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Effect of metal films on the photoluminescence and electroluminescence of conjugated polymers

H. Becker, S. E. Burns, and R. H. Friend
Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, United Kingdom
(Received 12 February 1997; revised manuscript received 15 April)1997

We report the modification of photoluminescen@l) and electroluminescencdEL) 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 fwr@no derivatives of polp-phenylenevinyleng 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 diode$LED’s) and photovoltaic cells that optimize the effects of the metal film. By
making optimum use of above effects we have substantially increased the EL quantum efficiencies of PPV/
cyano-PPV double-layer LED'$S0163-1827)09228-X]

I. INTRODUCTION 1
7= ket kg, 1)
Conjugated polymers have attracted much attention since
the discovery that these materials can be used as emissiwhere the radiative lifetime is &4, and the nonradiative
layers in light emitting diode6ED’s).1? Research has been lifetime is 1kyg. The quantum efficiency for luminescence
particularly focused on polp-phenylenevinylene (PPV) g is given by
and its derivatives because of their high efficiencies. With
these materials a wide range of emission colors and elec-
troluminescence efficiencies up to 4% have been repdrted.
The competition between radiative and nonradiative decay
processes in conjugated polymers is currently of great interwhere the branching ratib is the fraction of absorbed pho-
est since it governs the efficiency of light emission in conju-tons leading to singlet excitons. The balance between the
gated polymer devices such as LED’s and lasers as well aadiative and the nonradiative decay rates therefore deter-
the quantum yield of photovoltaic devict$."Most of these mines the luminescence efficiency. Different methods have
devices contain metals films either as electrodes for chargeeen used to predict the lifetime and luminescence quantum
injection in electroluminescent devices or as mirrors in ordeefficiency for an excited molecule in front of a mirror. The
to manipulate the radiative properties of the emissive speciesterference method successfully predicts the effects of a re-
in the polymer. The presence of a metal film will always flective surface on the radiative properties of the dipole.
influence the properties of the emitting material. Microcavi-However, at short distances nonradiative energy transfer to
ties have been used to narrow the linewidth and tune théhe metal becomes an effective decay channel for an excited
color of emission from conjugated polymérs? It has re- molecule near a metal, thus increasing the nonradiative de-
cently been shown that the spontaneous emission rate can bay rate close to the metal. In the “mechanical modéthe
greatly enhanced or suppressed in metal mirror microcavitgxcited molecule is considered as a harmonic oscillator with
structures containing conjugated polymers, depending on thiae field reflected by the metal film acting as a driving force
overlap of the electric-field distribution within the microcav- on the oscillator. By introducing a reflection coefficient
ity with the emissive layet>*?It has also been demonstrated smaller than unity and a phase factor into the perfect mirror
that enhancement of the stimulated emission rate leading tequations, some of the aspects of nonradiative energy trans-
lasing can be achieved with conjugated polymers using simifer could be reproduced. However, the best agreement be-
lar microcavity structures. tween theory and experiment has been achieved with the
More generally, the radiative and nonradiative rates of arenergy flux method where the total energy flux through infi-
excited dipole fluorescing in front of a metal film or betweennite planes above and below the dipole is calculate.
two metal films have been extensively investigated, botlgives separate expressions for the effects of interference on
theoretically and experimentallj-2°The luminescence life- the radiative lifetime and of nonradiative energy transfer on
time 7 is related to the rate constants for radiatikg)(and  the nonradiative lifetime. The nature of the nonradiative en-
nonradiative kyg) decay by ergy transfer depends on the distance of the oscillating dipole
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wavelength and distance between the polymer and the metal.
PPV We compare our results with earfféand recent simulations

of the radiative power of an emitting dipole in front of a

metal mirror.

The internal electroluminescence efficiency of a LED is
defined as the number of emitted photons per charge carrier
flowing through the circuit. Because the light-emitting spe-
cies is thought to be the same in EL and PL, we expect the
effects of a metal film on the EL to be the same as measured
for the PL. The maximum EL efficiency of a device is ex-
pected to be one-fourth of the PL efficiency of the emitting

MEH-CN-PPV polymer where the factor 4 derives from the spin degeneracy
of the singlet and triplet excitons, with only the singlet exci-
tons decaying radiative?. So far, the highest EL efficien-
cies for polymer LED’s have been achieved with PPV/MEH-
CN-PPV and PPV/DHeO-CN-PPV double-layer devités.
This has been attributed to various reasons, but it has been
unclear what role interference effects and nonradiative en-
ergy transfer to the metal electrode play. In these devices it
has been proposed that emission occurs from a thin layer at
the interface between the polymer layers, although there has

DHeO-CN-PPV been little direct evidence that this is the case. We have
systematically changed the position of the interface between
the two polymer layers relative to the metal film. We mea-
sured the dependence of the EL efficiency of PPV/MEH-CN-
PPV double-layer devices on the distance between the

FIG. 1. Chemical structures of PPV, MEH-CN-PPV, and polymer-polymer interface and the Al electrode. This allows

DHeO-CN-PPV. us to comment on the effect of the Al film on the radiative

and nonradiative properties of the emitting species and the

to the metal. The interaction of the dipole with the electronincreased EL efficiencies in double-layer devices. We com-
gas of the metal is dominated by scattering by the metaPare the EL efficiencies with the PL efficiencies measured on

surface at short<20 nm) distances and scattering in the in polymer films separated from a 35-nm Al film by a

bulk, e.g., by phonons or impurities, for longer distar®e,  SIO: layer. ,
The decay time of an emitting molecule in front of a metal 1€ intérface between conjugated polymers and metals
film has previously been report&d’®2In order to deduce has recently been studied in order to obtain information

the quantum efficiency from those measurements it was ne@-_bOUt_ the chemistry that_ occurs at the interface _and about
essary to make assumptions about the orientation of the gtiffusion of metal atoms into the near-surface region of the

27
poles and the free-space efficiency of the emitting moleculgP0lymer:” The effects of these processes on PL and EL are

In this paper we present direct measurements of the photér_nportant for device operation. It has also been reported that

luminescencePL) and electroluminescenc&L) quantum thin calcium films effi_ciently quench the PL of thin cqnju-
efficiencies of two cyanoderivatives of  péby gated polymer films if deposited on top of théfnin this

phenylenevinylene MEH-CN-PPV and DHeO-CN-PPV context it is important to understand the origin and conse-
the structures of which are shown in Fig. 1, and compare oufluences of nonradiative energy transfer from the polymer to

results with the theoretical predictions for the quantum effi-Ne metal and of interference effects on the quantum effi-
ciency and the emission spectrum.

