#
as a function of the distance of the emitting dipoles from the metal film. We have measured the PL quantum
efficiency directly using an integrating sphere, and found its distance dependence to be in good agreement with
earlier theoretical predictions. Using the spectral dependence of the emission, we have been able to investigate
the effect of interference on the radiative rate as a function of the wavelength and the distance between the
emitter and the mirror. We compare our results with simulations of the radiative power of an oscillating dipole
in a similar system. From our results we can determine the orientation of the dipoles in the polymer film, and
the branching ratio that gives the fraction of absorbed photons leading to singlet excitons. We propose design
rules for light-emitting diodes~LED’s! and photovoltaic cells that optimize the effects of the metal film. By
making optimum use of above effects we have substantially increased the EL quantum efficiencies of PPV/
cyano-PPV double-layer LED’s.@S0163-1829~97!09228-X#
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I. INTRODUCTION

Conjugated polymers have attracted much attention s
the discovery that these materials can be used as emi
layers in light emitting diodes~LED’s!.1,2 Research has bee
particularly focused on poly~p-phenylenevinylene! ~PPV!
and its derivatives because of their high efficiencies. W
these materials a wide range of emission colors and e
troluminescence efficiencies up to 4% have been report3

The competition between radiative and nonradiative de
processes in conjugated polymers is currently of great in
est since it governs the efficiency of light emission in con
gated polymer devices such as LED’s and lasers as we
the quantum yield of photovoltaic devices.1,4–7Most of these
devices contain metals films either as electrodes for cha
injection in electroluminescent devices or as mirrors in or
to manipulate the radiative properties of the emissive spe
in the polymer. The presence of a metal film will alwa
influence the properties of the emitting material. Microca
ties have been used to narrow the linewidth and tune
color of emission from conjugated polymers.8–10 It has re-
cently been shown that the spontaneous emission rate ca
greatly enhanced or suppressed in metal mirror microca
structures containing conjugated polymers, depending on
overlap of the electric-field distribution within the microca
ity with the emissive layer.11,12It has also been demonstrate
that enhancement of the stimulated emission rate leadin
lasing can be achieved with conjugated polymers using s
lar microcavity structures.7

More generally, the radiative and nonradiative rates of
excited dipole fluorescing in front of a metal film or betwe
two metal films have been extensively investigated, b
theoretically and experimentally.13–20The luminescence life-
time t is related to the rate constants for radiative (kR) and
nonradiative (kNR) decay by
560163-1829/97/56~4!/1893~13!/$10.00
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where the radiative lifetime is 1/kR , and the nonradiative
lifetime is 1/kNR. The quantum efficiency for luminescenc
q is given by

q5bS kR
kR1kNR

D , ~2!

where the branching ratiob is the fraction of absorbed pho
tons leading to singlet excitons. The balance between
radiative and the nonradiative decay rates therefore de
mines the luminescence efficiency. Different methods h
been used to predict the lifetime and luminescence quan
efficiency for an excited molecule in front of a mirror. Th
interference method successfully predicts the effects of a
flective surface on the radiative properties of the dipole15

However, at short distances nonradiative energy transfe
the metal becomes an effective decay channel for an exc
molecule near a metal, thus increasing the nonradiative
cay rate close to the metal. In the ‘‘mechanical model’’14 the
excited molecule is considered as a harmonic oscillator w
the field reflected by the metal film acting as a driving for
on the oscillator. By introducing a reflection coefficie
smaller than unity and a phase factor into the perfect mir
equations, some of the aspects of nonradiative energy tr
fer could be reproduced.14 However, the best agreement b
tween theory and experiment has been achieved with
energy flux method where the total energy flux through in
nite planes above and below the dipole is calculated.19 It
gives separate expressions for the effects of interference
the radiative lifetime and of nonradiative energy transfer
the nonradiative lifetime. The nature of the nonradiative e
ergy transfer depends on the distance of the oscillating dip
1893 © 1997 The American Physical Society
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1894 56H. BECKER, S. E. BURNS, AND R. H. FRIEND
to the metal. The interaction of the dipole with the electr
gas of the metal is dominated by scattering by the m
surface at short (,20 nm) distances and scattering in t
bulk, e.g., by phonons or impurities, for longer distances.21,22

The decay time of an emitting molecule in front of a me
film has previously been reported.15,19,23In order to deduce
the quantum efficiency from those measurements it was
essary to make assumptions about the orientation of the
poles and the free-space efficiency of the emitting molec
In this paper we present direct measurements of the ph
luminescence~PL! and electroluminescence~EL! quantum
efficiencies of two cyanoderivatives of poly~p-
phenylenevinylene!, MEH-CN-PPV and DHeO-CN-PPV
the structures of which are shown in Fig. 1, and compare
results with the theoretical predictions for the quantum e
ciency of a dipole in front of a mirror. Measurements of t
PL quantum efficiency rather than the luminescence lifeti
are of particular relevance for electroluminescent device

The effect of interference on the radiative properties of
excited molecule is dependent on the emission wavelen
This wavelength dependence is again a function of the
tance between the emitting molecule and the mirror.
broad bandwidth emitters such as conjugated polymers,
leads to substantial changes in the shape of the emis
spectrum depending on the separation between the em
and the mirror. We have investigated the changes in the
emission spectrum of a 15–20-nm-thick MEH-CN-PPV fi
separated by a SiO2 layer from a 35-nm-thick aluminium
film. Using a simple model that describes the effects of
terference on the radiative rates, we have been able to r
the spectral shape of the emission to the radiative powe
an oscillating dipole in front of a mirror as a function o

FIG. 1. Chemical structures of PPV, MEH-CN-PPV, a
DHeO-CN-PPV.
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wavelength and distance between the polymer and the m
We compare our results with earlier24 and recent simulations
of the radiative power of an emitting dipole in front of
metal mirror.

The internal electroluminescence efficiency of a LED
defined as the number of emitted photons per charge ca
flowing through the circuit. Because the light-emitting sp
cies is thought to be the same in EL and PL, we expect
effects of a metal film on the EL to be the same as measu
for the PL. The maximum EL efficiency of a device is e
pected to be one-fourth of the PL efficiency of the emitti
polymer where the factor 4 derives from the spin degener
of the singlet and triplet excitons, with only the singlet exc
tons decaying radiatively.25 So far, the highest EL efficien
cies for polymer LED’s have been achieved with PPV/ME
CN-PPV and PPV/DHeO-CN-PPV double-layer devices.3,26

This has been attributed to various reasons, but it has b
unclear what role interference effects and nonradiative
ergy transfer to the metal electrode play. In these device
has been proposed that emission occurs from a thin laye
the interface between the polymer layers, although there
been little direct evidence that this is the case. We h
systematically changed the position of the interface betw
the two polymer layers relative to the metal film. We me
sured the dependence of the EL efficiency of PPV/MEH-C
PPV double-layer devices on the distance between
polymer-polymer interface and the Al electrode. This allo
us to comment on the effect of the Al film on the radiati
and nonradiative properties of the emitting species and
increased EL efficiencies in double-layer devices. We co
pare the EL efficiencies with the PL efficiencies measured
thin polymer films separated from a 35-nm Al film by
SiO2 layer.

