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Thickness-dependent changes in the optical properties of PPV- and PF-based
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We explore the thickness-dependent optical properties of single layer polymer light emitting diodes for two
materials, polf2-methoxy-5¢2-ethylhexyloxy-1,4-phenylene-ethenylene-2,5-dioctyloxy-1,4-phenylene-
ethenyleng (MEH-DOO-PPV and poly2,749,9-big2-ethylhexy))fluoreng-2,7-big4-
methylphenylphenylamingPF 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 (PF with 2% endcap materials that both show substantial
changes in the CIE coordinates and device efficiency with
Since the discovery of semiconducting polymers in 1890, thickness. The thickness-dependent properties of these de-
considerable progress has been made in understanding tkiges are then compared with simulations that model the op-
electronic and optical properties of these materials in lightical interference effects in single layer PLED structures. We
emitting diode(LED) structure$. Our understanding, how- find that this effect is the primary factor in understanding
ever, has been complicated by the fact that these properti€hanges in the optical properties of our devices due to vary-
can vary significantly for liquid processed polymer fifms ing thickness.
when the deposition conditions are varied. While there have
been several studies on the effect of solvent and annealing
conditions on the polymer film morpholody,few system-
atic studies have been done on understanding changes in theThe material synthesis and characterization of both
optical properties when varying the thickness in single layeMEH-DOO-PP\? and PP have been described previously
devices>’ This lack is surprising since modest changes in[for chemical structures see insets in Fig$a)land (b)].
thickness in two of the more commonly studied class of maPPolymer films were spin cast from solution on quartz sub-
terials, namely polyfluorenes and polyphenylenevinylenesstrates for absorption and photoluminescence measurements.
can result in substantial color shifts accompanied by order oAbsorption spectra for PF and MEH-DOO-PPV films were
magnitude changes in the device efficiency. Moreover, theneasured using an n&k 1200 UV-VIS scanning spectrometer
polymer film thicknesses are frequently not reported or varyand a Hewlett-Packard 8452A Diode Array Spectrophotom-
substantially, making comparisons between different experieter, respectively. Photoluminescence data were taken on a
mental works difficult. Perkin Elmer LS 50B luminescence spectrophotometer at ab-
Thickness-dependent changes in the optical properties caorption maximum. Normalized absorption and photolumi-
be caused by changes in the self-absorption, local film momescence data are presented in Fig. 1, and showed minimal
phology in the region of light emission, and optical inter- dependence on layer thickné$s.
ference (i.e., microcavity effects In this paper, we ex- Devices were constructed using a single emissive layer
plore the optical properties of single layer polymer LED’s asstructure with the addition of a hole transport layer.
a function of emissive layer thickness in an attempt toPoly(3, 4, ethylenedioxythiophenepoly ( styrenesulfonate
understand the relative importance of these effects(PEDOT-PS$"! of 60 nm thickness was spin coated onto
Devices are made with pdl¥-methoxy-5¢2-ethylhexyloxy- patterned ITO on glass substrates and annealed at 128 °C for
1,4 - phenylene-ethenylene,®- dioctyloxy - 1, 4-phenylene- 1 h under vacuun® The emitting polymer layer was spin
ethenyleng¢ (MEH-DOO-PPV} and with poly2,7{9,9-bis  coated from solution at various spin speeds and from solu-
(2-ethylhexy)fluoreng-2,7-big4-methylphenyphenylamine  tions of varying concentrations to achieve a range of film

Il. EXPERIMENTAL METHODS AND RESULTS
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FIG. 1. Experimental normalized film absorption, solution PL,  FIG. 2. Experimental normalized EL spectra tay MEH-DOO-

and film PL for (3 MEH-DOO-PPV and(b) PF. Inlays show the PPV, with thicknesses 55, 62, 86, and 100 nm &ndPF, with
chemical structures for each polymer. thicknesses 135, 151, 186, and 213 nm.

thicknesses. The MEH-DOO-PPV film thicknesses were varLED’s with PF as the emissive material also show strong
ied between 55 and 100 nm, resulting in a color shift fromthickness dependence. Here, the spectra shown have thick-

orange (CIE 0.577, 0.422 to reddish(CIE 0.619, 0.37p  Nesses of 135, 151, 186, and 213 nm. Again we see a drop in

emission. PF film thicknesses were varied between 135 ant@_ehrglative ngght. of thel prime;]r_y Iz/ibronic peak at 420 nm
213 nm, resulting in a color shift in this range from blue with increased emissive layer thickness.

