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Thickness-dependent changes in the optical properties of PPV- and PF-based
polymer light emitting diodes
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We explore the thickness-dependent optical properties of single layer polymer light emitting diodes for two
materials, poly@2-methoxy-5-~2-ethylhexyloxy!-1,4-phenylene-ethenylene-2,5-dioctyloxy-1,4-phenylene-
ethenylene# ~MEH-DOO-PPV! and poly~2,7-~9,9-bis~2-ethylhexyl!!fluorene!-2,7-bis~4-
methylphenyl!phenylamine~PF with 2% endcap!. We compare experimental electroluminescence spectra and
radiance values as a function of emissive layer thickness with simulations utilizing dipole methods within a
transfer-matrix formalism. The technique is then extended to explore how simulated results depend on the
assumed location of emission within the polymer layer. We show that thickness-dependent optical properties of
these devices are dominated by interference effects.
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I. INTRODUCTION

Since the discovery of semiconducting polymers in 1991

considerable progress has been made in understandin
electronic and optical properties of these materials in li
emitting diode~LED! structures.2 Our understanding, how
ever, has been complicated by the fact that these prope
can vary significantly for liquid processed polymer film3

when the deposition conditions are varied. While there h
been several studies on the effect of solvent and annea
conditions on the polymer film morphology,4,5 few system-
atic studies have been done on understanding changes i
optical properties when varying the thickness in single la
devices.6,7 This lack is surprising since modest changes
thickness in two of the more commonly studied class of m
terials, namely polyfluorenes and polyphenylenevinylen
can result in substantial color shifts accompanied by orde
magnitude changes in the device efficiency. Moreover,
polymer film thicknesses are frequently not reported or v
substantially, making comparisons between different exp
mental works difficult.

Thickness-dependent changes in the optical properties
be caused by changes in the self-absorption, local film m
phology in the region of light emission, and optical inte
ference ~i.e., microcavity effects!. In this paper, we ex-
plore the optical properties of single layer polymer LED’s
a function of emissive layer thickness in an attempt
understand the relative importance of these effe
Devices are made with poly@2-methoxy-5-~2-ethylhexyloxy!-
1, 4 - phenylene-ethenylene - 2, 5 - dioctyloxy - 1, 4-phenylene-
ethenylene# ~MEH-DOO-PPV! and with poly~2,7-~9,9-bis
~2-ethylhexyl!fluorene!-2,7-bis~4-methylphenyl!phenylamine
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~PF with 2% endcap!, materials that both show substanti
changes in the CIE coordinates and device efficiency w
thickness. The thickness-dependent properties of these
vices are then compared with simulations that model the
tical interference effects in single layer PLED structures.
find that this effect is the primary factor in understandi
changes in the optical properties of our devices due to va
ing thickness.

II. EXPERIMENTAL METHODS AND RESULTS

The material synthesis and characterization of b
MEH-DOO-PPV8 and PF9 have been described previous
@for chemical structures see insets in Figs. 1~a! and ~b!#.
Polymer films were spin cast from solution on quartz su
strates for absorption and photoluminescence measurem
Absorption spectra for PF and MEH-DOO-PPV films we
measured using an n&k 1200 UV-VIS scanning spectrome
and a Hewlett-Packard 8452A Diode Array Spectrophoto
eter, respectively. Photoluminescence data were taken
Perkin Elmer LS 50B luminescence spectrophotometer at
sorption maximum. Normalized absorption and photolum
nescence data are presented in Fig. 1, and showed min
dependence on layer thickness.10

Devices were constructed using a single emissive la
structure with the addition of a hole transport laye
Poly~ 3 , 4 ,ethylenedioxythiophene! - poly~ styrenesulfonate!
~PEDOT-PSS!11 of 60 nm thickness was spin coated on
patterned ITO on glass substrates and annealed at 128 °
1 h under vacuum.12 The emitting polymer layer was spi
coated from solution at various spin speeds and from s
tions of varying concentrations to achieve a range of fi
©2003 The American Physical Society09-1
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thicknesses. The MEH-DOO-PPV film thicknesses were v
ied between 55 and 100 nm, resulting in a color shift fro
orange ~CIE 0.577, 0.422! to reddish ~CIE 0.619, 0.379!
emission. PF film thicknesses were varied between 135
213 nm, resulting in a color shift in this range from blu
~CIE 0.191, 0.134! to violet ~CIE 0.171, 0.092! emission.
The error on measured layer thickness is65 nm. The poly-
mer layers are dried under vacuum overnight. A 25-nm la
of calcium followed by a 25-nm layer of aluminum is the
mally evaporated onto the device. Thicknesses were m
sured on a Park Scientific Autoprobe CP Atomic Force M
croscope ~AFM!. Current-voltage-radiance curves we
taken in an inert nitrogen atmosphere with a Keithley sou
measure unit, a picoammeter, and a calibrated silicon ph
detector. Electroluminescence spectra were also taken i
inert nitrogen atmosphere with an Ocean Optics fiber-o
spectrometer.