The interface between conjugated polymers and me
has recently been studied in order to obtain informat
about the chemistry that occurs at the interface and ab
diffusion of metal atoms into the near-surface region of
polymer.27 The effects of these processes on PL and EL
important for device operation. It has also been reported
thin calcium films efficiently quench the PL of thin conju
gated polymer films if deposited on top of them.28 In this
context it is important to understand the origin and con
quences of nonradiative energy transfer from the polyme
the metal and of interference effects on the quantum e
ciency and the emission spectrum.

II. METHOD

A. Experimental procedures

We have built three device structures as shown schem
cally in Fig. 2. Thin metal films of Al or Au were thermally
evaporated onto one-half of a quartz substrate. We u
semitransparent Al and Au films of thicknesses around 2
nm with a transmittance of more than 70% in the visible, a
35-nm-thick nontransparent Al films. Films of MEH-CN
PPV and DHeO-CN-PPV~Fig. 1! were prepared by spin
coating onto the metal-coated substrates. A series of th
nesses between 15 and 200 nm was prepared. On a se
set of samples, transparent SiO2 spacer layers~Schott glass
8329! of differing thicknesses were evaporated on top of
metal-film coated substrates using an electron-beam ev
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56 1895EFFECT OF METAL FILMS ON THE . . .
ration technique. The refractive index of the glass was ta
to be 1.47. A thin polymer layer of 15–20-nm thickness w
then spin coated onto the SiO2 layer. In order to investigate
the effect of indium-tin oxide~ITO! on the PL quantum ef-
ficiency MEH-CN-PPV films of different thicknesses we
spin coated onto commercially-available ITO-coated gl
substrates~Balzers ITO-coated glass substrates type 2
ITO layer thickness;100 nm!.

The PL efficiency~number of photons emitted per numb
of photons absorbed! and the emission spectra of the P
samples~structures 1 and 2, Fig. 1! were measured using a
integrating sphere and a charge-coupled device~CCD! array
spectrometer~Oriel Instaspec IV!.29,30A 458-nm laser served
as the excitation source. The samples were illuminated f
the polymer side. The PL efficiency and the PL spectr
were measured on the metal-coated half, and as a refer
on the noncoated half of the sample as a function of
thickness of both the polymer film and the SiO2 layer.

A series of PPV/MEH-CN-PPV double-layer LED de
vices was built by spin-coating the PPV precursor onto I
coated substrates. After thermal conversion of the PPV
cursor, MEH-CN-PPV was spin coated onto the PPV fil
Finally, Al electrodes were thermally evaporated on top
the structure. The PPV layer was 120 nm thick. The thi
ness of the MEH-CN-PPV layer varied between 24 and 1
nm. A schematic diagram of the devices is shown in Fig
The electroluminescence in the forward direction was m
sured using a calibrated photodiode.

The batches of MEH-CN-PPV and DHeO-CN-PPV us
showed PL quantum efficiencies between 33% and 3
when spin coated onto glass substrates. These are simil
those reported previously.29 The samples were kept in
nitrogen-filled atmosphere or in vacuum at all times, and
experiments were performed within a few hours after
preparation of the samples in order to avoid oxidation of
polymer or the metal.

B. Modeling

Simulations of the radiative power of oscillating dipol
embedded in the top layer of a three-layer structure simila
structure 2 shown in Fig. 2 were carried out using t
transfer-matrix method and multilayer stack theory. T
model is based entirely on classical electromagnetic the

FIG. 2. Schematic diagram of the PL~1,2! and EL ~3! device
structures.
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and is described in more detail in Ref. 24. We simulated
radiative power of dipoles distributed uniformly throughou
20-nm-thick layer separated from a 35-nm Al film by a tran
parent layer with the same refractive index as the SiO2 that
was used to build structure 2. The radiative power of
dipoles was normalized to be 1 in free space. By integrat
the emitted power over all angles, the changes in radia
rate due to the metal film were calculated as a function of
distance between the emission layer and the metal, the w
length and the orientation of the dipoles. The refractive ind
data for the aluminum was taken from Ref. 31. The refract
index of MEH-CN-PPV was taken to be 1.7, where any
refringence and the dispersion of the refractive index w
neglected. The refractive index of MEH-CN-PPV at 633 n
has been measured to be 1.695 for TM and 1.77 for
modes.32

III. RESULTS

A. PL spectra and PL efficiency

The PL emission and absorption spectra of MEH-C
PPV are shown in Fig. 3. Due to the large Stokes’ sh
typical of this class of materials, the overlap between abso
tion and emission is very small. For wavelengths above 5
nm this allows us to use the spectra measured in the integ
ing sphere, since reabsorption of the emitted light is low a
the shape of the emission spectrum is therefore the sam
for the free-space emission.

1. Polymer on metal (structure 1)

Figure 4 shows the PL efficiency of MEH-CN-PPV an
DHeO-CN-PPV films in front of different metal films as
function of the film thickness. 2- and 3-nm-thick gold an
aluminum films were used as well as 35-nm-thick aluminiu
films. The data were corrected for the absorption of la
light by the metal mirror, which was calculated from th
transmission spectra of the metal films, simulations of
absorption of light by the metal,33 the transmission spectra o
the polymer films, and the absorption by the whole struct
measured in the integrating sphere. The 2–3-nm-thick m
films are highly transparent for light in the visible rang
~.70% transmittance!. Hence we expect interference effec

FIG. 3. Normalized emission spectrum~solid line! and absorp-
tion spectrum~dotted line! of MEH-CN-PPV.
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1896 56H. BECKER, S. E. BURNS, AND R. H. FRIEND
to play a minor role. Figure 5 shows the spectra measure
the integrating sphere for MEH-CN-PPV films of differe
thicknesses on 3 nm of Al.

We measured the absorption coefficient for the MEH-C
PPV at 458 nm to bea51.243105 cm21, so that approxi-
mately half of the excitation light is absorbed in the first
nm. Since the diffusion range for the excitons in these m
terials is of the order of a few nanometers, we take the spa
distribution of the emission to be identical to the absorpt
profile. For thick polymer films, where most of the light
emitted in regions far away from the metal, the shape of
emission spectrum is the same as for thin films, where
light is emitted close to the metal. This confirms that int
ference effects are negligible for 2–3-nm-thick metal film
We see from our measurements that the PL is efficie
quenched for polymer films up to a thickness of 90 nm
thin metal films, and up to 60 nm for a thick Al film. Within
a critical distance of 20 nm almost all luminescence
quenched.

