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Device performance and polymer morphology in polymer light emitting
diodes: The control of thin film morphology and device quantum efficiency
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We present the results of a systematic study on how the processing conditions of spin casting affect
the morphology of polymer thin films, and how the morphology affects polymer light-emitting
diode (LED) performance. The absorption peaks of pgaiynethoxy-5¢2'-ethyl-hexyloxy-1,
4-phenylene vinylene(MEH-PPV) thin films, which reflects the conjugation ef electrons, are
strongly correlated to the spin-casting conditions. At high spin speed, better conjugation is observed.
In addition, the photoluminescence emission peak of MEH-PPV films&R0 nm has a strong
correlation to polymer aggregation. By proper selection of organic solvents, polymer solution
concentrations, and spin speeds, we are able to control the aggregation of the polymer chains.
Subsequently, we are able to control the emission color and the quantum efficiency of the
MEH-PPV LEDs by simply adjusting the spin-casting conditions. Although spin casting is the most
commonly used technique for the preparation of polymer thin films, our finding suggests that the
thin-film preparation, and thus the formation of polymer morphology, is a much more complicated
process than previously assumed. 2000 American Institute of Physics.
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I. INTRODUCTION ing polymer thin films, it will be particularly important to
have a complete understanding of the nature of polymer
Since the first successful fabrication of a polymer lightchain aggregation, the relationship between the morphology
emitting diode(PLED) using poly(p-phenylenevinyleneas and the processing conditions, and their influence on the
the active material, there has been a widespread researclelectronic and photonic properties of polymer thin films. Fur-
interest in conjugated polymers. The lightweight, flexibility, thermore, the device performance of polymer LEDs will be
ease of processing, and unique electrical and photonic semaptimized by better device fabrication process.
conducting properties are among the most attractive charac- The photoluminescence properties of conjugated poly-
teristics of this class of materials. Since some of these matamers and the role of aggregation in these properties have
rials can be obtained in solution form, spin casting hasbeen heavily investigated in recent ye&islt is generally
become the most commonly used technique for obtainingelieved that both the electroluminescence and the photolu-
uniform thin films of these materials. It is often noticed thatminescence of the polymer films originate from the same
the luminescence spectra, both photoluminescéRteand  excited staté:?® It is also believed that the aggregation of
electroluminescenc¢EL), of polymer films are somewhat polymer chains enhances the excimer formation, which re-
different when the film thickness varies. This observation isduces the PL quantum efficientyIn this article, we pro-
often associated with the microcavity efféctwhich is an  duce evidence to suggest that proper aggregation imay
optical effect, while the differences in the film morphology crease the quantum efficiency of polymer LED# have
and polymer chain aggregation, primarily controlled by thealso found evidence to suggest that the emission peak of
spin-casting condition@&he concentration of the polymer so- poly(2-methoxy-5¢2'-ethyl-hexyloxy-1, 4-phenylene vi-
lution, the solvent, and spin speed, gtare usually ignored. nyleng (MEH-PPV) films at\ ,,,,~630 nm, which has been
Baltchford et al* have observed that the PL spectrum of apreviously associated with the vibronic structure, has a
poly(p-pyridyl vinylene powder is different from that of the strong correlation to different aggregation states of the poly-
spin-cast film. In addition, films that are cast with different mer chains. The detailed experimental approach and results
solvents also showed different PL speétiBhis observation are discussed below.
suggests that the morphology or the aggregation of polymer
chains has a remarkable effect on its emission spectrum.
However, the effects of the spin-casting conditions on thé" EXPERIMENT
film morphology, and thus the physical properties of the film,  The polymer LEDs discussed in this article consist of
have not been systematically studied. Since spin casting hag polymer active layer sandwiched between a cathode and
come one of the most commonly used techniques for prepaan anode. For this study, calcium was used as the cathode,
and  3,4-polyethylenedioxythiophene-polystyrenesulfonate
dAuthor to whom all correspondence should be addressed; electronic mailPEDOT/ITO was used as the anode unless otherwise indi-
yangy@ucla.edu cated. MEH-PPV was chosen as the active material in our
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FIG. 1. The normalized absorption spectra for MEH-PPV films spin cast on
glass plates using 0.3 and 1 wt % MEH-PPV solutions. The spin speed usel
was 8000 rpm.
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FIG. 2. The normalized absorption spectra for MEH-PPV films spin cast on
1 . . glass plates using different spin spe¢d600 and 8000 rpin The MEH-
study.~ The molecular weightM,,) is ~1 000 000 as deter- ppv solution used was 0.7 wt % in cyclohexanone.