ciency of a dipole in front of a mirror. Measurements of the
PL quantum efficiency rather than the luminescence lifetime
are of particular relevance for electroluminescent devices. Il. METHOD
The effect of interference on the radiative properties of an
excited molecule is dependent on the emission wavelength.
This wavelength dependence is again a function of the dis- We have built three device structures as shown schemati-
tance between the emitting molecule and the mirror. Focally in Fig. 2. Thin metal films of Al or Au were thermally
broad bandwidth emitters such as conjugated polymers, thisvaporated onto one-half of a quartz substrate. We used
leads to substantial changes in the shape of the emissi@emitransparent Al and Au films of thicknesses around 2-3
spectrum depending on the separation between the emittam with a transmittance of more than 70% in the visible, and
and the mirror. We have investigated the changes in the PB5-nm-thick nontransparent Al films. Films of MEH-CN-
emission spectrum of a 15—20-nm-thick MEH-CN-PPV film PPV and DHeO-CN-PP\(Fig. 1) were prepared by spin
separated by a SiOlayer from a 35-nm-thick aluminium coating onto the metal-coated substrates. A series of thick-
film. Using a simple model that describes the effects of in-nesses between 15 and 200 nm was prepared. On a second
terference on the radiative rates, we have been able to relaget of samples, transparent Si€pacer layergSchott glass
the spectral shape of the emission to the radiative power 329 of differing thicknesses were evaporated on top of the
an oscillating dipole in front of a mirror as a function of metal-film coated substrates using an electron-beam evapo-
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A. Experimental procedures
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FIG. 2. Schematic diagram of the RIL,2) and EL (3) device

structures. FIG. 3. Normalized emission spectruiolid line) and absorp-
tion spectrum(dotted ling of MEH-CN-PPV.

ration technique. The refractive index of the glass was taken
to be 1.47. A thin polymer layer of 15—20-nm thickness wasand is described in more detail in Ref. 24. We simulated the
then spin coated onto the SjQayer. In order to investigate radiative power of dipoles distributed uniformly throughout a
the effect of indium-tin oxidgITO) on the PL quantum ef- 20-nm-thick layer separated from a 35-nm Al film by a trans-
ficiency MEH-CN-PPV films of different thicknesses were parent layer with the same refractive index as the,Shat
spin coated onto commercially-available ITO-coated glassvas used to build structure 2. The radiative power of the
substrates(Balzers ITO-coated glass substrates type 257¢dipoles was normalized to be 1 in free space. By integrating
ITO layer thickness-100 nm). the emitted power over all angles, the changes in radiative

The PL efficiency(number of photons emitted per number rate due to the metal film were calculated as a function of the
of photons absorbédand the emission spectra of the PL distance between the emission layer and the metal, the wave-
samplegstructures 1 and 2, Fig.) Were measured using an length and the orientation of the dipoles. The refractive index
integrating sphere and a charge-coupled de(@gD) array  data for the aluminum was taken from Ref. 31. The refractive
spectromete(Oriel Instaspec 1V.2%%°A 458-nm laser served index of MEH-CN-PPV was taken to be 1.7, where any bi-
as the excitation source. The samples were illuminated fromefringence and the dispersion of the refractive index was
the polymer side. The PL efficiency and the PL spectrunneglected. The refractive index of MEH-CN-PPV at 633 nm
were measured on the metal-coated half, and as a referenbas been measured to be 1.695 for TM and 1.77 for TE
on the noncoated half of the sample as a function of thenodes?
thickness of both the polymer film and the Sifayer.

A series of PPV/MEH-CN-PPV double-layer LED de- . RESULTS
vices was built by spin-coating the PPV precursor onto ITO
coated substrates. After thermal conversion of the PPV pre- A. PL spectra and PL efficiency

cursor, MEH-CN-PPV was spin coated onto the PPV film. e p| emission and absorption spectra of MEH-CN-
Finally, Al electrodes were thermally evaporated on top ofppy gre shown in Fig. 3. Due to the large Stokes’ shift
the structure. The PPV layer was 120 nm thick. The thickyypical of this class of materials, the overlap between absorp-
ness of the MEH-CN-PPV layer varied between 24 and 11Qion and emission is very small. For wavelengths above 550
nm. A schematic diagram of the devices is shown in Fig. 1nm this allows us to use the spectra measured in the integrat-
The electroluminescence in the forward direction was Meajng sphere, since reabsorption of the emitted light is low and

sured using a calibrated photodiode. the shape of the emission spectrum is therefore the same as
The batches of MEH-CN-PPV and DHeO-CN-PPV usedsqy the free-space emission.

showed PL quantum efficiencies between 33% and 39%
when spin coated onto glass substrates. These are similar to
those reported previousfy. The samples were kept in a
nitrogen-filled atmosphere or in vacuum at all times, and the Figure 4 shows the PL efficiency of MEH-CN-PPV and
experiments were performed within a few hours after theDHeO-CN-PPV films in front of different metal films as a

preparation of the samples in order to avoid oxidation of thunction of the film thickness. 2- and 3-nm-thick gold and
polymer or the metal. aluminum films were used as well as 35-nm-thick aluminium

films. The data were corrected for the absorption of laser
. light by the metal mirror, which was calculated from the
B. Modeling transmission spectra of the metal films, simulations of the
Simulations of the radiative power of oscillating dipoles absorption of light by the metdf the transmission spectra of
embedded in the top layer of a three-layer structure similar téhe polymer films, and the absorption by the whole structure
structure 2 shown in Fig. 2 were carried out using themeasured in the integrating sphere. The 2—3-nm-thick metal
transfer-matrix method and multilayer stack theory. Thefilms are highly transparent for light in the visible range
model is based entirely on classical electromagnetic theory;>70% transmittande Hence we expect interference effects

1. Polymer on metal (structure 1)
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FIG. 4. PL quantum efficiency as a function of the polymer film
thickness of MEH-CN-PPV on 2 nm of gol@riangles, MEH-CN-
PPV on 3 nm of aluminiunicircles, DHeO-CN-PPV on 2 nm of
gold (filled squaresand of MEH-CN-PPV on 35 nm of aluminum
(open squargs The solid lines are guides to the eye.

FIG. 6. Normalized PL emission spectra of three selected thick-
nesses of MEH-CN-PPV films on 35 nm of aluminum measured in
the integrating sphere.

films deposited on 35 nm of Al. The reflectance of the metal

to play a minor role. Figure 5 shows the spectra measured iﬂlm. was around 90%. As ShOV.V” in Fig. 6, the _shapg of the
the integrating sphere for MEH-CN-PPV films of different €M'SSION spectrum changes W'th.the polymer film thickness
thicknesses on 3 nm of Al due to interference effects. Surprisingly, the PL quantum ef-