Figure 2~a! shows the normalized electroluminescen
spectra from polymer LED’s with MEH-DOO-PPV as th
emissive material. Spectra are shown for polymer la
thicknesses of 55, 62, 86, and 100 nm. We observe a sig
cant drop in the relative weight of the 580 nm vibration
peak and a concurrent rise in emission at lower energie
the thickness of the polymer layer is increased. The br
lower energy peak observed at;680 nm may be attributed to
aggregate emission.13 Similarly, as shown in Fig. 2~b!, the
normalized electroluminescence spectra from polym

FIG. 1. Experimental normalized film absorption, solution P
and film PL for ~a! MEH-DOO-PPV and~b! PF. Inlays show the
chemical structures for each polymer.
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LED’s with PF as the emissive material also show stro
thickness dependence. Here, the spectra shown have t
nesses of 135, 151, 186, and 213 nm. Again we see a dro
the relative weight of the primary vibronic peak at 420 n
with increased emissive layer thickness.

III. SIMULATION THEORY

In order to understand the effects of optical interferen
on the properties of polymer LED’s, we did simulation
which model thickness dependence in single layer polym
LED structures. Since polymer LED’s consist of a multilay
thin-film stack with a total thickness on the order of th
emission wavelength, the emission spectra critically dep
on the thicknesses and refractive indices of the individ
layers. In the absence of a light source, one can write
solution to the one-dimensional Helmholtz equati
d2c/dz21k2c50 as the superposition of a right and le
traveling plane wavec5c1eikz1c2e2 ikz. In layered me-
dia, the continuity conditions at layer boundaries can be w
ten in matrix form.14,15 For instance, the boundary transf
matrix relating the amplitudesc1 and c2 of the adjacent
layersl and l 11 for S polarization reads

S c l
1

c l
2D 5

1

2 S 11
kl 11

kl
12

kl 11

kl

12
kl 11

kl
11

kl 11

kl

D S c l 11
1

c l 11
2 D , ~1!

, FIG. 2. Experimental normalized EL spectra for~a! MEH-DOO-
PPV, with thicknesses 55, 62, 86, and 100 nm and~b! PF, with
thicknesses 135, 151, 186, and 213 nm.
9-2



-

tio
o

tri
he
er
is

-
e
a

an
e
el
al
im

t

s
to

o
tiv
Th
as
a
e
h

nd

as
n
o
re
he
l i
ar
de
a
d

-
th
, t
er
e

s of
g-

es

V

d to

THICKNESS-DEPENDENT CHANGES IN THE OPTICAL . . . PHYSICAL REVIEW B 68, 054209 ~2003!
where the wave numberk52pn/l depends on the wave
lengthl and the refractive indexn, which becomes complex
in the case of absorptive media. In addition, the propaga
transfer matrix for plane-wave propagation in a layer
thicknessDz reads

S c l
1

c l
2D 5S exp~ jkDz! 0

0 exp~2 jkDz!
D S c l 11

1

c l 11
2 D . ~2!

Thus by multiplication of layer and boundary transfer ma
ces from multiple layers an effective matrix relating t
wave amplitudes at different locations in the multilay
structure is obtained, from which the reflection and transm
sion Fresnel coefficientsr and t are derived. For the simula
tion of light emission in a layered medium the inhomog
neous Helmholtz equation with a source consisting of
oscillating point dipole needs to be solved.16–18Dipole meth-
ods have previously been used successfully to model org
LED emission.19,20 Such simulations in general require th
distinction of parallel and vertical dipole orientations as w
asSandP polarization. However, for emission in the norm
direction the expression for the emitted power density s
plifies to18

P;
u11r l

2 exp~2ik lz!u2

u12r l
2r l

1 exp~2ik ldl !u2
•ut l

1u2, ~3!

wherer l
1 , r l

2 , and t l
1 are the Fresnel coefficients for ligh

originating in layern, and z2 is the distance of the dipole
from the lower boundary of layern whose thickness isdl . In
expression~3! the denominator accounts for layer thicknes
dependent multiple beam interference while the nomina
depends on the dipole position within this layer.