mined by gel permeation chromatography which was cali-
brated using polystyrene standards. The ITO substrates un-

derwent a routine cleaning procedure, which included, o, MEH-PPV solution in cyclohexanor€HO). For easy

SOT"C?‘“O” in detergent followed by repeated. rnsing II']comparison, the spectrum of the thinner film is normalized. It
deionized water, acetone and isopropanol, and finally treategan be easily seen from Fig. 1 that the absorption of the

with ultraviolet(UV) ozone. PEDOT was first spin cast onto Bolymer film spun with the more dilute solution is signifi-

an ITO/glass substrate at a spin speed of 4000 rpm, whic antly redshifted X,,,=510 nm) as compared to that spun
corresponds to a thickness of 85 nm, and baked at 120 °C f%

2 h before spin casting the MEH-PPV film. The cathode of
the polymer LED was formed by the thermal evaporation ofC
Ca and Al from tungsten boats at a pressure of around
% 10 8 Torr. The thickness of the calcium layer and the alu-rpm resulted in a film with an absorption peak X,
minum protecuve Ia_yer was approximately 200 and 1000 A,:499 nm(700 A), whereas the same solution spun at 8000
respectively. The diode area was 12 fIEH-PPV solu- 1, asuited in a film withh ;=509 nm (300 A) (Fig. 2).
tions were prepared and spin cast in an inert nitrogen gag; higher (=1 wt %) or lower (<0.4 wt% concentrations,
environment. The EL and PL emission spectra were obtainef],aver the UV—Vis spectra were not observed to shift
from an S2000 fiber optic spectrometer by Ocean Optic INCyi, gpin speed. These effects are reproducible in other sol-

The Commission International de L’Eclaira¢@IE) coordi- | ats such as tetrahydrofur&fiHF), chloroform, p-xylene,
nators were measured using a Spectra-scan PR 650. TQ@C

UV-Vis absorption spectra were recorded on a HP 8453

spectrophotometer. For easy comparison, the absorpt_io egates in polymer solutions of sufficiently high
SPec"a as well as the EL spectralwere normalized. Th? fil oncentratiort? The origin of aggregation is the interchain
thickness data were measured using an Alphastep profilomesacion forces. Since these interactions are short-range

ter. The viscosity was measured at ambient temperature Ugsces the polymer chains are isolated in dilute solution, thus
ing & DV-1l+ viscometer produced by Brookfield Inc. Con- yhaqe intermolecular forces can be neglected. It is expected
tact angles were determined on a contact angle meter frogp,.; the probability for the coiled polymer chains to penetrate
March Instrument, Model Cam-F1 at room temperature. 5 each other is small. As the concentration increases and
the distance between the polymer chains become smaller,
I1l. RESULTS AND DISCUSSIONS these interchain forces become more significant. As a result,
polymer coils start to entangle with each other to form
“loose aggregates.” It is predicted that further increases in
The morphological dependent phenomena were first obthe concentration will eventually result in heavy interpen-
served by comparing the UV-Vis absorption spectra of theetration of the polymer chains, or the formation of “strong
polymer thin films prepared from different concentrations ofaggregates.” From this point of view, one would expect that
polymer solutions as well as different spin speeds. Xfig,  these interactions are maximized in the solid state when the
of a polymer film obtained from a more dilute solution polymer chains are densely packed. In fact, the formation of
and/or spun from a higher spin speed is significantly redaggregates in thin films is well documented for various
shifted. Figure 1 shows the absorption spectra of two filmgolymers'®
spun at the same spedd000 rpn), but at two different From the above discussion, one would expect that the
concentrations: a thinner filni180 A) using a 0.3 wt% morphology of a spin-cast film depends on the relative
MEH-PPV solution, and a thicker filni900 A) using a 1  strength of the cohesive force of the solution and the cen-

ith the more concentrated solution =496 nm).

Similar spectral shifts were also demonstrated by using
onstant polymer concentratidfd.5—0.8 wt % but different
%pin speeds. For example, a 0.7 wt % solution spun at 2000

It is commonly observed that polymers tend to form ag-

A. UV-visible absorption spectrum
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FIG. 4. The normalized EL emission spectra for MEH-PPV films spin cast
c trati % at different spin speeds. The arrow indicates the decrease of spin speed,
oncentration (wt%) 8000, 4000, 2500, and 1500 rpm.