We measured the absorption coefficient for the MEH_CN_ficiency rises faster with polymer film thickness than for thin
PPV at 458 nm to bex=1.24x 10° cm™, so that approxi- metal films. The difference in the distance dependence of the

mately half of the excitation light is absorbed in the first 56 ENErgy transfer rate to the metal cannot explain this. How-

nm. Since the diffusion range for the excitons in these maSVer interference. effects not only affect the emisgion prop-
rties of a material but also change the absorption in the

terials is of the order of a few nanometers, we take the s atidl . . . L
P same fashion. As we will see in Sec. lll A 2, the radiative

distribution of the emission to be identical to the absorption . ; _ ;
profile. For thick polymer films, where most of the light is power of dipoles parallel to .the mirror plar)e Increases with
emitted in regions far away from the metal, the shape of théhe distance between the mirror and the dipole for distances
emission spectrum is the same as for thin films, where th omparable to the maximum MEH-CN-PPV film thickness.
light is emitted close to the metal. This confirms that inter- e therefore expect the absorption of light to increase with
distance from the metal. The majority of light is therefore

ference effects are negligible for 2—3-nm-thick metal films. bsorbed and emitted furth ; th tal than in th
We see from our measurements that the PL is efficientl)fi SOrbed and emitted furthér away from tné metal than in the

quenched for polymer films up to a thickness of 90 nm forcase of thin metal films with a low reflectivity. As a conse-
thin metal films, and up to 60 nm for a thick Al film, Within 9Uence, the maximum PL efficiency is reached for thinner

a critical distance of 20 nm almost all luminescence ispolymer films. _ . i
quenched The same experiment was performed with polymer films

Figure 4 also shows the dependence on the polymer filn(?f differing thicknesses spin-coated on ITO-coated glass sub-

thickness of the PL quantum efficiency of MEH-CN-PPV strates. ITO, which is commonly used as a hole injector in
electroluminescent devices, was not found to quench the PL

1.2 for polymer films thicker than 20 nm. Only for a 20-nm-thick
film was a reduction of the PL efficiency of 12% observed.
This might be explained in terms of exciton diffusion toward
the polymer-ITO interface where the excitons are quenched.
Our results are in agreement with reports in the
literature8-34:3

Discussion The suppression of light emission near the
polymer metal interface cannot be explained by absorption
of emitted light by the metal. Although this effect reduces
the measured quantum efficiency, it is independent of the
distance between the metal and the emitter, and can therefore
not explain the increase in quantum efficiency with polymer

Z film thickness. At long distances the PL efficiency ap-

0.0 " e0o _e50 700 o 800 850 proaches a constant value below the free-space quantum ef-
ficiency of our samples. As we will see below this is consis-
tent with our assumption that interference effects can be

FIG. 5. Normalized PL emission spectra of 15—90-nm-thick heglected for very thin metal films. Our data agree qualita-
MEH-CN-PPV films on 3 nm of aluminum measured in the inte- tively with a calculation of the quantum yield of an oscillat-
grating sphere. ing dipole with a quantum efficiency of unity in front of a
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mirror.X® We conclude that nonradiative energy transfer from 0.30
the excited state of the polymer to the metal efficiently MEH-CN-PPV/Si0,/2nm Au
guenches luminescence in the proximity of a metal film, as 0.25}
predicted by the simulations by Chance, Prock, and SitBey.
However, for three reasons our results are not directly = g9
comparable with the calculation of Chance, Prock, and Sil-
bey. First, in their model, the quantum efficiency of a single
dipole at a given distance is calculated. In our experiments&
the light is emitted over a broad region in the polymer film L
depending on where it is absorbed. Even for thick polymer °'
films light penetrates far into the film, where it is absorbed
and subsequently emitted in regions close to the metal where ~ 0-05
it can be quenched. Because of the penetration of light into
the polymer film we expect a reduction in the quantum effi- 0.00 .
ciency for relatively thick polymer films. Second, Chance, 0 20 i 40 i 60 80
Prock, and Silbey, used a model in which the emitter had a §i0, layer thickness (nm)
guantum yield of unity in free space. It follows that in free
space no nonradiative energy decay occurs. Energy transf
to the metal is therefore the only nonradiative decay channeE
This means that interference effects do not change the quag
tum efficiency for distances where nonradiative energy trans-
fer to the metal is negligible. They do, however, alter the ! ,
quantum efficiency at short distances where nonradiative erfirectly onto the metal film or a 5-nm-thick spacer layer, the

ergy transfer to the metal is present. In our structures, showfil ICIENCY isoreducedofrom 36% in free space to a value be-
in Figs. 4—6, interference effects alter the PL efficiency at alfWeen 0.06% and 3%. We note that contact between the

distances when the reflectivity of the metal films is high,Polymer film and the metal is not necessary for efficient

since our materials have a free-space quantum efficiencjt€nching of the PL. The PL quantum efficiency increases
around 36%, and therefore intrinsic nonradiative decay chanith increasing Si@layer thickness. For a separation of ap-

nels not associated with the metal film are present. HoweveProximately 60 nm, the PL quantum efficiency approaches a

interference is negligible for all distances when the reflectiv-constant value which is less than the free-space quantum

ity of the metal films is low. Third, highly transparent metal €fficiéncy of 36%. The excitation density throughout such a
films show a slightly different distance dependence of thdnin film is taken to be approximately constant. For our
nonradiative energy-transfer rate than thick metal films. AS@mples we therefore consider 60 nm as the distance above

short distances very thin films quench luminescence moré/hich nonradiative energy transfer to the metal becomes
efficiently than thick metal films, whereas for longer dis- N€dligible. The PL spectra obtained from the polymer films
tances the opposite is tri®. are shown in Fig. 8. As expected, for highly transparent

metal films the shape of the emission spectrum is almost
independent of the distance between the polymer layer and

. . - . the metal film.
We also investigated the PL efficiency and the emission Figure 9 shows the results of the same measurement on

spectra of structures where a 20-nm-thick polymer layer isamples with a 35-nm-thick highly reflective Al film. The
separated from the Al film by a SiOspace layer. Using

spacer layers avoids several problems. The emission zone is
confined to a thin layer at a given distance to the metal,
which gives better spatial resolution and allows better com-
parison with simulations for dipoles in front of metal
films.2>1°24|t avoids chemical reactions between the poly-
mer and the metal that can alter the emission characteristic
of the polymer, e.g., covalent bonding of Al atoms to the
polymer?” It also rules out diffusion of the exciton to the
metal as a necessary precondition for quenching. Further-,
more, no diffusion of metal atoms into the polymer lajefr

the order or 3—4 nm for A(Ref. 2%] occurs. In addition, a
comparison of the EL results with the PL quantum efficiency
of a polymer film at various distances to the metal allows us
to draw conclusions about the nature of the recombination
zone. The measured quantum efficiencies were corrected fol
the absorption of laser light by the Al film.

In Fig. 7 the PL quantum efficiency of a 15-20-nm-thick  F|G. 8. Normalized PL emission spectra of 15—20-nm-thick
polymer film separated from 2—3-nm-thick Au and Al films MEH-CN-PPV films separated by SjGpacer layers of different
by a transparent SiOspacer layer is shown as a function of thicknesses from 2 nm of gold and 3 nm of aluminum measured in
the spacer layer thickness. For a polymer film spin coatethe integrating sphere.