IV. COMPARISON OF SIMULATION AND EXPERIMENT

For our investigations, we assume that the emission z
location scales with device thickness as expected if rela
charge mobilities and injection rates remain unchanged.
simulation parameters thickness, refractive index, and b
spectra were determined experimentally. For both the PF
the MEH-DOO-PPV, we use an experimentally determin
EL spectrum as the emission spectrum of the dipole. T
refractive index dispersion curves of MEH-DOO-PPV a
PF were determined by spectroscopic ellipsometry~VASE by
Woollam Inc.!. In particular, a Cauchy dispersion model w
fit to the transparent regime and subsequent extrapolatio
lower wavelengths was carried out by point-to-point fits. F
this fit, an isotropic model was chosen, thus ignoring bi
fringence in the films. The model gives a very good fit to t
experimental data. Inclusion of birefringence in the mode
a subject of future work. The resulting dispersion curves
shown in Fig. 3. For PEDOT-PSS, a constant refractive in
value of 1.53 was assumed.21 The resulting simulated spectr
are shown in Fig. 4~a! for the MEH-DOO-PPV emission an
in Fig. 4~b! for the PF. We can see that in both the MEH
DOO-PPV and the PF simulations, for which we chose
same or similar thicknesses as our experimental devices
simulations very closely match the experimentally det
mined spectra. We have shown that the simulations w
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successful in modeling the changes in the relative weight
the two leading vibronic peaks of the EL spectra with chan
ing device thickness.

In addition to simulating the EL spectra of these devic

FIG. 3. Refractive index dispersion curves for MEH-DOO-PP
and PF.

FIG. 4. Simulated normalized EL spectra for~a! MEH-DOO-
PPV, with thicknesses 55, 62, 86, and 100 nm and~b! PF, with
thicknesses 130, 150, 190, and 210 nm. Emission is assume
occur 20% of device thickness away from the anode.
9-3



nc
e
tt
r

ic
th
ve
ar

se
si
rv
ct
a

he
th
.
E
en
e
th
t
n
th

e

y
tio
u

re
ion
ure
e-
he
the
well
en-

We
to

cal-
ring

0%
this
ental
ess

nce
de.
the

The
ick-

ar
,
ro

ice

nm
at
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as a function of device thickness, we looked at the radia
as a function of device thickness and compared the exp
mental data to the simulated results. Those results are plo
as Figs. 5~a! and ~b!. Experimentally determined values fo
radiance were measured at the same current for all dev
Values plotted in Fig. 5 were normalized to compare
relative changes in radiance with simulated results. The o
all trends in relative radiance with device thickness
nicely reproduced in the simulated data.

We would expect that the trend in radiance with increa
self-absorption would be a steady decrease with increa
device thickness, and so we can conclude that the obse
trend in radiance is dominated by optical interference effe
In addition, self-absorption should have the effect of decre
ing the relative intensity of the EL at wavelengths in t
region of overlap between emission and absorption as
thickness of the polymer layer is increased. As seen in Fig
this region is in both cases the leading vibronic peak in
spectrum. Therefore the thickness dependent effects se
the experimental EL spectra are at least partially due to s
absorption effects. However, the overlap is not large, and
difference in device thickness is not significant enough
completely explain the strong thickness dependence see
the spectra of these devices. Again therefore we expect
interference may play the dominant role.

V. SIMULATION OF EMISSION ZONE LOCATION

For both the PF and the MEH-DOO-PPV thickness d
pendence simulations discussed above, we assumed
emission zone to be a distance 20% of the emissive la
thickness away from the anode. To come to this assump
it was necessary to explore the dependence of the sim

FIG. 5. Experimental and simulated radiance curves in arbitr
units, for~a! MEH-DOO-PPV and~b! PF. For the simulated results
emission is assumed to occur 20% of device thickness away f
the anode.
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tions on location of light emission. These simulations a
shown in Figs. 6 and 7. First we explore several emiss
zone locations for a given device thickness in Fig. 6. Fig
6~a! shows a simulated 100 nm thick MEH-DOO-PPV d
vice, with light emission occurring at various locations in t
polymer layer. As the emission moves from the anode to
cathode, we see an increase in the first peak intensity as
as a slight blueshift in peak location. In contrast, the dep
dence on emission zone location for PF, shown in Fig. 6~b!
for a 190 nm thick device, does not display a clear trend.
see that the emitted spectra for PF are highly sensitive
modest changes in emission zone location.