FIG. 3. The reduced viscosity of MEH-PPV solutigayclohexanone as
solven} vs the concentration of the polymer solution. The curved region

represents the concentrations for loose aggregdGhm). force and the radial flowing of solvent will also tend to

stretch the polymer chains to the more extended conforma-

tion. If the centrifugal force is large in comparison to the

cohesive force of the solutions, it is expect that high spin
trifugal force asserted by the spinning. When the centrifugakpeeds will lead to a spectral redshift in the absorption spec-
force is comparable to the cohesive force of the solution, ongym of the resulting polymer films as shown in Fig. 2.
would expect to see a spin speed dependence of the film | gilute solutions<0.4 Wt %), the\ 4 of the resulting
morphology. In this regard, the viscosity of the polymer so-fijms is usually close to 510 nm and is nearly independent of
lution can, to a certain extent, reflect these intermoleculafne spin speedwithin 2000-8000 rpm suggesting that the
forces. That is, higher solution viscosity suggests higher i”polymer chains can be more easily stretched to the more
termolecular forces, andice versa A plot (Fig. 3) of the  extended form. In addition, polymer films spun at these
reduced viscosity ¢/ n*) of the polymer solution, wherg |ower concentrations are usually so thin that they dry almost
is the viscosity of the MEH-PPV solution anf (1.85cRis  instantly during the spin-coating process, and therefore this
that of the pure solveriCHO) at ambient temperatur€er-  more extendedand thus more conjugatedonformation is
susthe polymer concentratiofvt %) clearly reveals these «|ocked” upon vaporization of the solvent. Therefore, it is

three concentration regions. It can be seen from this plot th{ot syrprising that films spun at these concentrations always
at lower concentrationg<0.4%, the plot is nearly linear. paye the highest,.,(510 nm.

The slope of the curve is 2.18, corresponding to an intrinsic
yiscosity of 1.87. At higher concentrgtiohsOB%, the plot B. Electroluminescence and photoluminescence
is also linear, except that the slope is much larddr.2. In spectra
the central regiori0.4%—0.9%, however, the plot is signifi- ) )
cantly curved. We found that this region corresponds to thet- MEH-PPV processed using aromatic solvents
concentrations for loose aggregati@@LA) of the polymer The electroluminescence and photoluminescence spectra
chains, which was proposed earlier. It is in this region thabf spin-cast films are also morphology dependent. It is found
the morphology, or the aggregation state of the polymethat within the range of the CLA, the EL and PL spectra of
films, is dependent on spin speed. It should be pointed owpin-cast MEH-PPV films are strongly dependent on spin
that the CLA is dependent on the molecular weight as well aspeed. Such an example is shown in Fig. 4. It is consistently
the solvent used. For example, the CLA for our MEH-PPVobserved that when the polymer solution is cast at high
sample M,,~1 000000) in THF is approximately 0.3%— speeds(e.g., 4000—8000 rpm, 0.7 wtfothe resulting de-
0.7% (wt %), which is slightly different from that in cyclo- vices have a strong yellow EL emission peak ,fx
hexanone. ~575nm) and a weak red shoulder630 nm, Fig. 4. The
Therefore, the fact that no spin speed dependence wapectrum of this yellow emission is similar to the PL spec-
observable for films prepared with concentration$ wt%  trum of a dilute MEH-PPV solution, which has been as-
can be explained by the formation of such strong aggregatesigned to the unaggregated single chain exciton emigsion.
that spinning the solution at 8000 rpm is insufficient to breakAs discussed earlier, it is expected that films resulting from
the aggregates apart. In addition, high concentrations alsloigh spin speeds should mostly consist of the more extended
result in heavy entanglement of the polymer chains, whichand less coiled polymer chains. Therefore, it will be reason-
decrease the conjugation of the polymer backbone and reswdble to suggest that this yellow EL emissi¢on575 nm
in a small\ 2 (496 nm). As the concentration decreases, theobserved in films is also due to the single chain exciton from
adhesive forces of the polymer solutions will decrease, anthe more extended polymer chains. As the spin speed de-
thus the aggregates become *“looser.” It is therefore ex-creases, the spectrum redshifts, and the intensity of the red
pected that such loose aggregates can be more easily segaission peak630 nnj increasegrefer to Fig. 4. This ef-
rated by the centrifugal force. In addition, the centrifugalfect is also observable in aromatic solvents such as chlo-
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robenzene(CB), 1,2-dichlorobezengDCB), toluene, and Rothberg and co-workétd” have reported that the PL decay
p-xylene, and is independent of the applied electric field dynamics of the MEH-PPV film at room temperature is non-
Similar effect can also be demonstrated in the photoluminesexponential, which consists of a fast component (
cence spectra of the corresponding thin films. However~300 ps) and a slower component. They suggested that this
these changes of the emission spectra are limited to the polyyas probably due to the inhomogeneity of emission rates and
mer solution with concentration within the CLA. At concen- to the dynamics of excited-state diffusion to the quenching
trations above the CLA, the red emissi@B0 nm always  defects. An alternative interpretation for this dynamic behav-
dominates. In contrast, the yellow emissi@Y5 nm domi-  jor, based on our results, is that the slower component could
nates at concentrations below the CLA. be due to the interchain speciése assign this interchain