Figure 4 also shows the dependence on the polymer
thickness of the PL quantum efficiency of MEH-CN-PP

FIG. 4. PL quantum efficiency as a function of the polymer fi
thickness of MEH-CN-PPV on 2 nm of gold~triangles!, MEH-CN-
PPV on 3 nm of aluminium~circles!, DHeO-CN-PPV on 2 nm of
gold ~filled squares! and of MEH-CN-PPV on 35 nm of aluminum
~open squares!. The solid lines are guides to the eye.

FIG. 5. Normalized PL emission spectra of 15–90-nm-th
MEH-CN-PPV films on 3 nm of aluminum measured in the in
grating sphere.
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films deposited on 35 nm of Al. The reflectance of the me
film was around 90%. As shown in Fig. 6, the shape of
emission spectrum changes with the polymer film thickn
due to interference effects. Surprisingly, the PL quantum
ficiency rises faster with polymer film thickness than for th
metal films. The difference in the distance dependence of
energy transfer rate to the metal cannot explain this. Ho
ever, interference effects not only affect the emission pr
erties of a material but also change the absorption in
same fashion. As we will see in Sec. III A 2, the radiati
power of dipoles parallel to the mirror plane increases w
the distance between the mirror and the dipole for distan
comparable to the maximum MEH-CN-PPV film thicknes
We therefore expect the absorption of light to increase w
distance from the metal. The majority of light is therefo
absorbed and emitted further away from the metal than in
case of thin metal films with a low reflectivity. As a cons
quence, the maximum PL efficiency is reached for thinn
polymer films.

The same experiment was performed with polymer fil
of differing thicknesses spin-coated on ITO-coated glass s
strates. ITO, which is commonly used as a hole injector
electroluminescent devices, was not found to quench the
for polymer films thicker than 20 nm. Only for a 20-nm-thic
film was a reduction of the PL efficiency of 12% observe
This might be explained in terms of exciton diffusion towa
the polymer-ITO interface where the excitons are quench
Our results are in agreement with reports in t
literature.28,34,35

Discussion. The suppression of light emission near t
polymer metal interface cannot be explained by absorp
of emitted light by the metal. Although this effect reduc
the measured quantum efficiency, it is independent of
distance between the metal and the emitter, and can there
not explain the increase in quantum efficiency with polym
film thickness. At long distances the PL efficiency a
proaches a constant value below the free-space quantum
ficiency of our samples. As we will see below this is cons
tent with our assumption that interference effects can
neglected for very thin metal films. Our data agree qual
tively with a calculation of the quantum yield of an oscilla
ing dipole with a quantum efficiency of unity in front of

FIG. 6. Normalized PL emission spectra of three selected th
nesses of MEH-CN-PPV films on 35 nm of aluminum measured
the integrating sphere.
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56 1897EFFECT OF METAL FILMS ON THE . . .
mirror.19We conclude that nonradiative energy transfer fro
the excited state of the polymer to the metal efficien
quenches luminescence in the proximity of a metal film,
predicted by the simulations by Chance, Prock, and Silbe19

However, for three reasons our results are not dire
comparable with the calculation of Chance, Prock, and
bey. First, in their model, the quantum efficiency of a sing
dipole at a given distance is calculated. In our experime
the light is emitted over a broad region in the polymer fi
depending on where it is absorbed. Even for thick polym
films light penetrates far into the film, where it is absorb
and subsequently emitted in regions close to the metal w
it can be quenched. Because of the penetration of light
the polymer film we expect a reduction in the quantum e
ciency for relatively thick polymer films. Second, Chanc
Prock, and Silbey, used a model in which the emitter ha
quantum yield of unity in free space. It follows that in fre
space no nonradiative energy decay occurs. Energy tran
to the metal is therefore the only nonradiative decay chan
This means that interference effects do not change the q
tum efficiency for distances where nonradiative energy tra
fer to the metal is negligible. They do, however, alter t
quantum efficiency at short distances where nonradiative
ergy transfer to the metal is present. In our structures, sh
in Figs. 4–6, interference effects alter the PL efficiency at
distances when the reflectivity of the metal films is hig
since our materials have a free-space quantum efficie
around 36%, and therefore intrinsic nonradiative decay ch
nels not associated with the metal film are present. Howe
interference is negligible for all distances when the reflec
ity of the metal films is low. Third, highly transparent met
films show a slightly different distance dependence of
nonradiative energy-transfer rate than thick metal films.
short distances very thin films quench luminescence m
efficiently than thick metal films, whereas for longer di
tances the opposite is true.18

2. Polymer on spacer on metal (structure 2)

We also investigated the PL efficiency and the emiss
spectra of structures where a 20-nm-thick polymer laye
separated from the Al film by a SiO2 space layer. Using
spacer layers avoids several problems. The emission zo
confined to a thin layer at a given distance to the me
which gives better spatial resolution and allows better co
parison with simulations for dipoles in front of met
films.15,19,24 It avoids chemical reactions between the po
mer and the metal that can alter the emission characteri
of the polymer, e.g., covalent bonding of Al atoms to t
polymer.27 It also rules out diffusion of the exciton to th
metal as a necessary precondition for quenching. Furt
more, no diffusion of metal atoms into the polymer layer@of
the order or 3–4 nm for Al~Ref. 27!# occurs. In addition, a
comparison of the EL results with the PL quantum efficien
of a polymer film at various distances to the metal allows
to draw conclusions about the nature of the recombina
zone. The measured quantum efficiencies were correcte
the absorption of laser light by the Al film.

In Fig. 7 the PL quantum efficiency of a 15–20-nm-thi
polymer film separated from 2–3-nm-thick Au and Al film
by a transparent SiO2 spacer layer is shown as a function
the spacer layer thickness. For a polymer film spin coa
s
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directly onto the metal film or a 5-nm-thick spacer layer, t
efficiency is reduced from 36% in free space to a value
tween 0.06% and 3%. We note that contact between
polymer film and the metal is not necessary for efficie
quenching of the PL. The PL quantum efficiency increa
with increasing SiO2 layer thickness. For a separation of a
proximately 60 nm, the PL quantum efficiency approache
constant value which is less than the free-space quan
efficiency of 36%. The excitation density throughout such
thin film is taken to be approximately constant. For o
samples we therefore consider 60 nm as the distance a
which nonradiative energy transfer to the metal becom
negligible. The PL spectra obtained from the polymer film
are shown in Fig. 8. As expected, for highly transpare
metal films the shape of the emission spectrum is alm
independent of the distance between the polymer layer
the metal film.

Figure 9 shows the results of the same measuremen
samples with a 35-nm-thick highly reflective Al film. Th

FIG. 7. PL quantum efficiency of a 15–20-nm-thick MEH-CN
PPV film on a SiO2 spacer layer on 2 nm of gold or 3 nm o
aluminum as a function of the SiO2 thickness. The solid lines are
guides to the eye.