(CIE 0.191, 0.13%to violet (CIE 0.171,.0.09)2 emission. IIl. SIMULATION THEORY

The error on measured layer thicknesstiS nm. The poly- o

mer layers are dried under vacuum overnight. A 25-nm layer In order to understand the effects of optical interference
of calcium followed by a 25-nm layer of aluminum is ther- On the properties of polymer LED's, we did simulations
mally evaporated onto the device. Thicknesses were medhich model thickness dependenc? in single layer polymer
sured on a Park Scientific Autoprobe CP Atomic Force Mi-LED structures. Since polymer LED's consist of a multilayer

croscope (AFM). Current-voltage-radiance curves were thin-film stack with a total thickness on the order of the

taken in an inert nitrogen atmosphere with a Keithley sourc&MisSion wavelength, the emission spectra critically depend
9 b y on the thicknesses and refractive indices of the individual

measure unit, a pico_ammeter, and a calibrated silicon photcL;71 ers. In the absence of a light source, one can write the
detector. Electroluminescence spectra were also taken in %'ﬁutio.n to the one-dimensional He,ImhoItz equation
inert nitrogen atmosphere with an Ocean Optics fiber-opti%gw/dzerkzl//:O as the superposition of a right and left
sptla:qtrometer. h h lized el umi traveling plane wavey= " e*?+ e '*? In layered me-
igure 2a) shows the normalized electroluminescenceiy the continuity conditions at layer boundaries can be writ-
spectra from polymer LED's with MEH-DOO-PPV as the (any in matrix form**® For instance, the boundary transfer
emissive material. Spectra are shown for polymer |_ay?_?natrix relating the amplitudeg* and s~ of the adjacent
thicknesses of 55, 62, 86, and 100 nm. We observe a S'gn'flayersl and|+1 for S polarization reads
cant drop in the relative weight of the 580 nm vibrational

peak and a concurrent rise in emission at lower energies as K1 K1
the thickness of the polymer layer is increased. The broad st 1 1+ Kk 1- Kk +

: | I ! i1
lower energy peak observed-a680 nm may be attributed to v~ 2 K K ik (1)
aggregate emission. Similarly, as shown in Fig. (), the ' PR B ki I+1
normalized electroluminescence spectra from polymer ki ki
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where the wave numbek=27n/\ depends on the wave- 2T MEpoorry s
length\ and the refractive inder, which becomes complex i 00000. o on |
in the case of absorptive media. In addition, the propagation ol OO.' ° * k7 oa
transfer matrix for plane-wave propagation in a layer of I 02,0 R OOOO '
thicknessAz reads " '0..;30' . %Q)% o1
(‘//r)_ exp(jkAz) 0 ) ‘/flJr+1 2 'oo .0. _.0
v o eq-jkan/lyn,) @ Sl ie—
400 500 600 700 800
Thus by multiplication of layer and boundary transfer matri- b M, ' R P
ces from multiple layers an effective matrix relating the . = '-HC‘DD o
wave amplitudes at different locations in the multilayer 18| o oo, Loz
structure is obtained, from which the reflection and transmis- - v o
sion Fresnel coefficientsandt are derived. For the simula- oL m o . 1o
tion of light emission in a layered medium the inhomoge- g "Sammng, i
neous Helmholtz equation with a source consisting of an [ " —
oscillating point dipole needs to be solvid®Dipole meth- ]'430'0 e

ods have previously been used successfully to model organic
LED emission®?° Such simulations in general require the
distinction of parallel and vertical dipole orientations as well ~ FIG. 3. Refractive index dispersion curves for MEH-DOO-PPV
asSandP polarization. However, for emission in the normal and PF.
direction the expression for the emitted power density sim-
plifies ta'® successful in modeling the changes in the relative weights of
B _ the two leading vibronic peaks of the EL spectra with chang-
N |1+r, exp(2ik,2)|? P 3 ing device thickness.
[1—r, 1, exp2ikdp|Z " " In addition to simulating the EL spectra of these devices

wavelength (nm)

wherer,", r;”, andt,” are the Fresnel coefficients for light ,

originating in layern, andz™ is the distance of the dipole L (@) ;
from the lower boundary of layarwhose thickness id; . In % SELDOO- PRV
* G Simulated EL spectra
expression(3) the denominator accounts for layer thickness- L Iy Device thickness: -
dependent multiple beam interference while the nominator £z o 0 100nm
depends on the dipole position within this layer. gt L Soom
% *
IV. COMPARISON OF SIMULATION AND EXPERIMENT —; L &0 4
>
For our investigations, we assume that the emission zone 2 ag

location scales with device thickness as expected if relative i ]
charge mobilities and injection rates remain unchanged. The

simulation parameters thickness, refractive index, and basis i
spectra were determined experimentally. For both the PF and 0 o T
the MEH-DOO-PPV, we use an experimentally determined ‘ ' ' ‘