Levitsky and co-workeré have also observed similar species as Ex-l in this artidleSamuelet al® have shown
spectral changes when they compared a (petthynyleng  that the kinetics of the MEH-PPV films at 600 nm is domi-
thin film prepared by Langmuir—Blodgett technique with thatnated by an exponential decay with a time constant of 580
prepared using the spin-casting technique. They suggestgs, which is significantly different from that reported by
that the observed spectral changes were the result of interaRothberg and co-workefst’ Although we cannot rule out
tions (m— stacking between the polymer backbones in the the possibility that this discrepancy is due to the intrinsic
thicker film. Although the 630 nm peak in the emission specifference between the polymer samples used by the two
trum of the MEH-PPV film has been traditionally consideredgroups, the fact that they have markedly different PL spectra
as the intrinsic vibronic structure of the spectrum, the simi-cannot be ignored. The PL spectrum reported by Samuel
larity between the two systems led us to consider the posskt al® closely resembles the EL spectrum of our orange-red
bility that this emission was resulted from another speciesgevices, while that reported by Rothberg and co-workers is
i.e., an excimer- or exciplex-like interchain species. As dis-similar to that of a yellow device. It is therefore very likely
cussed earlier, the film morphology varies with spin speedhat the spectrum of Samaglal. was dominated by the Ex-I
when the polymer concentration is within the CLA. As the species, while that reported by Rothberg and co-workers
spin speed decreases, more and more loose aggregates sintained more emission from the single chain exciton.
vive the centrifugal force. On the other hand, lower spinThus, it is not surprising that the Ex-I dominated spectrum
speeds also result in thicker films, in which the rate for sol-decays significantly slower than the typical single chain ex-
vent evaporization from inside the film is slower. This allows citon decay (300 p3 observed in dilute solutions and
the polymer chains to have more time to relax into a morefjjms 18-20
thermodynamically favorable conformation rather than being  \We have attributed the above spectral changes to the
locked in an unfavorable conformation caused by the solvengifferences in film morphology. However, it is well known
molecules and the centrifugal force. Since the polymer coilshat the EL emission from a LED could be modulated by the
will tend to penetrate and entangle each other more heavilyhicrocavity effect and this has been used for color tuning in
as the concentration increases, it is expected that slow evapgolymer and organic light-emitting diodés:*1?*These de-
ration of the solventand thus a slow increase of the polymer vices usually need electrodes with good reflectivigyg.,
concentration within the fillnshould favor the entanglement gold electrodesin order to achieve a pronounced microcav-
of the polymer chains and the formation of stronger aggreity effect. Wittmannet al? indicated that the microcavity
gates, which should favor the formation of the interchaineffect is less significant in devices using ITO electrodes.
species. Therefore, the assignment of the red emission pedkore recently, So and Chdihave demonstrated the micro-
to the interchain species reasonably explains the above exavity effect in ordinary OLEDs with only one reflective
perimental observations. However, more experiments are reslectrode. In all of these cases, the microcavity devices are
quired to further confirm this statement. characterized by thickness dependent emission spectra. In

It is generally observed for many polymers that the ag-order to check for this possibility, devices of the same film
gregation of the polymer chains leads to a spectral redshift ithickness but spun at different spin speeds are studied.
their absorption spectrd. Quantum mechanics calculations Shown in Fig. 5 are the EL spectra of a regular “single
also suggest that a— stacking of the polymer backbones |ayer” device (curvea) and that of a “multilayer” device
can redshift the absorption spectrdmlf this explanation  (curveb) with the same film thickness. These devices were
also applies to MEH-PPV films, a spectral redshift in theprepared using the same polymer solutior%, CHQ but
absorption spectrum is expected as the aggregation of #e polymer films were coated differently. In the single-layer
MEH-PPYV film increases. However, this prediction is incon-device, the polymer film was formed by a single spin-casting
sistent with our experimental observations, in which the abprocedure at a lower spin spe€tD00 rpm, film thickness
sorption spectrum of a film resulted from a lower spin speed1000 A). For the multilayer device, the film was obtained by
implying denser aggregates, is blueshifted. One possibilithine consecutive spin castings using the same polymer solu-
that could account for this contradiction is to suggest that theion, but at higher spin speetv000 rpm, film thickness
m—m stacking of the polymer backbones in MEH-PPV is 10004). Based on the above discussion, it is expected that
hindered in the ground state, probably due to the bulkythe multilayer device should have stronger yellow emission
2-ethyl-hexyloxy side chains. Such interactions becomssince it is spun at higher speed, which is indeed observed
more pronounced only in the excited state. experimentally(Fig. 5).