FIG. 8. Normalized PL emission spectra of 15–20-nm-th
MEH-CN-PPV films separated by SiO2 spacer layers of differen
thicknesses from 2 nm of gold and 3 nm of aluminum measure
the integrating sphere.
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1898 56H. BECKER, S. E. BURNS, AND R. H. FRIEND
reflective and quenching properties of such an Al film a
identical to that of the bulk. The PL quantum efficiency o
cillates as a function of the SiO2 layer thickness. With no
spacer layer present, the PL quantum efficiency is again
duced to around 3%. With increasing SiO2 layer thickness
the quantum efficiency rises to a maximum of 35.5% fo
separation of about 75 nm between the polymer layer and
metal film. For larger distances, the PL is significantly
duced, with the quantum efficiency dropping to 5.3% fo
SiO2 layer of 210-nm thickness. The PL quantum efficien
peaks again, with the quantum efficiency reaching 32%
value slightly lower than that for the first peak. We note th
the PL quantum efficiencies shown in Fig. 9 have been
culated neglecting the absorption of emitted light by the
Correction for absorption of PL by the Al would give
maximum PL quantum efficiency of 37%, and a minimu
PL quantum efficiency of 5.6%, as discussed below. The
spectra from these samples are shown in Fig. 10. Interfere
effects shift the emission peak of a thin MEH-CN-PPV lay
on top of a SiO2 spacer and a 35-nm-thick Al film over th

FIG. 9. Solid circles: PL quantum efficiency of a 15–20-nm
thick MEH-CN-PPV film on a SiO2 spacer layer on a 35 nm o
aluminum as a function of the SiO2 thickness. The solid line is a
guide to the eye.

FIG. 10. Normalized PL emission spectra of 15–20-nm-th
MEH-CN-PPV films separated by SiO2 spacer layers of four se
lected thicknesses from 35 nm of aluminum measured in the i
grating sphere.
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range of 580–640 nm. The emission from a MEH-CN-PP
film spin coated onto a glass substrate peaks at 595 nm

Discussion. In our experiments we can distinguish b
tween two cases. For very thin metal films with low refle
tivities, interference effects are negligible. This is suppor
by the lack of any dependence of the shape of the emis
spectrum on the thickness of the polymer film or the Si2

spacer layer. Nonradiative energy transfer to the metal
however, been identified as an efficient decay channel fo
emitter in the proximity of a thin metal film.19,22The samples
with thin metal films thus allow us to measure the effect
the metal film on the nonradiative energy transfer only and
neglect the effect of interference on the radiative rate.
thick metal films we expect both interference effects a
energy transfer to the metal to influence the radiative as w
as the nonradiative properties of the light emitter.14,15,19

We can identify two different regimes. For short distanc
~below 60 nm! we see efficient quenching of the lumine
cence for both highly transparent and highly reflective me
films. We conclude that nonradiative energy transfer to
metal plays an important role in this region. For longer d
tances the PL efficiency remains constant for polymer fil
on thin metal layers but oscillates as a function of distan
for highly reflective metal films. For thicker metal films w
also observe a significant dependence of the shape of
emission spectrum from the distance between the emitter
the metal. We assign these effects to interference betw
directly emitted waves and waves reflected from the me
layer. The effect of interference on the radiative lifetime
an emitting dipole in front of a metal mirror as a function
wavelength and dipole metal separation has been inve
gated in great depth,15,23 and, as we discuss below, can a
count for our observations here.

In order to interpret our results, we have analyzed them
terms of the competition between radiative and nonradia
decay processes. The radiative lifetime of an excited m
ecule oscillates with increasing distance of the molec
from a reflective surface. However, when the nonradiat
energy transfer to the metal is negligible, the radiative de
channels in a material with a quantum efficiency of unity
not compete with any nonradiative decay channels. Chan
in the radiative lifetime therefore have no effect on the qu
tum efficiency. We note that this is the case for the simu
tions carried out in Ref. 19. If, however, nonradiative dec
channels are present, as in our materials, an oscillation in
radiative lifetime due to interference effects will allow th
nonradiative decay channels to compete more or less fa
ably, depending on whether the radiative lifetime is i
creased or decreased. This leads to an oscillation in quan
efficiency. For materials where radiative and intrinsic a
extrinsic~i.e., due to the metal! nonradiative decay channe
compete with each other, we therefore expect a combina
of both the effects of interference on the radiative lifetim
and of energy transfer to the metal on the nonradiative l
time. At long distances we expect the PL efficiency to osc
late in the same fashion as the radiative lifetime~see Fig. 9!.
At short distances nonradiative energy transfer will redu
the efficiency~see Figs. 9 and 4!. This effect will be en-
hanced by an increase in the radiative lifetime~decrease in
the radiative rate! due to destructive interference.
e-
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56 1899EFFECT OF METAL FILMS ON THE . . .
Dipole orientation. The distance dependence of the rad
tive lifetime of a dipole in front of a reflective metal film i
very sensitive to the orientation of the dipole. In the follow
ing we will summarize a few results of simulations b
Chance, Prock, and Silbey of the quantum efficiency o
dipole with a free-space quantum efficiency of unity in fro
of a metal mirror. We introduce a normalized lengthx
52pnd/l ~wheren is the refractive index of the medium
surrounding the dipole,d is the distance, andl is the wave-
length at which the dipole emits!. For dipoles parallel to the
mirror, the radiative lifetime increases rapidly with decrea
ing distance between the dipole and the mirror. This is
case for distances for whichx is less than 1. Forn51.5 and
l5600 nm, parameters comparable with our experimenx
is 1 for a dipole-metal separation of 64 nm. For dipoles o
ented perpendicular to the metal film the radiative lifetim
shows a maximum aroundx51.7, which forn51.5 andl
5600 nm gives a distance of around 100 nm.15,19This leads
to significant differences in the distance dependence of
quantum efficiency. For parallel dipoles the quantum e
ciency increases continuously with distance.19 At a distance
of x51 the PL quantum efficiency is about 0.8. For perpe
dicular dipoles the peak in radiative lifetime atx51.7 results
in a dip in quantum efficiency because the nonradiative
cay channels compete more favorably when the radiative
is low. We note that in the region fromx50.5–3 ~30–200
nm for the above parameters! the radiative rate for a dipole
oriented perpendicular to the mirror is much smaller than
the parallel case.19,24 This means that nonradiative energ
transfer to the metal competes successfully with radia
decay for distances much longer than in the parallel ca
The PL quantum efficiency for dipoles oriented perpendi
lar to the substrate will therefore be low for much larg
distances than in the parallel case. High quantum efficien
are only reached at long distances (x.3). For a perpendicu-
lar dipole with a free-space quantum efficiency of 1, a qu
tum efficiency of 0.5 is not reached until a distance ten tim
that for a parallel dipole.19 A measurement of the quantum
efficiency of a thin polymer layer in front of a reflectiv
metal film as a function of the distance between the m
and the polymer therefore provides a sensitive means
measuring the orientation of the dipoles. Since the differe
in the distance dependence of the PL quantum efficienc
perpendicular and parallel dipoles arises from interfere
effects, we will compare the simulations by Chance, Pro
and Silbey with our results for reflective Al films shown
Fig. 9. The PL quantum efficiency reaches a maximum
85% of the free-space quantum efficiency when the dipo
are 75–95 nm away from the metal. This rapid increase
consistent with the majority of the dipoles being orient
parallel to the mirror. However, a quantitative analysis
only possible if the intrinsic nonradiative decay channels
included into the picture. We will return to this point in Se
III B.