MEH-CN-PPV/SiOZ/Snm Al

ficiency

1 L 1 1

FIG. 7. PL quantum efficiency of a 15—20-nm-thick MEH-CN-
lIFDV film on a SiQ spacer layer on 2 nm of gold or 3 nm of
luminum as a function of the SjQhickness. The solid lines are
uides to the eye.
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0.40 range of 580—640 nm. The emission from a MEH-CN-PPV
0.35 film spin coated onto a glass substrate peaks at 595 nm.
Discussion In our experiments we can distinguish be-
0.30 tween two cases. For very thin metal films with low reflec-
3 0.5 tivities, interference effects are negligible. This is supported
g by the lack of any dependence of the shape of the emission
£ 020 spectrum on the thickness of the polymer film or the SiO
4045 spacer layer. Nonradiative energy transfer to the metal has,
= however, been identified as an efficient decay channel for an
0.10 emitter in the proximity of a thin metal filf®"?2The samples
0.05 with thin metal films thus allow us to measure the effect of
the metal film on the nonradiative energy transfer only and to
0.00 F==mn 1(')0 1;0 2(')0 5o 300 350 400 neglect the effect of interference on the radiative rate. For

$i0, layer thickness (nm) thick metal films we expect b_oth interference_ef_fects and
energy transfer to the metal to influence the radiative as well
FIG. 9. Solid circles: PL quantum efficiency of a 15-20-nm- as the nonradiative properties of the light emitfet>*°
thick MEH-CN-PPV film on a SiQ spacer layer on a 35 nm of We can identify two different regimes. For short distances
aluminum as a function of the SjQhickness. The solid line is a (below 60 nm we see efficient quenching of the lumines-
guide to the eye. cence for both highly transparent and highly reflective metal
films. We conclude that nonradiative energy transfer to the
reflective and quenching properties of such an Al film aremetal plays an important role in this region. For longer dis-
identical to that of the bulk. The PL quantum efficiency os-tances the PL efficiency remains constant for polymer films
cillates as a function of the SjQayer thickness. With no  on thin metal layers but oscillates as a function of distance
spacer layer present, the PL quantum efficiency is again reor highly reflective metal films. For thicker metal films we
duced to around 3%. With increasing Si@yer thickness also observe a significant dependence of the shape of the
the quantum efficiency rises to a maximum of 35.5% for agmjssion spectrum from the distance between the emitter and
separation of about 75 nm between the polymer layer and thgye metal. We assign these effects to interference between
metal film. For larger distances, the PL is significantly re-gjractly emitted waves and waves reflected from the metal
duced, with the quantum efficiency dropping to 5.3% for &jyer The effect of interference on the radiative lifetime of
SIiQ, layer of 210-nm thickness. The PL quantum efficiency emitting dipole in front of a metal mirror as a function of
peaks again, with the quantum efficiency reaching 32%, "i}vavelength and dipole metal separation has been investi-

value slightly lower than that for the first peak. We note that ated in areat deptF22and. as we discuss below. can ac-
the PL quantum efficiencies shown in Fig. 9 have been cald g e ' '
culated neglecting the absorption of emitted light by the AI.COunt for our _observatmns here. .

Correction for absorption of PL by the Al would give a In order to Interpret our results, we _ha_ve analyzed the_m_ In
maximum PL quantum efficiency of 37%, and a minimumterms of the competition between radiative and nonradiative

PL quantum efficiency of 5.6%, as discussed below. The Plfjecﬁy progl:le?ses. .me. rad|at|y € I|(fj§t![me of ?ntﬁxc'tedl mcil-
spectra from these samples are shown in Fig. 10. Interferen ng%eaorscgleit?\fe Vglurfalnr:]ecrelﬂg\l/cgverls \;5\1/?12?1 '?he n%nrrnac()j;ilfls
effects shift the emission peak of a thin MEH-CN-PPV layer | 1o ncter to the metal is negligible, the radiative deca

on top of a SiQ spacer and a 35-nm-thick Al film over the 9y glgivte, y

channels in a material with a quantum efficiency of unity do
not compete with any nonradiative decay channels. Changes

12 Z5nm 320nm in the radiative lifetime therefore have no effect on the quan-
1ol 2100m 370nm tum effici«_ency. We note that this is the case for_ th_e simula-
z tions carried out in Ref. 19. If, however, nonradiative decay
g channels are present, as in our materials, an oscillation in the
g 08 radiative lifetime due to interference effects will allow the
2 nonradiative decay channels to compete more or less favor-
5 ¢ ably, depending on whether the radiative lifetime is in-
2 creased or decreased. This leads to an oscillation in quantum
g 04 efficiency. For materials where radiative and intrinsic and
S extrinsic(i.e., due to the metahonradiative decay channels
0.2 compete with each other, we therefore expect a combination
of both the effects of interference on the radiative lifetime

0-220 60500 e;o 6;0 7é0 7;0 200 and of energy transfer to the metal on the nonradiative life-
wavelength (nm) time. At long dlstancgs we expect t_he_ PL_eff!C|ency_ to oscil-
late in the same fashion as the radiative lifetieee Fig. 9.

FIG. 10. Normalized PL emission spectra of 15—20-nm-thickAt short distances nonradiative energy transfer will reduce
MEH-CN-PPV films separated by SjGpacer layers of four se- the efficiency(see Figs. 9 and)4 This effect will be en-
lected thicknesses from 35 nm of aluminum measured in the intehanced by an increase in the radiative lifetifdecrease in
grating sphere. the radiative ratedue to destructive interference.
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Dipole orientation The distance dependence of the radia-waves and the waves reflected from the metal mirror. Inter-
tive lifetime of a dipole in front of a reflective metal film is ference alters the radiative lifetime of the emissive species as
very sensitive to the orientation of the dipole. In the follow- a function of wavelength. The spectral shape and the magni-
ing we will summarize a few results of simulations by tude of emission are then determined, respectively, by the
Chance, Prock, and Silbey of the quantum efficiency of ahanges in radiative rate and the competition between radia-
dipole with a free-space quantum efficiency of unity in fronttive and nonradiative decay processes.
of a metal mirror. We introduce a normalized length The radiative lifetime and the radiative power of an oscil-
=2mnd/\ (wheren is the refractive index of the medium lating dipole in front of a metal mirror as a function of wave-
surrounding the dipoled is the distance, anil is the wave- length and distance between the dipole and the mirror have
length at which the dipole emitsFor dipoles parallel to the been calculated previousk):*>1%2324Taking the natural os-
mirror, the radiative lifetime increases rapidly with decreas-cillator strength of the transitiofwith the emitter in free
ing distance between the dipole and the mirror. This is thespac¢ and the competition between radiative and nonradia-
case for distances for whichis less than 1. Fon=1.5 and tive decay processes into account, we relate the measured
A =600 nm, parameters comparable with our experiment, emission spectréas shown in Fig. 10to simulations of the
is 1 for a dipole-metal separation of 64 nm. For dipoles ori-radiative power of a dipole. In the following we perform a
ented perpendicular to the metal film the radiative lifetimesimple calculation that translates the emission spectra into
shows a maximum arounx=1.7, which forn=1.5 andA the radiative power of a dipole in front of a mirror as a
=600 nm gives a distance of around 100 H®° This leads ~ function of wavelength and distance between the dipole and
to significant differences in the distance dependence of th#he mirror. In the calculation we assume that all the emission
quantum efficiency. For parallel dipoles the quantum effi-comes from transitions from one excited state or from an
ciency increases continuously with distai@ét a distance ensemble of excited states which are very close in energy. In
of x=1 the PL quantum efficiency is about 0.8. For perpenthe latter case, either the states must all be coupled to the
dicular dipoles the peak in radiative lifetimexat 1.7 results  same ground state with approximately the same radiative
in a dip in quantum efficiency because the nonradiative derate, or energy transfer between them must be very fast and
cay channels compete more favorably when the radiative rafeighly efficient. This assumption is justified by the fact that
is low. We note that in the region from=0.5-3(30-200 efficient channeling of all emission from several microcavity
nm for the above parametgrhe radiative rate for a dipole modes into a single mode has been observed in the case of
oriented perpendicular to the mirror is much smaller than fotasing!
the parallel cas€>?* This means that nonradiative energy ~ The PL quantum efficiency is defined as in ER). The
transfer to the metal competes successfully with radiativdotal radiative rate for the system can be written as the inte-
decay for distances much longer than in the parallel casdral over the radiative rates of all transitions,