The PL decay dynamics of MEH-PPV in film as well as When comparing the EL spectrum of the above
in solution have been well document&tf. More recently, ~multilayer device to that of a regular single layer device spun
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FIG. 5. The normalized EL emission spectra for a “single lay&lrvea) FIG. 7. The spin speed dependent EL spe¢t@malized of MEH-PPV
and a “multilayer” (curveb) device. Curve a: the polymer film was formed films observed at the higher end of CL®.7 wt% in THF. The film
by a single spin casting from a 0.7% MEH-PPV solution at 1000 rpm. Curvethicknesses are 1400 £2500 rpm, 1200 A (4000 rpm, 1000 A (6000
b: The film was formed in nine consecutive spin casting at 7000 rpm usingpm), and 800 A(8000 rpm).

the same solution. The thickness of both films is approximately 1000 A.

at the same spin speed, the former has a stronger red emis- ) ) o
sion than the lattefrefer to Figs. 4 and 5 suggesting that 1HF (CLA=0.3%-0.7%, in THF is shown in Fig. 6. A
more interchain species are presented in the multilayer gdotable result is that this eff_ect is r_eversed at the higher end
vice. This is not surprising since during every secondary spir?! the CLA. For example, spin coating a 0.7 wt % MEH-PPV
coating, some of the polymer molecules near the surface wiff°!ution (THF) at high spin speedge.g., 6000—-8000 rpm

be redissolved by the added solution, which produces locallj€Sultéd in the orange-red devices while at lower speeds
higher concentrationgear the interfadeand thus more ag- (&:9-= 2500 rpm resulted in yellow dominated devices

gregated species. Therefore, repeated casting of the MEHFIZ: 7)- The absorption m,, of the film is almost unaffected
PPV solution intensifies the red emission. by the spin speed at this concentrati@?7 wt %, THF. A

similar effect is also observed when the polymer was spun
] ] with CHCI;. This “reversed effect” clearly indicates that

2. MEH-PPV processed using nonaromatic solvents both the molecular conformation in the solution and the mor-
In nonaromatic solvents such as THF and CklGhe  phology of the film are substantially different from those

spin speed dependence of the emission spectrum is moobtained using aromatic solvents and cyclohexanone.
complicated. At the lower end of the CLA, the observed spinSchwartz and co-workefshave already observed by light

speed effect is similar to that observed for aromatic solventscattering experiments that the MEH-PPV aggregates in THF
and cyclohexanonéhigh spin speed results in stronger yel- and chlorobenzen€éCB) have different sizes. Heeger and
low emission and low speed results in stronger red emiseo-workeré* also indicated that the polymer films spun with
sion). Such an example using a 0.4% polymer solution inTHF andp-xylene have different morphology. All these sug-
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r 1000 rpm
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gest that the solvation effect plays an important role in the
morphology of the spin-cast films, which will be discussed in
more detail below.

C. The solvation effect

1. The aggregation of polymer chains

The driving force for the mixing of two speci€$ and 2
is the loss of free energy\(Gy,<0), which is determined by

AGM:AHM_TASM<O, (1)

whereT is the absolute temperature of the systérl,, the
change in enthalpy, andS,, the change in entropy due to
mixing. Generally AS,, is always positive, while\H,, can

be either positive or negative. When dissolved in an ordinary ’
organic solvent, the polymer chains should achieve the con-
formations that can minimize the free enerdgrgest nega-
tive AGy). In other words, the thermodynamically stable
conformation should have the minimusyH,, and the maxi-
mumAS,, . Generally, the major contribution itH, is the
internal energy changAE,, due to the physical mixing of
the two components, which is determined by

FIG. 8. The aggregation of MEH-PPV molecules in an aromatic solvent
AEy=(€1_1t+ €3 _5)2—€1_5, (2 results in the aromatic polymer backbone facing the solvent and the side