B. PL spectra and radiative emission rates

As seen in Figs. 6 and 10, the emission spectra cha
substantially with the distance between a reflective m
film and an emissive polymer film. We have already a
signed this to interference between the directly emit
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waves and the waves reflected from the metal mirror. In
ference alters the radiative lifetime of the emissive specie
a function of wavelength. The spectral shape and the ma
tude of emission are then determined, respectively, by
changes in radiative rate and the competition between ra
tive and nonradiative decay processes.

The radiative lifetime and the radiative power of an osc
lating dipole in front of a metal mirror as a function of wav
length and distance between the dipole and the mirror h
been calculated previously.14,15,19,23,24Taking the natural os-
cillator strength of the transition~with the emitter in free
space! and the competition between radiative and nonrad
tive decay processes into account, we relate the meas
emission spectra~as shown in Fig. 10! to simulations of the
radiative power of a dipole. In the following we perform
simple calculation that translates the emission spectra
the radiative power of a dipole in front of a mirror as
function of wavelength and distance between the dipole
the mirror. In the calculation we assume that all the emiss
comes from transitions from one excited state or from
ensemble of excited states which are very close in energy
the latter case, either the states must all be coupled to
same ground state with approximately the same radia
rate, or energy transfer between them must be very fast
highly efficient. This assumption is justified by the fact th
efficient channeling of all emission from several microcav
modes into a single mode has been observed in the cas
lasing.7

The PL quantum efficiency is defined as in Eq.~2!. The
total radiative rate for the system can be written as the in
gral over the radiative rates of all transitions,

KR5E kR~l!dl, ~3!

wherekR(l)dl is the radiative rate for transitions at wav
lengths betweenl andl1dl. The PL quantum efficiency
q0 is given by

q05
KR

KR1KNR
5

E kR~l!dl

E kR~l!dl1KNR

. ~4!

If the radiative rate is altered, for example, by interferen
effects due to a mirror, the new quantum efficiencyq8 is
given by

q85

E g~l!kR~l!dl

E g~l!kR~l!dl1KNR

, ~5!

whereg(l) is a correction factor that accounts for the mod
fication of the radiative rate as a function of waveleng
g(l) is equivalent to the function that describes the radiat
power calculated for a dipole in front of a mirror as a fun
tion of wavelength, with the radiative power of the dipole
free space normalized to 1.
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The free-space emission spectrumS0(l), measured over
all angles, is proportional to the ratio of the radiative rate
the transition with wavelengthl to the total decay rate (KR
1KNR):

S0~l!}
kR~l!

E kR~l!dl1KNR

. ~6!

The emission spectrum when modified by changes in
radiative rate,S8(l), is then given by

S8~l!}
g~l!kR~l!

E g~l!kR~l!dl1KNR

. ~7!

Dividing S8 by S0 and inserting Eqs.~4! and ~5! yields

S8~l!

S0~l!
5g~l!S 12q8

12q0
D . ~8!

This is an important result, since it allows us to calculate
changes in radiative rateg(l) directly from the measured
emission spectra, given also values ofq0 andq8 which are
measured directly in the integrating sphere. We can also
culate the new spectrumS8(l) of an emitter that is moved
into a new environment from the old emission spectrum,
quantum efficiencies and simulations ofg(l) as described in
Sec. II B. We calculatedg(l) from Eq. ~8! using the mea-
sured spectra and efficiencies for thin MEH-CN-PPV film
separated by a SiO2 spacer layer from a 35-nm-thick Al film
~structure 2, Fig. 2!. The spectra were normalized by th
amount of excitation light absorbed by the polymer film
This correction is necessary since the absorption itself
function of the distance between the polymer film and
metal~in the same fashion as the emission!, as well as of the
angle of incidence.11 The total absorption in the device wa
corrected for the absorption of laser light by the Al film
g(l), as deduced from our experiments using Eq.~8!, is
shown in Fig. 11 at various values of the thickness of
SiO2 spacer layer. In the above calculation the nonradia

FIG. 11. g(l) as a function of wavelength for different SiO2
layer thicknesses between the MEH-CN-PPV film and the 35-n
thick aluminum film.
r
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rate is kept unchanged. It therefore only accounts for chan
of the radiative rates, i.e., interference effects. For this rea
only spectra of polymer films at distances of 50 nm or mo
from the metal were used for the calculation ofg(l). Both
the shape and magnitude ofg(l) show a significant depen
dence on the distance between the polymer film and
metal layer. The shape ofg(l) accounts for the changes i
the emission spectra shown in Fig. 10, whereas the ma
tude ofg(l) explains the oscillation in PL efficiency show
in Fig. 9.

Figure 12 shows simulations of the radiative power~inte-
grated over all angles! of a uniform distribution of dipoles in
a 20-nm-thick layer separated from a 35-nm Al layer by
dielectric layer with the same refractive index as the S2
that we used in our experiment. The method used is
scribed in Ref. 24. The radiative power is shown for dipo
parallel and perpendicular to the metal films. In free spa
the radiative power of the dipoles is taken to be the sam
all wavelengths, and the total radiative power of the dipo
is taken to be unity. The simulations therefore show the fu
tion g(l) for a set of dipoles distributed within a 20-nm
thick layer as a function of the distance between the dipo
and an Al film. Comparison betweeng(l) deduced from our
spectra andg(l) for parallel dipoles as calculated abov
shows very good agreement between the two. It is impor
to note that our calculations include the effects of reflect
from all interfaces in our structures as was found to be n
essary in the work of Ref. 19. Figure 11 also shows that
a 75-nm-thick spacer layer,g(l) is constantly high in the
wavelength region of emission. This is why the PL efficien
peaks for that distance, and why the emission spectrum
similar to that of the free-space emission. Again for a 34

-

FIG. 12. Simulation of the radiative power of a 20-nm-thick fil
of dipoles with a radiative power of unity in free space as a funct
of wavelength and SiO2 layer thicknesses between the dipoles an
35-nm-thick aluminum film. The top and bottom graphs show sim
lations for dipoles oriented parallel and perpendicular to the m
film.
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56 1901EFFECT OF METAL FILMS ON THE . . .
nm-thick spacer layer,g(l) is relatively high for wave-
lengths where MEH-CN-PPV emits, resulting in a seco
maximum in the PL quantum efficiency at that distan
Conversely,g(l) is very low for a 210-nm-thick space
layer, leading to a minimum in PL quantum efficiency. W
can also see that for a 370-nm-thick SiO2 layer,g(l) shows
large changes between 550 and 750 nm. It is low betw
550 and 600 nm, suppressing emission in that spectra
gion. Between 620 and 750 nm,g(l) is high, encouraging
emission above 620 nm. This leads to the large redshift
the emission from a MEH-CN-PPV film at a distance of 3
nm from the Al seen in Fig. 10. We conclude that interfe
ence effects sufficiently explain the changes in the emiss
intensity and the emission spectra seen in our devices
SiO2 layer thicknesses above 50 nm, where nonradiative
ergy transfer to the metal becomes small.