The PL quantum efficiency for dipoles oriented perpendicu-

lar to the substrate will therefore be low for much larger

distances than in the parallel case. High quantum efficiencies KR:f Kr(N)dA, €)
are only reached at long distances>3). For a perpendicu-

lar dipole with a free-space quantum efficiency of 1, a quanyherek()\)d is the radiative rate for transitions at wave-

tum efficiency of 0.5 is not reached until a distance ten time?engths between and\+d\. The PL quantum efficiency
that for a parallel dipolé® A measurement of the quantum Qo is given by

efficiency of a thin polymer layer in front of a reflective
metal film as a function of the distance between the metal

and the polymer therefore provides a sensitive means of fk (\)d\

measuring the orientation of the dipoles. Since the difference _ Kg R 4
in the distance dependence of the PL quantum efficiency of o= KrtKnr ' @
perpendicular and parallel dipoles arises from interference J Kr(N)dN +Kyr

effects, we will compare the simulations by Chance, Prock,

and Silbey with our results for reflective Al films shown in f the radiative rate is altered, for example, by interference

Fig. 9. The PL quantum efficiency reaches a maximum Offfects due to a mirror, the new quantum efficiersy is
85% of the free-space quantum efficiency when the dlpoleéi\,en by

are 75-95 nm away from the metal. This rapid increase is
consistent with the majority of the dipoles being oriented
parallel to the mirror. However, a quantitative analysis is Jg()\)kR()\)d)\
only possible if the intrinsic nonradiative decay channels are q’

included into the picture. We will return to this point in Sec. -
Il B. g(M)Kr(M)dN +Kyr

, ®)

whereg(\) is a correction factor that accounts for the modi-
fication of the radiative rate as a function of wavelength.

As seen in Figs. 6 and 10, the emission spectra changg(\) is equivalent to the function that describes the radiative
substantially with the distance between a reflective metapower calculated for a dipole in front of a mirror as a func-
film and an emissive polymer film. We have already as-tion of wavelength, with the radiative power of the dipole in
signed this to interference between the directly emittedree space normalized to 1.

B. PL spectra and radiative emission rates



1900 H. BECKER, S. E. BURNS, AND R. H. FRIEND 56

1.0 1.0

g

radiative power

700 750 800

0.0 L L PR B PR
550 600 650

wavelength (nm)

FIG. 11. g(\) as a function of wavelength for different SiO
layer thicknesses between the MEH-CN-PPV film and the 35-nm-
thick aluminum film.
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The free-space emission spectr@g(\), measured over wavelength (nm)

all angles_,. is prqportional to the ratio of the radiative rate for £ 12 simulation of the radiative power of a 20-nm-thick film
the transition with wavelength to the total decay rateKr  of dipoles with a radiative power of unity in free space as a function
+KnR): of wavelength and Siglayer thicknesses between the dipoles and a
35-nm-thick aluminum film. The top and bottom graphs show simu-
So(N) kr(M) _ 6) lations for dipoles oriented parallel and perpendicular to the metal

film.
f kKr(N)dN +Kyr

éate is kept unchanged. It therefore only accounts for changes
of the radiative rates, i.e., interference effects. For this reason
only spectra of polymer films at distances of 50 nm or more

The emission spectrum when modified by changes in th
radiative rateS'(\), is then given by

g(M)Kkg(\) from the metal were used for the calculationgfi). Both
S'(N)x . (7)  the shape and magnitude gf\) show a significant depen-
fg()\)kR()\)d)\JrKNR dence on the distance between the polymer film and the
metal layer. The shape @f(\) accounts for the changes in
Dividing S’ by S, and inserting Eqsi4) and (5) yields the emission spectra shown in Fig. 10, whereas the magni-
tude ofg(\) explains the oscillation in PL efficiency shown
S'(N) 1-q’ in Fig. 9.
SN =9(>\)(1_—qo)- (8 Figure 12 shows simulations of the radiative poiate-

grated over all angleof a uniform distribution of dipoles in
This is an important result, since it allows us to calculate thea 20-nm-thick layer separated from a 35-nm Al layer by a
changes in radiative ratg(\) directly from the measured dielectric layer with the same refractive index as the ;SiO
emission spectra, given also valuesggfandq’ which are  that we used in our experiment. The method used is de-
measured directly in the integrating sphere. We can also cakcribed in Ref. 24. The radiative power is shown for dipoles
culate the new spectrui®@ (\) of an emitter that is moved parallel and perpendicular to the metal films. In free space
into a new environment from the old emission spectrum, thehe radiative power of the dipoles is taken to be the same at
guantum efficiencies and simulationsg{fA) as described in  all wavelengths, and the total radiative power of the dipoles
Sec. Il B. We calculateg(\) from Eq. (8) using the mea- is taken to be unity. The simulations therefore show the func-
sured spectra and efficiencies for thin MEH-CN-PPV filmstion g(\) for a set of dipoles distributed within a 20-nm-
separated by a SiBpacer layer from a 35-nm-thick Al film thick layer as a function of the distance between the dipoles
(structure 2, Fig. 2 The spectra were normalized by the and an Al film. Comparison betweef\) deduced from our
amount of excitation light absorbed by the polymer film. spectra andg(\) for parallel dipoles as calculated above
This correction is necessary since the absorption itself is ahows very good agreement between the two. It is important
function of the distance between the polymer film and theto note that our calculations include the effects of reflection
metal(in the same fashion as the emisgioms well as of the from all interfaces in our structures as was found to be nec-
angle of incidencé! The total absorption in the device was essary in the work of Ref. 19. Figure 11 also shows that for
corrected for the absorption of laser light by the Al film. a 75-nm-thick spacer layeg(\) is constantly high in the
g(\), as deduced from our experiments using E), is  wavelength region of emission. This is why the PL efficiency
shown in Fig. 11 at various values of the thickness of thepeaks for that distance, and why the emission spectrum is
SiO, spacer layer. In the above calculation the nonradiativesimilar to that of the free-space emission. Again for a 340-
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1.0 ments gives us a sensitive measurement of the orientation of
the dipoles. The simulation for parallel dipoles qualitatively
reproduceg(\), as deduced from the measured PL spectra.