. . . chains pointing inwards towards each other.
wheree;.,, €,.,, ande;_, are the interaction energies be-

tween the 1-1, 2-2, and 1-2 pairs, respectively. Usuallg,,

andAHy, are small when the two components are similar innot known at this time, a qualitative estimation can be made
structure, and large when the two components are dissimilahased on the heats of mixing for similar, smaller molecular
For example, the heats of mixing for the aromatic/aromaticsystems. For example, mixing many aromatic compounds
or alkane /alkane systems are usually either equals to zero @fith THF or CHCL have relatively large negative heats of
a very small(several tens J/mplpositive numbef>?® For  miying (hundreds to nearly one thousand J/nfdlsuggest-
aromatic/alkane systems, however, thely is significantly  jng especially strong solvent-solute interactidlasgee; 5).
larger (hundreds J/moF’ Since the chemical structure of the |, contrast, the heats of mixing between two aromatic com-
MEH-PPV molecule consists of an aromatic polymer backpounds are usually either zero or only slightly positive.
bone and many ethyl-hexyloxy side chains, it is expectedrherefore, the twisted conformation shown in Fig. 9 is more
that aromatic solvents can solvate the polymer backbone bet-
ter than the alkyl side chains. As a result, the aggregation of
the alkyl side chains may lower th&H,,. It is therefore
expected that strands of MEH-PPV aggregate lengthwise in
the form of a spiral cylinder; the aromatic backbones of the
long molecules form the shell of the cylinder due to greater
solvation. The alkyl side chains of the molecules point radi-
ally inwards inside the cylindeiFig. 8).

Results from molecular dynamic calculations suggest
that a twisted conformation shown in Fig. 9 is the most
stable conformation. Such a conformation may also benefit
from gaining more configurational entropy since the side
chains have higher freedom of rotation in comparison with
those shown in Fig. 8. However, the twisting of the polymer
backbone will interfere with the conjugation along the chain
and thus lead to an extra internal energy increase (,;
>0). Therefore, the final conformation of the polymer
chains should reflect a good balancing of all these factors in
order to reach the minimum free energy. In this regard, this
twisted conformation will not be the best choice unless
2€,_, is much larger than the sum ef_; ande,_, [EqQ.

(2)] so thatAE,, (or AHy,) is sufficiently negative to com-

pensated Ecopj- Although the exacA_& Ew or AH M values for  rig. 9. Nonaromatic solvents result in the twisted conformation/aggregation
MEH-PPV dissolved in many ordinary organic solvents areof the MEH-PPV molecules.
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Iikely to be attained in THE and CHg:Irather than in the TABLE I. Contact angle$6) and surface tension of MEH-PPV films. Poly-

romati lvents. Therefor mor larianor niu- mer films were spun from-0.7% MEH-PPV solutions at 2000 rpm. There
aromatic solve _S' .e elore, a mo e plaaro e conu is no noticeable spin speed dependence of the contact angles at this concen-
gated conformation will be expected in aromatic solvents. yation.

As a result, the polymer chains are expected to coil more

tightly in nonaromatic solvents and more extended in aro- Solvent 0(H0) 6(Chyl;) »* (dynes/cm yP (dynes/cm
matic solvents. It is observed that the absorption, in Toluene 96° 37° 41 20
THF is significantly blueshiftet?® relative to the\ pay in Chlorobenzene 96°  40° 39 23
aromatic solvents. This is consistent with the above hypoth- 1,2-Dichlorobenzene ~ 97° 34° 45 12
esis p-xylene 95° 35° 42 2.3

) hould b inted hat th isted f . Cyclohexanone 94° 38° 39 3.1

It should be pointed out that the twisted conformation  cpygroform 86°  41° 33 25
shown in Fig. 9 is a quasistable state, which should only Tetrahydrofuran 87° 42° 33 6.8

exist in the presence of a proper solvent. Once the solvent is
removed, the polymer chains should spontaneously recover

the more conjugated conformations, although such recovery

is perhaps limited by the restricted motion of the polymersignificant, which decreasesSy, and thus the contribution
molecules in the solid state. This prediction is supported bjrom AHy becomes more significafitefer to Eq.(1)]. It is
experimental observation: Although the absorptigp,, of ~ not surprising that at highly dilute solutionsC{1

the polymer solution in THF is significantly smaller than the X 10" ® M) the absorption . is essentially independent of
Amax IN aromatic solvent4?® the films spun with aromatic the solvent properties. In addition, the solvent dependence of
and nonaromatic solvents have essentially the samg  Other physical properties, such as the contact angle and sur-
value. face energy of the film, also tend to be insignificant at more