The reflective Al surface not only changes the total pow
radiated by the dipoles, but also the angular distribution
emission. It is interesting to note that the maximum radiat
power is not achieved for a structure that emits most of
light into the forward direction, but rather for a structure f
which the maximum emission is directed at an angle
proximately 30° off axis.

C. Dipole orientation and branching ratio

In Sec. III B we presented a successful model for
changes in the radiative rates and the emission spectra
light-emitting polymer layer in front of a reflective Al film
In the following we will use this model to obtain more in
formation about the orientation of the dipoles and t
branching ratiob in our materials.

1. PL spectra and dipole orientation

Figures 12 and 13 show simulations of the radiat
power of dipoles oriented parallel and perpendicular to
metal film, as well as a distribution of parallel and perpe
dicular dipoles. The shape of the curves is distinctively d
ferent for different orientations. Comparison of the simula
radiative power withg(l) as deduced from our measur

FIG. 13. Simulation of the radiative power of a 20-nm-thick fil
of dipoles with a radiative power of unity in free space as a funct
of wavelength and SiO2 layer thicknesses between the dipoles an
35-nm-thick aluminum film. 85% of the dipoles are oriented par
lel and 15% perpendicular to aluminum film.
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ments gives us a sensitive measurement of the orientatio
the dipoles. The simulation for parallel dipoles qualitative
reproducesg(l), as deduced from the measured PL spec
However, the radiative power calculated for parallel dipo
is too high for polymer-metal distances of 50, 75, 340, a
370 nm, and too low for a distance of 210 nm, in order
give a good quantitative fit for our data. This discrepancy c
be resolved by mixing in a fraction of perpendicular dipole
A dipoles distribution of 85% parallel and 15% perpendic
lar dipoles as shown in Fig. 13 gives a good fit, and is a
consistent with the amplitude of the oscillation of the P
quantum efficiency~see Sec. III C 2!. For an isotropic dipole
distribution the average dipole moment would be given
1/3 perpendicular and 2/3 parallel dipoles. The average
pole moment in our films therefore has a slightly larger p
allel component than for the isotropic case. We consider
in our samples, which are prepared by spin coating, the p
mer chains tend to align parallel to the substrate.

2. PL spectra and the branching ratio b

The magnitude of the oscillation of the PL quantum ef
ciency with distance between the emissive polymer film a
the metal, as shown in Fig. 9, has another intriguing imp
cation. As mentioned earlier, a change in PL efficiency d
to interference effects can only occur when nonradiative
cay channels from the same excited state as for the radia
decay compete with the radiative decay channels. Rece
values varying from 0.1 to 1 have been reported for
branching ratio b @see Eq. ~2!# in phenylene-vinylene
polymers.29,36–38A low branching ratio means that the ma
jority ~a fraction of 12b! of the excitations formed from the
initially excited state are nonemissive states. If the creat
of nonemissive states is preferred to that of emissive e
tons, the probability for radiative decay of the exciton has
be very high in order to achieve the overall PL quantu
efficiencies typical of these materials. This means that
radiative rate has to be large compared to the nonradia
rate. However, we know that for the extreme case of
nonradiative rate being zero, the oscillation of the PL qu
tum efficiency as a function of the distance between
polymer and the metal film does not occur because of
lack of competition from nonradiative decay channels. W
therefore expect the amplitude of the oscillation to be indi
tive of the branching ratio between purely nonemissive
cited species and emissive excitons.

Using the simulated radiative power from a dipole in fro
of a mirror allows us to calculate the branching ratiob for
the MEH-CN-PPV used in our experiments. From the sim
lations shown in Figs. 12 and 13, we calculated the ra
between the maximum radiative power for dipoles betwe
75 and 95 nm away from the metal and the minimum rad
tive power for the dipoles located at 210–230 nm from t
metal. Taking the average over the luminescence spect
~550–750 nm! weighted by the intensity of emission yields
ratio of 13 for parallel dipoles and 10 for the average orie
tation of the dipoles deduced above.

From the PL efficiency measurement~Fig. 9!, we know
that the maximum quantum efficiency corrected for the
sorption of PL by the Al is 37%, and that the minimu
quantum efficiency is 5.6%. The correction is necess
since the measured PL efficiency is not the PL quantum

n
a
-



-
ve
E
in
he
at

e
c
an
io
e
t
a
%
m
lu
to
le

ax
m

i
in
n-
m

o
es
h
n
c

n
ur
or
iso
th

ta

si

p

he
o
e

o
u
in
bu
y,

ter-
the
ted

-
effi-
olve
an-

cy
is

m
yer
to
e
an
and
rge
tric
ore
tion
on-
ter-
la-
in
V
the
om
en
mes
he

V/
N-
sities
of
ac-
in

m-
he
ma-
V

1902 56H. BECKER, S. E. BURNS, AND R. H. FRIEND
ficiency according to Eq.~2!, but is modified by the absorp
tion of PL by the metal. Inserting values for the radiati
rate, the nonradiative rate and the branching ratio into
~2!, we can reproduce the amplitude of the oscillation
quantum efficiency, shown in Fig. 9, as a function of t
ratio between the maximum and the minimum radiative r
and the branching ratiob.

If we choose the branching ratio to be 1 and the high
radiative rate in a way that the maximum quantum efficien
matches 37%, we obtain a minimum value for the PL qu
tum efficiency of 4.3% for parallel dipoles. A branching rat
of 0.5 yields a minimum PL efficiency of 9%. Taking th
measured value of 5.6%~corrected for the absorption of ligh
by the Al! for the minimum PL quantum efficiency gives
branching ratio of 0.7. For the case of a distribution of 85
parallel and 15% perpendicular dipole moments, the sa
analysis yields a branching ratio of 1. We note that the va
of b calculated with the above method is highly sensitive
the dipole orientation. For an isotropic distribution of dipo
moments we calculate an unphysical branching ratiob of 6.

We have also calculated a ratio of 10 between the m
mum and the minimum radiative power of the dipoles fro
the experimentally deduced values forg(l) shown in Fig.
11. This reproduces the oscillation in quantum efficiency
the branching ratiob is 1. The calculation of the changes
radiative rate,g(l), due to interference is thus entirely co
sistent with the amplitude of the oscillation in PL quantu
efficiency shown in Fig. 9, if the branching ratio is 1.