EL spectrum as the emission spectrum of the dipole. The - ® o PF |
refractive index dispersion curves of MEH-DOO-PPV and O 4 Simulated EL spectra
PF were determined by spectroscopic ellipsom&ySE by z[ 0 .O Device thickness: |
Woollam Inc). In particular, a Cauchy dispersion model was £ o 0 ¢ 2lonm
fit to the transparent regime and subsequent extrapolation to =g ; D00 oo g }ggg?g ]
lower wavelengths was carried out by point-to-point fits. For = D VN
this fit, an isotropic model was chosen, thus ignoring bire- ET RY a a0 ]
fringence in the films. The model gives a very good fit to the z| g * DE‘:DDDD ‘3000000000
experimental data. Inclusion of birefringence in the model is - go ’, - “““A“ffo%oo?

a subject of future work. The resulting dispersion curves are ’0,. “aandd
shown in Fig. 3. For PEDOT-PSS, a constant refractive index T's ‘oo

value of 1.53 was assuméUThe resulting simulated spectra : : ' _—

are shown in Fig. @) for the MEH-DOO-PPV emission and
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 the F|G. 4. Simulated normalized EL spectra f@ MEH-DOO-
same or similar thicknesses as our experimental devices, thepv, with thicknesses 55, 62, 86, and 100 nm #@ndPF, with
simulations very closely match the experimentally deter-thicknesses 130, 150, 190, and 210 nm. Emission is assumed to
mined spectra. We have shown that the simulations wereccur 20% of device thickness away from the anode.

400 420 440 460 480 500

wavelength (nm)
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as a function of device thickness, we looked at the radiance

as a function of device thickness and compared the experi-
mental data to the simulated results. Those results are plotted FiG. 6. Simulated normalized EL spectra for single device
as Figs. &) and (b). Experimentally determined values for thickness as a function of emission zone fay 100 nm MEH-
radiance were measured at the same current for all deviceBOO-PPV device, with emission occurring at 10, 30, 70, and 90 nm
Values plotted in Fig. 5 were normalized to compare thefrom anode, andb) 190 nm PF device, with emission occurring at
relative changes in radiance with simulated results. The oveRs8, 76, 114, and 152 nm from anode.
all trends in relative radiance with device thickness are
nicely reproduced in the simulated data. tions on location of light emission. These simulations are
We would expect that the trend in radiance with increaseghown in Figs. 6 and 7. First we explore several emission
self-absorption would be a steady decrease with increasingone locations for a given device thickness in Fig. 6. Figure
device thickness, and so we can conclude that the observeia) shows a simulated 100 nm thick MEH-DOO-PPV de-
trend in radiance is dominated by optical interference effectsvice, with light emission occurring at various locations in the
In addition, self-absorption should have the effect of decreaspolymer layer. As the emission moves from the anode to the
ing the relative intensity of the EL at wavelengths in the cathode, we see an increase in the first peak intensity as well
region of overlap between emission and absorption as thgs a slight blueshift in peak location. In contrast, the depen-
thickness of the polymer layer is increased. As seen in Fig. ldence on emission zone location for PF, shown in Fig) 6
this region is in both cases the leading vibronic peak in ELfor a 190 nm thick device, does not display a clear trend. We
spectrum. Therefore the thickness dependent effects seendee that the emitted spectra for PF are highly sensitive to
the experimental EL spectra are at least partially due to selfmodest changes in emission zone location.
absorption effects. However, the overlap is not large, and the Figure 7 shows the thickness dependent simulations recal-
difference in device thickness is not significant enough toculated under the assumption that the emission is occurring
completely explain the strong thickness dependence seen fiearer to the cathode. In Fig.(af, the MEH-DOO-PPV
the spectra of these devices. Again therefore we expect thgimulation is done assuming emission to be a distance 70%

wavelength (nm)

interference may play the dominant role. of the emissive layer thickness away from the anode. In this
case, the thickness-dependent trend seen in the experimental
V. SIMULATION OF EMISSION ZONE LOCATION data is reproduced; however, the effect in simulation is less