Figure 7 shows the thickness dependent simulations re
culated under the assumption that the emission is occur
nearer to the cathode. In Fig. 7~a!, the MEH-DOO-PPV
simulation is done assuming emission to be a distance 7
of the emissive layer thickness away from the anode. In
case, the thickness-dependent trend seen in the experim
data is reproduced; however, the effect in simulation is l
dramatic than seen in the experimental data. In Fig. 7~b!, the
PF simulation is done assuming emission to be a dista
80% of the emissive layer thickness away from the ano
Clearly in this case the thickness-dependent trend seen in
experimental data is no longer accurately reproduced.
emission location parameter used in the simulations of th

y

m

FIG. 6. Simulated normalized EL spectra for single dev
thickness as a function of emission zone for~a! 100 nm MEH-
DOO-PPV device, with emission occurring at 10, 30, 70, and 90
from anode, and~b! 190 nm PF device, with emission occurring
38, 76, 114, and 152 nm from anode.
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THICKNESS-DEPENDENT CHANGES IN THE OPTICAL . . . PHYSICAL REVIEW B 68, 054209 ~2003!
ness dependence in MEH-DOO-PPV and in PF devices w
chosen such that the resulting simulated spectra and radi
trends most closely matched those seen in our experime
results. For both materials this value is 20% of the polym
layer thickness from the anode.

Finally, we consider whether recombination near the
ode is consistent with our understanding of the device ar
tecture. For PF, electron injection from the calcium catho
~work functionF;2.9 eV) to the LUMO of PF~3.0 eV! is
nearly Ohmic; however, a large barrier to hole injection e
ists from the PEDOT-PSS~5.1 eV! to the HOMO of PF~5.8
eV!.22 For PF without endcaps, it is thought by some that t
barrier to hole injection causes electron-hole recombina
to occur directly at the polymer/PEDOT-PSS interface. T
endcaps appear to assist in hole injection into PF,23 moving
recombination slightly into the bulk of the material, increa
ing device efficiency and decreasing aggregation peaks a
ciated with the polymer morphology at the interface.24 It is
therefore reasonable to assume in this scheme that reco
nation should occur near to the device anode, and light em
sion occurring at 20% of the polymer layer thickness fro
the anode would then be consistent with this assumpt

FIG. 7. Simulated normalized EL spectra for~a! MEH-DOO-
PPV, with thicknesses 55, 62, 86, and 100 nm and emission
sumed to occur 70% of device thickness away from the anode,
~b! PF, with thicknesses 130, 150, 190, and 210 nm, and emis
assumed to occur 80% of device thickness away from the ano
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However, there has been some evidence25 that the lower
electron mobility in PF’s inhibits movement of electron
through the film toward the anode significantly enough t
despite a barrier to hole injection at the interface, recom
nation may be occurring nearly at the cathode. In this sche
then, our assumptions are no longer accurate, and there
our simulations do not provide a close match to experime
In the case of PF materials, a straightforward conclus
about the location of recombination may not be possi
based on injection barrier and mobility arguments alone.

In contrast, for MEH-PPV-DOO, both the HOMO~5.3
eV! and LUMO ~3.0 eV! levels are closely matched to th
electrodes,26,27 providing nearly Ohmic contacts for bot
electron and hole injection. As a consequence, we wo
expect to see emission occurring at a thickness consis
with experimentally determined relative charge mobilities
the material. Due to its similarities with MEH-PPV, the ho
mobilities for MEH-DOO-PPV should be on the order of,
slightly higher than, the electron mobilities.28 This would
suggest that recombination should occur close to the ce
or cathode side of the device rather than near to the anod29

However, the simulations of thickness dependence in ME
DOO-PPV show rather low emission zone location sensi
ity, and it is while it may not be the closest match to expe
ment, a simulation using an emission zone located close
the cathode would still provide a reasonable simulation
MEH-DOO-PPV device thickness dependence.

VI. CONCLUSIONS

Several aspects of the simulations make it rather diffic
to exactly reproduce the experimental data. As previou
mentioned, the choice of dipole emission spectrum can
nificantly alter the overall appearance of the simulated sp
tra. In addition, the simulation can be rather sensitive to
rameters that are experimentally determined, such as
thickness of both the hole injection layer and the polym
layer, and are therefore subject to experimental errors
comparing with experiment. Finally, assumptions are ma
in the calculations concerning the nature of charge recom
nation, exciton diffusion, and emission zone location wh
are not fully understood but which can change the final sim
lated thickness-dependent effects. We note that in poly
LED’s as discussed here, the emission zone may extend
a few tens of nanometers. Thus the above model with
exact dipole location is an approximation.30 However, the
simulations are able to illustrate that the changes in the
tical properties of polymer LED’s seen as a function of d
vice thickness can be well accounted for by simulation
optical interference effects.
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