We note that the functionsg(l) calculated with Eq.~7!
and shown in Fig. 11 would be altered by the introduction
a branching ratiob of less than one since the efficienci
q0 and q8 in Eq. ~7! would have to be substituted wit
q0 /b and q8/b. However, this would make the agreeme
between the simulations and the experimentally dedu
curves ofg(l) considerably worse.

From the above considerations and the evidence prese
in Sec. III, we conclude that the branching ratio in o
samples is close to 1 with the average dipole moment
ented slightly more parallel to the substrate than in the
tropic case. This is similar to previous estimates of
branching ratio in PPV based on the measurements of the
quantum efficiency and PL decay times and the photovol
response of PPV/C60 photocells.

29,37,38However, it has pre-
viously been speculated that in contrast to PPV the emis
species in the cyanoderivatives of PPV is not the same
initially photogenerated.39,40 A high branching ratio then
means that the conversion from the initially generated s
cies to the emissive species is very efficient.

IV. EL DEVICES

A. PPV/MEH-CN-PPV double-layer LED’s

Figure 14 shows the internal quantum efficiency of t
PPV/MEH-CN-PPV double-layer devices as a function
the MEH-CN-PPV film thickness. The emission in these d
vices comes from the MEH-CN-PPV.3,26,41 Fields of 5
3105 V/cm were required to obtain current densities
5 mA/cm2. The internal quantum efficiency has been calc
lated from the light emitted into a collection angle of 24°
the forward direction, neglecting absorption in the device
allowing for refraction42 and interference effects. Generall
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the correction that has to be made to account for the in
ference effects is dependent on the distance between
emitter and the metal film. However, it has been calcula
that it is approximately constant for MEH-CN-PPV film
thicknesses below 100 nm.43 We note that if interference ef
fects are neglected, as in Ref. 42, the internal quantum
ciencies are overestimated by about 40%. This may res
some of the discrepancies found between the internal qu
tum efficiency and the total external quantum efficiency~in-
cluding waveguided light! reported previously.42 We note
that the internal and the total external EL quantum efficien
should be identical if the absorption of light in the device
neglected.

In general, the EL quantum efficiencies obtained fro
double-layer devices exceed those from single-la
devices.3,26,35,44This improvement is believed to be due
three reasons.3,34,44–46Charge carriers are blocked by th
band offset at the polymer-polymer interface, leading to
increased concentration of charge carriers at the interface
thus a narrower recombination zone. Accumulation of cha
carriers at the interface causes a redistribution of the elec
field, giving rise to enhanced electron injection and theref
a more balanced charge injection. Finally, the recombina
zone is moved away from the metal interface, reducing n
radiative energy transfer to the metal and destructive in
ference due to the reflection of light by the metal. The re
tive importance of each of these effects for the increase
EL efficiency has been less clear. In PPV/MEH-CN-PP
double-layer devices, the electrons are blocked at
polymer-polymer interface, whereas holes are injected fr
the PPV into the MEH-CN-PPV, where an exciton can th
be generated; hence the emission in these devices co
from the MEH-CN-PPV. As a result holes, which are t

FIG. 14. Solid circles: Internal EL quantum efficiency for PP
MEH-CN-PPV double layer devices as a function of the MEH-C
PPV layer thickness. Measurements were made at current den
of 5 mA/cm2. The EL efficiency was calculated taking the effects
interference on the angular dependence of the emission into
count. The difference in optical path length due to the difference
refractive index between MEH-CN-PPV~1.7! and SiO2 ~1.47! was
corrected for. The solid line shows a fit corresponding to a 20-n
thick recombination zone at the polymer-polymer interface. T
broken line shows a fit corresponding to a constant rate of for
tion of excitons throughout the thickness of the MEH-CN-PP
layer.
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56 1903EFFECT OF METAL FILMS ON THE . . .
majority charge carriers in single-layer PPV devices, can
travel to the Al electrode, and exciton formation close to
Al is reduced.

The EL efficiency of the devices increases with ME
CN-PPV layer thickness. The dependence of the EL e
ciency on the MEH-CN-PPV film thickness is similar to th
of the PL efficiency shown in Fig. 9. Since in our materia
the same emissive species is responsible for EL and PL
expect the Al film to influence the EL efficiency in the sam
way as shown for the case of PL.47 In other words, the ef-
fects of nonradiative energy transfer and interference on
efficiency for radiative emission from singlet excitons shou
be identical to the effects described for PL. In our devices
MEH-CN-PPV layer thickness determines the distance
tween the emitting dipoles and the metal electrode. Our
sults show that the removal of the recombination zone fr
the metal interface is crucial to the improved EL efficienc
seen in double-layer devices. Figure 14 also shows two fit
the EL quantum efficiency data, obtained from using the
pendence of the PL quantum efficiency of a 20-nm-th
MEH-CN-PPV layer on the distance between the polym
film and an Al film~see Fig. 9!. The solid line corresponds t
a 20-nm-thick recombination zone in the MEH-CN-PP
layer at the polymer-polymer interface. The broken line c
responds to a case where electron-hole capture occurs
formly throughout the MEH-CN-PPV film. As expected, th
EL data follow the trend of the two fits. It appears that t
second fit agrees slightly better with the EL quantum e
ciency data than the first. However, both fits underestim
the reduction of electroluminescence with decreasing ME
CN-PPV film thickness. We consider that the passage
holes through thin MEH-CN-PPV layers without recombin
tion will also contribute to the reduction of EL. Because
this additional process and the noise in the EL data, the
pendence of the EL quantum efficiency on the MEH-C
PPV layer does not give conclusive information about
extent of the recombination zone.

Since we have measured the PL quantum efficiency
function of distance from a metal electrode, we can pred
the efficiency of radiative decay of singlet excitons in LED
as a function of the distribution of exciton formation in th
device. The fits shown in Fig. 14 were scaled with respec
the PL efficiency data shown in Fig. 9. If all injected charg
recombine within the device, we expect the scaling facto
be 1/4, due to spin degeneracy.25 For the fit corresponding to
a 20-nm-thick recombination zone at the polymer-polym
interface we require a scaling factor of 1/11. However, fo
uniform distribution of excitons formed in the MEH-CN
PPV layer the scaling factor was only 1/(5.5), since some
the excitons are generated close to the Al, where they
quenched effectively. Clearly, the further the recombinat
zone extend toward the Al, the lower the probability of r
diative decay. To achieve a certain EL quantum efficien
this requires that a higher fraction of injected charges rec
bine. We note that for the most efficient device measure
uniform distribution of exciton formation would require
fraction of injected charges recombining to form singlet e
citons which is greater than 1/4. We therefore conclude
the distribution of exciton formation is weighted toward t
polymer-polymer interface. This is analogous to the situat
observed in molecular organic LED’s.45,48
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B. Design rules for LED’s and photovoltaic cells

In the following we propose design rules for LEDs an
photovoltaic cells geared to increase their efficiencies.
seen from the oscillations in Figs. 9 and 11–13, construc
interference can be a powerful tool to improve the radiat
rate of an emitter in front of a reflective metal surface. O
timizing the device structure and possibly the alignment
the polymers can therefore considerably improve the qu
tum efficiency of a light-emitting device with a similar struc
ture. A large dependence of the EL efficiency on the dista
between a metal electrode and the emission layer
changes in the EL spectra due to interference effects h
been observed in molecular organic LED’s.34,44,48In order to
maximize the EL quantum efficiency of a LED, the emissi
should come from a region where nonradiative energy tra
fer to a metal electrode is minimal, and the radiative r
averaged over the emission spectrum and all direction
maximal as a result of constructive interference. The o
mum position of the emission region depends on the ori
tation of the average dipole moment. Double-layer devi
offer the possibility to locate the emission at a distan
where the above conditions are fulfilled.