dramatic than seen in the experimental data. In Filg), The
For both the PF and the MEH-DOO-PPV thickness de-PF simulation is done assuming emission to be a distance
pendence simulations discussed above, we assumed tB8% of the emissive layer thickness away from the anode.
emission zone to be a distance 20% of the emissive layeClearly in this case the thickness-dependent trend seen in the
thickness away from the anode. To come to this assumptiorexperimental data is no longer accurately reproduced. The
it was necessary to explore the dependence of the simul@mission location parameter used in the simulations of thick-
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' ' ' ' ' However, there has been some evidéndeat the lower
r@ §, M MEHDOO-PPV electron mobility in PF’s inhibits movement of electrons
gﬁgg&d}gg{im through the film toward the anode significantly enough that
o T 70% of layer ] despite a barrier to hole injection at the interface, recombi-
Z % , thickness from anode nation may be occurring nearly at the cathode. In this scheme
2 N . then, our assumptions are no longer accurate, and therefore
% Py y our simulations do not provide a close match to experiment.
é L % %N . In the case of PF materials, a straightforward conclusion
5 g &, about the location of recombination may not be possible
- L Device thickness: i based on injection barrier and mobility arguments alone.
0 1d0nm In contrast, for MEH-PPV-DOO, both the HOM(%.3
o 62nm i eV) and LUMO (3.0 eV) levels are closely matched to the
, | * Somm , electrode$®?’ providing nearly Ohmic contacts for both
500 600 700 800 electron and hole injection. As a consequence, we would
L (b ge PF ' ‘ | expect to see emission occurring at a thickness consistent
® o Simulated EL: with experimentally determined relative charge mobilities in
i % o ogon 80% | the material. Due to its similarities with MEH-PPV, the hole
£ o from anode mobilities for MEH-DOO-PPV should be on the order of, or
I 2 o, Device thickness: | slightly higher than, the electron mobilitié$.This would
5 . o DD ° %582;': suggest that recombination should occur close to the center
SL 9 Oeitug o 150nm | or cathode side of the device rather than near to the afiode.
£ Ooo000e a2 ¢ 130nm However, the simulations of thickness dependence in MEH-
“ | 8 DOO-PPV show rather low emission zone location sensitiv-
$ ity, and it is while it may not be the closest match to experi-
ment, a simulation using an emission zone located closer to

. . . . the cathode would still provide a reasonable simulation of
400 420 440 460 480 500 MEH-DOO-PPYV device thickness dependence.

wavelength (nm)

VI. CONCLUSIONS
FIG. 7. Simulated normalized EL spectra f@ MEH-DOO-
PPV, with thicknesses 55, 62, 86, and 100 nm and emission as- Several aspects of the simulations make it rather difficult
sumed to occur 70% of device thickness away from the anode, an® exactly reproduce the experimental data. As previously
(b) PF, with thicknesses 130, 150, 190, and 210 nm, and emissiomentioned, the choice of dipole emission spectrum can sig-
assumed to occur 80% of device thickness away from the anode.nificantly alter the overall appearance of the simulated spec-
tra. In addition, the simulation can be rather sensitive to pa-

ness dependence in MEH-DOO-PPV and in PF devices WeEgmeters that are experimentally determined, such as the

chosen such that the resulting simulated spectra and radian cknessdof botf;] thi hole |rk;1_ect|on layer and th? polymer
trends most closely matched those seen in our experiment yer, and are therefore subject to experimental errors In

results. For both materials this value is 20% of the polymef0MParing with experiment. Finally, assumptions are made
layer thickness from the anode. in the calculations concerning the nature of charge recombi-

Finally, we consider whether recombination near the an_nation, exciton diffusion, and emission zone location which

ode is consistent with our understanding of the device archi@'® not fully understood but which can change the final simu-
tecture. For PF, electron injection from the calcium cathoddated th|ckr_1ess-dependent effect_s. We note that in polymer
(work function®~ 2.9 eV) to the LUMO of PR3.0 eV) is LED'’s as discussed here, the emission zone may extend over
nearly Ohmic; however, a large barrier to hole injection ex-2 feW tens of nanometers. Thus the above model with an

ists from the PEDOT-PS&.1 e\) to the HOMO of PF(5.8 exact dipole location is an approximatidhHowever, the
eV).22 For PF without endcéps it is thought by some thét thissimulations are able to illustrate that the changes in the op-

barrier to hole injection causes electron-hole recombinatiohic@! Properties of polymer LED’s seen as a function of de-

to occur directly at the polymer/PEDOT-PSS interface. Thevice thickness can be well accounted for by simulation of

endcaps appear to assist in hole injection intdPRoving ~ °Ptical interference effects.
recombination slightly into the bulk of the material, increas-
ing device efficiency and decreasing aggregation peaks asso-
ciated with the polymer morphology at the interfaéet is We would like to thank Yuko Nakazawa and Melissa
therefore reasonable to assume in this scheme that recomireger for fruitful discussions. J.L. acknowledges support
nation should occur near to the device anode, and light emidrom the GAANN foundation. This work was supported by
sion occurring at 20% of the polymer layer thickness fromthe National Science Foundation ECS-grant number 22201-
the anode would then be consistent with this assumptior443834.
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