5 o8 However, the radiative power calculated for parallel dipoles
S is too high for polymer-metal distances of 50, 75, 340, and
& 06 370 nm, and too low for a distance of 210 nm, in order to
2 give a good quantitative fit for our data. This discrepancy can
g 0.4 be resolved by mixing in a fraction of perpendicular dipoles.
e A dipoles distribution of 85% parallel and 15% perpendicu-

0.2 lar dipoles as shown in Fig. 13 gives a good fit, and is also

consistent with the amplitude of the oscillation of the PL
quantum efficiencysee Sec. lll C 2 For an isotropic dipole
0.0 : : : : : distribution the average dipole moment would be given by
500 550 600 | 65,::‘ ( 7)°° 750 800 1/3 perpendicular and 2/3 parallel dipoles. The average di-
wavelength {m pole moment in our films therefore has a slightly larger par-
FIG. 13. Simulation of the radiative power of a 20-nm-thick film allel component than for the isotropic case. We consider that
of dipoles with a radiative power of unity in free space as a functionin our samples, which are prepared by spin coating, the poly-
of wavelength and SiQlayer thicknesses between the dipoles and amer chains tend to align parallel to the substrate.
35-nm-thick aluminum film. 85% of the dipoles are oriented paral-
lel and 15% perpendicular to aluminum film. 2. PL spectra and the branching ratio b

. . . . The magnitude of the oscillation of the PL quantum effi-
nm-thick spacer layerg(:) is relatively high for wave-  ciency with distance between the emissive polymer film and
lengths where MEH-CN-PPV emits, resulting in a secondne metal, as shown in Fig. 9, has another intriguing impli-
maximum in the PL quantum efficiency at that distance.cation. As mentioned earlier, a change in PL efficiency due
Conversely,g(\) is very low for a 210-nm-thick spacer g jnterference effects can only occur when nonradiative de-
layer, leading to a minimum in PL quantum efficiency. We cay channels from the same excited state as for the radiative
can also see that for a 370-nm-thick $i@yer,g(\) shows  gecay compete with the radiative decay channels. Recently
large changes between 550 and 750 nm. It is low betweepa|yes varying from 0.1 to 1 have been reported for the
550 and 600 nm, suppressing emission in that spectral '§ranching ratiob [see Eq.(2)] in phenylene-vinylene
gion. Between 620 and 750 nrg(\) is high, encouraging polymers?®3%-38A Jow branching ratio means that the ma-
emission above 620 nm. This leads to the large redshift fofyity (a fraction of 1-b) of the excitations formed from the
the emission from a MEH-CN-PPV film at a distance of 370jjtja|ly excited state are nonemissive states. If the creation
nm from the Al seen in Fig. 10. We conclude that interfer-of nonemissive states is preferred to that of emissive exci-
ence effects sufficiently explain the changes in the emissiogyng, the probability for radiative decay of the exciton has to
intensity anq the emission spectra seen in our deyu;es fgye very high in order to achieve the overall PL quantum
SiG; layer thicknesses above 50 nm, where nonradiative ensfficiencies typical of these materials. This means that the
ergy transfer to the metal becomes small. radiative rate has to be large compared to the nonradiative

The reflective Al surface not only changes the total powergie. However, we know that for the extreme case of the
radiated by the dipoles, but also the angular distribution of,onragiative rate being zero, the oscillation of the PL quan-
emission. It is interesting to note that the maximum radiative,m efficiency as a function of the distance between the
power is not achieved for a structure that emits most of th%olymer and the metal film does not occur because of the
light into the forward direction, but rather for a structure for |50k of competition from nonradiative decay channels. We
which the maximum emission is directed at an angle aptherefore expect the amplitude of the oscillation to be indica-
proximately 30° off axis. tive of the branching ratio between purely nonemissive ex-

cited species and emissive excitons.
C. Dipole orientation and branching ratio Using the simulated radiative power from a dipole in front

In Sec. IIlB we presented a successful model for theof a mirror allows us to calculate the branching ratidor

changes in the radiative rates and the emission spectra of ac MEH-CN-PPV used in our experiments. From the simu-
-hanges I ) n Spec 1&tions shown in Figs. 12 and 13, we calculated the ratio
light-emitting polymer layer in front of a reflective Al film. . - :

i . , . .~ between the maximum radiative power for dipoles between
In the following we will use this model to obtain more in- L .

. . ) ; 75 and 95 nm away from the metal and the minimum radia-
formation about the orientation of the dipoles and the,. for the dinoles | d at 210-2 f h
branching ratich in our materials tive power for the dipoles located at 10_— 30 nm from the

' metal. Taking the average over the luminescence spectrum
(550-750 nmweighted by the intensity of emission yields a
ratio of 13 for parallel dipoles and 10 for the average orien-

Figures 12 and 13 show simulations of the radiativetation of the dipoles deduced above.

power of dipoles oriented parallel and perpendicular to the From the PL efficiency measuremefftig. 9), we know
metal film, as well as a distribution of parallel and perpen-that the maximum quantum efficiency corrected for the ab-
dicular dipoles. The shape of the curves is distinctively dif-sorption of PL by the Al is 37%, and that the minimum
ferent for different orientations. Comparison of the simulatedquantum efficiency is 5.6%. The correction is necessary
radiative power withg(\) as deduced from our measure- since the measured PL efficiency is not the PL quantum ef-

1. PL spectra and dipole orientation
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ficiency according to Eqg(2), but is modified by the absorp- 5.0
tion of PL by the metal. Inserting values for the radiative .
rate, the nonradiative rate and the branching ratio into Eq. 4.0
(2), we can reproduce the amplitude of the oscillation in

guantum efficiency, shown in Fig. 9, as a function of the g -
ratio between the maximum and the minimum radiative rate , 3-Of
and the branching ratib. § i

If we choose the branching ratio to be 1 and the highest's , gL
radiative rate in a way that the maximum quantum efficiency & [
matches 37%, we obtain a minimum value for the PL quan-

tum efficiency of 4.3% for parallel dipoles. A branching ratio 1.0F

of 0.5 yields a minimum PL efficiency of 9%. Taking the !

measured value of 5.6%orrected for the absorption of light o.ol . .
by the Al) for the minimum PL quantum efficiency gives a 0 20 40 60 80 100
branching ratio of 0.7. For the case of a distribution of 85% MEH-CN-PPV layer thickness (nm)

parallel and 15% perpendicular dipole moments, the same o o
analysis yields a branching ratio of 1. We note that the value FIG. 14. Solid circles: Interngl EL quantum_efflmency for PPV/
of b calculated with the above method is highly sensitive toMEH-CN-PPV double layer devices as a function of the MEH-CN-

the dipole orientation. For an isotropic distribution of dipole "~ 'aye:ntzhiCkness' Measurements were made at current densities
. . . f 5 mA/cnt. The EL efficiency was calculated taking the effects of
moments we calculate an unphysical branching ratiaf 6. o

. .interference on the angular dependence of the emission into ac-
We have also calculated a ratio of 10 between the maxi- 9 P

. . .. . count. The difference in optical path length due to the difference in
mum and the minimum radiative power of the dipoles from P b g

. ) i refractive index between MEH-CN-PP\..7) and SiQ (1.47) was
the experimentally deduced values igfA) shown in Fig. corrected for. The solid line shows a fit corresponding to a 20-nm-

11. This reproduces the oscillation in quantum efficiency ifyyick recombination zone at the polymer-polymer interface. The
the branching ratit is 1. The calculation of the changes in proken line shows a fit corresponding to a constant rate of forma-

radiative rateg(\), due to interference is thus entirely con- tion of excitons throughout the thickness of the MEH-CN-PPV
sistent with the amplitude of the oscillation in PL quantum|ayer.

efficiency shown in Fig. 9, if the branching ratio is 1.