For metal electrodes nonradiative energy transfer in
visible becomes negligible for distances larger th
(90/n) nm, wheren is the refractive index of the medium
separating the emitter from the metal. From the simulatio
of the radiative power we conclude that the maximum rad
tive rate for emission in the visible integrated over all ang
is obtained for parallel dipoles within a 20-nm-thick MEH
CN-PPV film at a distance from the metal of approximate

d50.33S l

nD254 nm, ~9!

whered is the distance in nm,l is the weighted average
emission wavelength in nm, andn is the refractive index of
SiO2. We confirmed this result for the PL from a MEH-CN
PPV film separated from the metal by SiO2. With an emis-
sion centered around 600 nm, and a refractive index
SiO2 of 1.47, we calculate an optimum distance of 80 n
This is close to the 75 nm for which the maximum PL ef
ciency was measured. We note that the optimum dista
between the emitter and the metal depends on the p
change on reflection from the metal, all interfaces in t
device structure, and the emission angle.

Our results also have implications for photovoltaic d
vices. In photovoltaic devices light is absorbed and electr
hole pairs are created in the device. The electron and h
then have to be separated and collected at opposite e
trodes. If highly luminescent materials are used as absorb
layers, e.g., MEH-PPV or MEH-CN-PPV, radiative recom
bination of an exciton is an efficient loss mechanism as
reduces the number of charges available to be collected a
electrodes. The suppression of light emission due to inter
ence effects allows us to reduce these losses. If the radia
lifetime is enhanced as a consequence of destructive inte
ence due to reflection of light from a mirror in the device, t
lifetime of the exciton and therefore the probability of su
cessful charge separation is increased. The design goal
photovoltaic device structures are therefore in some ways
opposite of those for LED’s. Most of the light should b
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absorbed, and thus excitons created in a region where
luminescence efficiency is low, yet nonradiative ener
transfer has to be avoided since it acts as a quenching me
nism without separating the charges. However, the supp
sion of light emission in photovoltaic devices seems to h
a serious drawback. The metal electrode will modify the
sorption in the same fashion as the emission coeffici
leading to a low absorption coefficient in the waveleng
range of the emission. However, light emission occurs
lower energies than the absorption, and the overlap betw
the absorption and emission spectra in conjugated polym
is typically very small. This allows a device design for whic
the active layer of the photovoltaic cell is in a region whe
the radiative rate is low in the emission range but high in
wavelength range where the material absorbs.

The ideal position for light absorption in a MEH-CN-PP
single-layer device would therefore be around 220 nm fr
the metal. Selecting this region could be achieved by illum
nating the 240-nm-thick device through an ITO electrode
thinner polymer films are preferred, a transparent elect
transport layer can be used in order to achieve the optim
separation between the polymer film and the Al.

V. COMMENTS ON PREVIOUS WORK

A. Exciton diffusion length and exciton quenching

Other workers have attempted to extract values for
exciton diffusion range by considering quenching of excito
after diffusion to a Ca interface.28 It was assumed that exc
ton quenching occurs only when the exciton diffuses to
Ca interface. An estimate of the exciton diffusion range
phenylene vinylene oligomers of 20 nm was obtained.

Our results demonstrate that efficient quenching of
and EL due to nonradiative energy transfer occurs withi
distance of 60 nm from the metal, substantially reducing
quantum efficiency of the emitting polymer. It occurs ev
when the polymer is separated from the metal by a trans
ent spacer layer, and it does not require direct contact
tween the exciton and the metal. For this reason great cau
should be taken in attempting to deduce the diffusion ra
of the exciton from such experiments.

B. Polymer-metal interface formation

Chemical interactions at the interface between PPV
metal electrodes have been proposed to explain the cha
in the EL and PL spectra for different device structures.49 It
is concluded that the further away from the metal the em
sion occurs, the smaller the changes in the emission s
trum are. The shape of the emission spectra depends als
the metal electrode used. The authors neglect interfere
effects as a possible explanation, since no dependence o
emission color on viewing angle was observed. Our res
s,
re
he
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show that interference between the directly emitted and
reflected waves has a pronounced effect on the shape o
emission spectra in different device structures. Figures 6
10 show the changes in the PL spectra of MEH-CN-PPV
a function of polymer layer thickness or polymer metal fil
separation. In the latter case no contact between the poly
and the metal is made. Therefore the changes in emis
cannot be due to a chemical reaction between the poly
and the metal. The comparison of the radiative rates dedu
from the measured spectra and the simulations shown
Figs. 12 and 13 also demonstrates that the shapes o
emission spectra can be satisfactorily explained simply
considering interference effects.

VI. CONCLUSION

Our results clearly show that the presence of a metal fi
has a pronounced effect on the PL and EL quantum e
ciency, and the shape of the emission spectra from lig
emitting polymer devices. We have shown that the effects
interference on the radiative rate and nonradiative ene
transfer to the metal on the nonradiative rate can fully
plain these results. These effects have to be taken into
count in a variety of experiments in which they have oft
been neglected in the past. They also allow us to optim
the design of light-emitting or light-absorbing devices su
as LED’s and photovoltaic cells. By avoiding nonradiati
energy transfer to the metal and making optimum use
interference effects due to the metal layer, the efficiency
light emission can be significantly enhanced. The position
the emission region relative to the metal film can also
used to modify the emission spectrum of a device. We h
shown that the removal of the recombination zone from
metal electrode is crucial to the increased EL efficiency
PPV/MEH-CN-PPV double-layer devices.

In addition, our measurements of the PL quantum e
ciency of a polymer film in front of a metal film served as
measurement of the orientation of the dipoles in the polym
film and the branching ratio in conjugated polymers. F
such measurements conjugated polymers are suitable ma
als, since they allow one to probe a large part of the visi
spectrum with just one emissive material because of th
broad emission. We have deduced that the orientation of
dipoles in MEH-CN-PPV deviates slightly from an isotrop
distribution. As a result of the spin-coating process the
pole moment tends to lie parallel to the substrate. T
branching ratio for MEH-CN-PPV was found to be close
1.
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