On a closer look at Fig. 9, one expects that with thedilute concentrationgvide infra).
bulky side chains pointing irregularly to all directions, the
—ar stacking of the polymer backbones will be hindered.
Therefore, the excimer emission should be less. When suff
ciently viscous solutionée.g., 0.7—0.8 wt %, THF or CH@)| The fact that the solvent can markedly change the optical
and low spin speed®.g.,<2500 rpn) are used, this confor- properties of the polymer films leads to the question of
mation is “memorized” by the polymer film. It is therefore whether this effect is also reflected on the surface of the film.
not surprising that these films give yellow dominated emis-The contact angle§d) between an ordinary liquid (4© or
sion (Fig. 7). The fact that high spin speed enhances theCH,l,) and the MEH-PPV films spun from different solvents
interchain emissionN;,,,,~630 nm, Fig. 7 suggests that the are measure@Table ). It can be seen from Table | that the
centrifugal force has resulted in a large conformationalcontact angleg86°-879 between HO and the polymer
change. However, there is no noticeable spectral change ofilms spun from THF and CHGlare significantly smaller
servable in the absorption spectra, and neither in the contatttan thosgaverage~95°) spun from aromatic solvents, in-
angles(vide infra). This indicates that the centrifugal force is dicating that these films have different surface energies. On
not sufficient to completely break apart the heavily entangledhe other hand, MEH-PPV film spun from cyclohexanone
polymer chains. Instead, the polymer coils are stretchedolution has a contact angle of 94° with water, which is close
open, to some extent, which allows the insertion of addito that of the aromatic solvents. This is consistent with its
tional polymer chains thereby resulting in the formation ofaromatic-like behavior observed in the spin-speed dependent
the interchain species. EL spectrum experimenizide supra. Although not techni-

In contrast, the aggregation style shown in Fig. 8, pre-cally an aromatic solvent, it is obvious that the six-member
sumably attained in aromatic solvents, will allow a betterring structure of this molecule leads to an aromatic-like be-
7r—ar overlapping and thus favors the formation of the inter-havior. The fact that films spun with THF and CHClave
chain species. At high spin speeds, this aggregation style mmaller contact angles with water indicates that these films
destroyed by the centrifugal force, which results in less in-are less hydrophobi@r, more hydrophili¢. Since water is a
terchain species. On the other hand, with the conductingighly polar and an H-bonding solvent, the increase of hy-
polymer backbones arranged outside, this conformation drophilicity indicates that the surface of the film is more
aggregation stajgs also expected to be more “conductive” polar. In general, the polarity of a surface can be quantita-
than the twisted conformation shown in Fig. 9. This predic-tively characterized by the polar componenf) of its sur-
tion is indeed observed experimentally. It is found that filmsface tension, which can be computed from thealues with
spun from aromatic solvents exhibit a higher current tharwater and CHl, using the method of WP The results for
those spun from THF at the same applied voltage and filnthe dispersion %) and the polar #?) components of the
thickness’? surface tension are also tabulated in Table I. It can be seen

It should be pointed out that the solvation effect is morefrom the data that the films spun with THF and CH@ave
significant at sufficiently high concentrations and becomesnuch larger polar termsy’~7 dynes/cm) than those spun
less pronounced in more dilute solutions. This is becauswith aromatic solvents and cyclohexanone P (
TAS,, is usually much larger thathH,, in highly dilute = =1-3 dynes/cm), indicating that nonaromatic solvents re-
solutions. As the concentration increases, the interchain insult in more polar surfaces. The contact angles withIgH
teractions and/or the interchain penetrations become morgowever, are distributed irregularly. This is because the dif-

|2 The surface energy of polymer films
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/R1 TABLE Il. Spin speed dependent quantum efficiency and emission color.
Film surface
= Speed Thickness QE CIE Nmax
Solvent  (rpm) R (%) X Y (nm)
o ~Re
- O

Ri 2500 860 3.0 0.62 0.38 632
—= parallel bCB 4000 720 24 059 040 588
Polvmer Film 6000 630 21 0.57 0.43 584
y 8000 590 2.0 0.56 0.43 580
Glass 2500 1150 21 0.59 0.41 580
THF 4000 970 2.2 0.61 0.39 630
FIG. 10. Two possible orientations of the aromatic ring on the surfae: 6000 850 2.8 0.61 0.39 632
the more polarparalle) conformation exposes both oxygen atoms on the 8000 780 3.8 0.62 0.38 632

surfacej(ii) the less polatperpendicularconformation only exposes one of
the two oxygen atoms on the surface.