We note that the functiong(\) calculated with Eq(7)  the correction that has to be made to account for the inter-
and shown in Fig. 11 would be altered by the introduction ofterence effects is dependent on the distance between the
a branching raticb of less than one since the efficiencies gpitter and the metal film. However, it has been calculated
o and g’ in Eq. (7) would have to be substituted with that it is approximately constant for MEH-CN-PPV film
qo/b andq’/b. However, this would make the agreement thicknesses below 100 nfid.We note that if interference ef-
between the simulations and the experimentally deducefgcts are neglected, as in Ref. 42, the internal quantum effi-
curves ofg(A) considerably worse. _ ciencies are overestimated by about 40%. This may resolve
_ From the above considerations and the evidence presentgdme of the discrepancies found between the internal quan-
in Sec. Ill, we conclude that the branching ratio in ourm efficiency and the total external quantum efficieticy
samples is close to 1 with the average dipole mqment Origluding waveguided lightreported previousl§? We note
ented slightly more parallel to the substrate than in the iSothat the internal and the total external EL quantum efficiency
tropic case. This is similar to previous estimates of theshoyld be identical if the absorption of light in the device is
branching ratio in PPV based on the measurements of the Prlxeglected.
quantum efficiency and PL decay times and the photovoltaic | general, the EL quantum efficiencies obtained from
response of PPVg photocells®*"*®*However, it has pre- double-layer devices exceed those from single-layer
viously been speculated that in contrast to PPV the emissivgeyices326:3544This improvement is believed to be due to
species in the cyanoderivatives of PPV is not the same agree reasong3444-46 Charge carriers are blocked by the
initially photogenerated”“® A high branching ratio then pand offset at the polymer-polymer interface, leading to an
means that the conversion from the initially generated spemcreased concentration of charge carriers at the interface and

cies to the emissive species is very efficient. thus a narrower recombination zone. Accumulation of charge
carriers at the interface causes a redistribution of the electric
IV. EL DEVICES field, giving rise to enhanced electron injection and therefore

a more balanced charge injection. Finally, the recombination
zone is moved away from the metal interface, reducing non-
Figure 14 shows the internal quantum efficiency of theradiative energy transfer to the metal and destructive inter-
PPV/MEH-CN-PPV double-layer devices as a function ofference due to the reflection of light by the metal. The rela-
the MEH-CN-PPV film thickness. The emission in these de+ive importance of each of these effects for the increase in
vices comes from the MEH-CN-PPY°*! Fields of 5 EL efficiency has been less clear. In PPV/MEH-CN-PPV
X 10° V/cm were required to obtain current densities ofdouble-layer devices, the electrons are blocked at the
5 mA/cn?. The internal quantum efficiency has been calcu-polymer-polymer interface, whereas holes are injected from
lated from the light emitted into a collection angle of 24° in the PPV into the MEH-CN-PPV, where an exciton can then
the forward direction, neglecting absorption in the device bube generated; hence the emission in these devices comes
allowing for refractiof? and interference effects. Generally, from the MEH-CN-PPV. As a result holes, which are the

A. PPV/MEH-CN-PPV double-layer LED’s
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majority charge carriers in single-layer PPV devices, cannot B. Design rules for LED’s and photovoltaic cells
trayel to the Al electrode, and exciton formation close to the |, the following we propose design rules for LEDs and
Al is reduced. photovoltaic cells geared to increase their efficiencies. As

The EL efficiency of the devices increases with MEH- seen from the oscillations in Figs. 9 and 11-13, constructive
CN-PPV layer thickness. The dependence of the EL effiinterference can be a powerful tool to improve the radiative
ciency on the MEH-CN-PPV film thickness is similar to that rate of an emitter in front of a reflective metal surface. Op-
of the PL efficiency shown in Fig. 9. Since in our materialstimizing the device structure and possibly the alignment of
the same emissive species is responsible for EL and PL, we polymers can therefore considerably improve the quan-
expect the Al film to influence the EL efficiency in the sametum efficiency of a light-emitting device with a similar struc-
way as shown for the case of PLIn other words, the ef- ture. A large dependence of the EL efficiency on the distance
fects of nonradiative energy transfer and interference on thbetween a metal electrode and the emission layer and
efficiency for radiative emission from singlet excitons shouldchanges in the EL spectra due to interference effects have
be identical to the effects described for PL. In our devices théeen observed in molecular organic LEB*¢**8|n order to
MEH-CN-PPV layer thickness determines the distance bemaximize the EL quantum efficiency of a LED, the emission
tween the emitting dipoles and the metal electrode. Our reshould come from a region where nonradiative energy trans-
sults show that the removal of the recombination zone fronfer to a metal electrode is minimal, and the radiative rate
the metal interface is crucial to the improved EL efficienciesaveraged over the emission spectrum and all directions is
seen in double-layer devices. Figure 14 also shows two fits tmaximal as a result of constructive interference. The opti-
the EL quantum efficiency data, obtained from using the demum position of the emission region depends on the orien-
pendence of the PL quantum efficiency of a 20-nm-thicktation of the average dipole moment. Double-layer devices
MEH-CN-PPV layer on the distance between the polymemffer the possibility to locate the emission at a distance
film and an Al film(see Fig. 9. The solid line corresponds to where the above conditions are fulfilled.

a 20-nm-thick recombination zone in the MEH-CN-PPV  For metal electrodes nonradiative energy transfer in the
layer at the polymer-polymer interface. The broken line cor-visible becomes negligible for distances larger than
responds to a case where electron-hole capture occurs urfB0h) nm, wheren is the refractive index of the medium
formly throughout the MEH-CN-PPV film. As expected, the separating the emitter from the metal. From the simulations
EL data follow the trend of the two fits. It appears that theof the radiative power we conclude that the maximum radia-
second fit agrees slightly better with the EL quantum effi-tive rate for emission in the visible integrated over all angles
ciency data than the first. However, both fits underestimatés obtained for parallel dipoles within a 20-nm-thick MEH-
the reduction of electroluminescence with decreasing MEHCN-PPV film at a distance from the metal of approximately
CN-PPV film thickness. We consider that the passage of

holes through thin MEH-CN-PPV layers without recombina- A

tion will also contribute to the reduction of EL. Because of d:O-33( ﬁ) —54 nm, ©

this additional process and the noise in the EL data, the de-

pendence of the EL quantum efficiency on the MEH-CN-whered is the distance in nmh\ is the weighted average
PPV layer does not give conclusive information about theemission wavelength in nm, andis the refractive index of
extent of the recombination zone. Si0,. We confirmed this result for the PL from a MEH-CN-

Since we have measured the PL quantum efficiency as BPV film separated from the metal by SiONith an emis-
function of distance from a metal electrode, we can predicsion centered around 600 nm, and a refractive index for
the efficiency of radiative decay of singlet excitons in LED’s SiO, of 1.47, we calculate an optimum distance of 80 nm.
as a function of the distribution of exciton formation in the This is close to the 75 nm for which the maximum PL effi-
device. The fits shown in Fig. 14 were scaled with respect te¢iency was measured. We note that the optimum distance
the PL efficiency data shown in Fig. 9. If all injected chargesbetween the emitter and the metal depends on the phase
recombine within the device, we expect the scaling factor tachange on reflection from the metal, all interfaces in the
be 1/4, due to spin degeneracyFor the fit corresponding to  device structure, and the emission angle.

a 20-nm-thick recombination zone at the polymer-polymer Our results also have implications for photovoltaic de-
interface we require a scaling factor of 1/11. However, for avices. In photovoltaic devices light is absorbed and electron-
uniform distribution of excitons formed in the MEH-CN- hole pairs are created in the device. The electron and hole
PPV layer the scaling factor was only 1/(5.5), since some ofthen have to be separated and collected at opposite elec-
the excitons are generated close to the Al, where they angodes. If highly luminescent materials are used as absorbing
guenched effectively. Clearly, the further the recombinationayers, e.g., MEH-PPV or MEH-CN-PPV, radiative recom-
zone extend toward the Al, the lower the probability of ra-bination of an exciton is an efficient loss mechanism as it
diative decay. To achieve a certain EL quantum efficiencyreduces the number of charges available to be collected at the
this requires that a higher fraction of injected charges recomelectrodes. The suppression of light emission due to interfer-
bine. We note that for the most efficient device measured ance effects allows us to reduce these losses. If the radiative
uniform distribution of exciton formation would require a lifetime is enhanced as a consequence of destructive interfer-
fraction of injected charges recombining to form singlet ex-ence due to reflection of light from a mirror in the device, the
citons which is greater than 1/4. We therefore conclude thalifetime of the exciton and therefore the probability of suc-
the distribution of exciton formation is weighted toward the cessful charge separation is increased. The design goals for
polymer-polymer interface. This is analogous to the situatiorphotovoltaic device structures are therefore in some ways the
observed in molecular organic LED'$8 opposite of those for LED’s. Most of the light should be
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absorbed, and thus excitons created in a region where thehow that interference between the directly emitted and the

luminescence efficiency is low, yet nonradiative energyreflected waves has a pronounced effect on the shape of the
transfer has to be avoided since it acts as a quenching mechamission spectra in different device structures. Figures 6 and
nism without separating the charges. However, the suppredO show the changes in the PL spectra of MEH-CN-PPV as

sion of light emission in photovoltaic devices seems to have function of polymer layer thickness or polymer metal film

a serious drawback. The metal electrode will modify the abSeparation. In the latter case no contact between the polymer
sorption in the same fashion as the emission coefficien@nd the metal is made. Therefore the changes in emission
leading to a low absorption coefficient in the wavelengthcannot be due to a chemical reaction between the polymer
range of the emission. However, light emission occurs afind the metal. The comparison of the radiative rates deduced
lower energies than the absorption, and the overlap betwedfom the measured spectra and the simulations shown in

the absorption and emission spectra in conjugated polymefsigs. 12 and 13 also demonstrates that the shapes of the
is typically very small. This allows a device design for which €mission spectra can be satisfactorily explained simply by

the active layer of the photovoltaic cell is in a region whereconsidering interference effects.

the radiative rate is low in the emission range but high in the
wavelength range where the material absorbs.

_ The ideal position for light absorption in a MEH-CN-PPV  Qur results clearly show that the presence of a metal film
single-layer device would therefore be around 220 nm fronhas a pronounced effect on the PL and EL quantum effi-
the metal. Se|eCtIng this region could be achieved by |”Um|'ciency, and the Shape of the emission Spectra from ||ght_
nating the 240-nm-thick device through an ITO electrode. Ifemitting polymer devices. We have shown that the effects of
thinner polymer films are preferred, a transparent electrofhterference on the radiative rate and nonradiative energy
transport layer can be used in order to achieve the optimumansfer to the metal on the nonradiative rate can fully ex-

VI. CONCLUSION

separation between the polymer film and the Al. plain these results. These effects have to be taken into ac-
count in a variety of experiments in which they have often
V. COMMENTS ON PREVIOUS WORK been neglected in the past. They also allow us to optimize

the design of light-emitting or light-absorbing devices such
as LED’s and photovoltaic cells. By avoiding nonradiative
Other workers have attempted to extract values for th%nergy transfer to the metal and making optimum use of
exciton diffusion range by considering quenching of excitonsnterference effects due to the metal layer, the efficiency of
after diffusion to a Ca interfac®.It was assumed that exci- light emission can be significantly enhanced. The position of
ton quenching occurs only when the exciton diffuses to thehe emission region relative to the metal film can also be
Ca interface. An estimate of the exciton diffusion range inused to modify the emission spectrum of a device. We have
phenylene vinylene oligomers of 20 nm was obtained. shown that the removal of the recombination zone from the
Our results demonstrate that efficient quenching of Plmetal electrode is crucial to the increased EL efficiency of
and EL due to nonradiative energy transfer occurs within @pV/MEH-CN-PPV double-layer devices.
distance of 60 nm from the metal, substantially reducing the |n addition, our measurements of the PL quantum effi-
quantum efficiency of the emitting polymer. It occurs evenciency of a polymer film in front of a metal film served as a
when the polymer is separated from the metal by a transpameasurement of the orientation of the dipoles in the polymer
ent spacer layer, and it does not require direct contact b&iim and the branching ratio in conjugated polymers. For
tween the exciton and the metal. For this reason great cautiofich measurements conjugated polymers are suitable materi-
should be taken in attempting to deduce the diffusion rangails, since they allow one to probe a large part of the visible

A. Exciton diffusion length and exciton quenching

of the exciton from such experiments. spectrum with just one emissive material because of their
broad emission. We have deduced that the orientation of the
B. Polymer-metal interface formation dipoles in MEH-CN-PPV deviates slightly from an isotropic

gistribution. As a result of the spin-coating process the di-
gle moment tends to lie parallel to the substrate. The
ranching ratio for MEH-CN-PPV was found to be close to

Chemical interactions at the interface between PPV an
metal electrodes have been proposed to explain the chang
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