D. LED quantum efficiency

ferences between thevalues are too small, in this case, and There have been a lot of discussions in recent years re-
thus hidden by the relatively large experimental error. garding the role of aggregation and excimer formation in
Since the MEH-PPV solutions were made from the sameonjugated polymers. It is generally believed that aggrega-
batch of polymer, the difference in surface tension valuesion quenches the excited st&t¥. The mechanism for this
observed in Table | should be due to the different aggregaaggregation quenching has been attributed to interchain
tion state(or packing stylg of the polymer chains, resulting interactions.”*8 These issues have also been addressed theo-
from the different solvation effects. The polar components ofretically by Conwell and co-worker€:*3 In the meantime,
a MEH-PPV molecule predominately come from its C—Otremendous efforts have been made to modify the polymer
bonds. Therefore, the polarity of the surface will depend orstructure at the molecular lev&l;*® with the intention of
how many C-O bondgof the methoxy and the 2-ethyl- suppressing such interchain interactions and thus achieving
hexyloxy groupg or likewise the number of oxygen atoms better quantum efficiencies. From our results, however, the
available on the surface to interact with® molecules. It observed EL quantum efficienc§QE) of a device has a
was demonstrated that the spin-coated films have polymestrong correlation with the emission spectrum and therefore
chains that lie primarily in the plane of the surfat&here- the polymer morphology. Heeger and co-workBrsug-
fore, the dihedral angle between the aromatic ring and thgested that the QE of MEH-PPV devices is strongly corre-
plane of the surface should determine the amount of oxygelated to the film thickness. However, in our laboratories it is
atoms(or C—0O bondp available(to H bond or interact via consistently observed that the orange-red devices always
dipole with the water moleculgn the surfacgFig. 10.  give higher QE(by 30—80% higher, Table )lithan the yel-
When the benzene ring is parallel to the surface, both théow devices. This observation is reproducible in all the sol-
methoxy and the 2-ethyl-hexyloxy groups are exposed on theents that have been studied, and it is independent of the
surface. When it is perpendicular to the surface, howevetthickness (within the range of 500-1500 )A of the
only one of the oxygen atoms is exposed. Therefore, it iMEH-PPV films. This strongly suggests that the formation of
expected that films with more aromatic rings parallel to thethe Ex-I species actually enhances the quantum efficiency,
plane of the surface should be more hydrophilic or morewhich is contrary to the general belief that the formation of
polar, and films with more aromatic rings perpendicular tointerchain species quenches the PL quantum vyield of the
the surface are more hydrophobic. In conclusion, films sputMEH-PPV polymer film}732-35
with THF or CHCE may have more aromatic rings lying Excimer formation has traditionally been associated with
parallel to the plane of the surface than those spun fronaggregatiord;® while the possibility for the unaggregated
aromatic solvents. In contrast, the aggregation of the 2-ethylehains to form excimers has rarely been discussed. In dilute
hexyloxy side chains with the aromatic backbone exposedolutions, excimer formation in the unaggregated polymer
outside the aggregate means that C—O bonds of the sid#hains is relatively improbable since the small diffusion rates
chain groups are hidden inside the aggred&ig. 8. This  of these macromolecules cannot compete with the decay of
may explain the observation that the surfaces of films sputhe excited state. In films, however, the polymer chains are
with aromatic solvents are less polar than those spun witkelosely packed. It is likely that the unentangled species are
nonaromatic solvents, such as THF and CH®@Ve are con- close enough in the film to form excimers. Rothberg and
ducting further research to confirm this confirmation. co-worker§ have recently identified an excimer species
As discussed earlier, the solvation effect is expected t@\ ,.,~700 nm, referred to as Ex-Il in this artiglen the PL
become less significant at lower concentrations. If this isspectrum of MEH-PPV films. This emission is also observed
indeed the case, the above solvent dependence of the contattthe EL spectra of MEH-PPV filmgFigs. 4—7 and in
angle should decrease when more dilute solutions are usesblutions’ It is consistently observed that the Ex-Il emission
which is indeed observed. For example, the contact angles always accompanied by the appearance of a reasonably
between water and a MEH-PPV film spun with a 0.4% solu-strong yellow emissionN,,.,~575 nm, refer to Fig. R This
tion in THF has the same valu@5°) as that spun from observation implies that there is a connection between the
p-xylene under the same concentrati@®?4%) and the same Ex-Il species and the yellow emissive species. The fact that
spin speed4800 rpm. the Ex-Il emission has a longer lifetin®820 ps, Ref. 1pand



4262 J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 Shi, Liu, and Yang

a longer emission wavelength {,~700 nm) than the Ex-I 016715; the Career Award from the National Science Foun-

species suggests that it is probably resulted from a bettefation (ECS-973335F the American Chemical Society-
alignedm— overlap. In contrast, the Ex-I is more likely due Petroleum Research Furidward No. 33274-AC§ and the
to a partial or angledr— overlap within the aggregates. Office of Naval ResearctAward No. NO0014-98-1-0484
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