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1 INTRODUCTION

Although the linear and nanlinear optica properties of conducting pdymers have
been invegtigated for over a decade, there is gill controversy over the description of the
elementary excitations. Are the lowest energy elementary excitations mobile charge
carriers (charged polarons) either injeded at the cntacts or created drectly via inter-
band photoexcitation, or are the lowest energy excitations bound neutral excitons?! The
answer is of obvious importance from the perspective of our basic understanding of the
physics of conducting pdymers. The answer is also important for applications based on
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these materials. For example, if the lowest energy elementary excitations are bound
excitons, the theoretica maximum efficiency for eledroluminescence is 25%; the
injeded electron and hole can form a triplet with spin multiplicity of three or a snget
with spin multiplicity of one, and only the latter will recombine radiatively. On the
contrary, with free targed polarons as the lowest energy excitations, the theoretica
maximum electroluminescence dficiency can approach unity.

The centra issue relates to the strength of the dectron-electron interadions
relative to the bandwidth and relative to the dectron-phonon interaction. Strong electron-
electron interactions (eledron-hole attraction) lead to the aeation of locdized and
srongly correlated negative and pasitive polaron pairs (neutral polaron excitons); well
screened eectrons and holes with associated lattice distortions (charged pdarons) on the
other hand, are more appropriately described using a band picture supplemented by the

electron-phonon interaction. Moleaular solids such as anthracene® are examples of the
former, where the absorption is dominated by excitonic features, whereas inorganic
semiconductors guch as S and GaAs are examples of the latter (athough in inorganic
semiconductors, lattice relaxation is nat of mgjor importance). In conjugated polymers,
however, bath band-based models and exciton-based models have been used to explain
aspects of the optica properties.
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Fig. 1. Molecular structures of representative anjugated polymers.

The eledronic structure of conjugated pdymers (see Figure 1) was described by
Su, Schrieffer, and Heeger (SS—|)3 in terms of a quasi-one-dimensional tight binding
model in which the p-electrons are mupled to distortions in the polymer backbone by the
electron-phonon interaction. In the SSH model, photoexcitation acrossthe p - p * band
gap credes the self-localized, nonlinear excitations of conducting pdymers; solitons (in
degenerate ground state systems), polarons, and bi polarons4. Direct photogeneration of
solitons and polarons is enabled by the Franck-Condon overlap between the uniform
chain in the ground state and the distorted chain in the excited state>5. When the ground
date is non-degenerate, as in the poly(arylene-vinylenes), the charged polaron pairs can
either separate as mobile charged polarons or form bound pdaron-excitons (neutra

bipolarons bound by the shared distortion). Photoluminescence results from the radiative
decay of the polaron-excitons or the radiative recombination of the dharged pdarons.
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The applicability of the band picture (tight binding mode plus eectron-phonon
interadion) has been questioned because of the explicit neglect of eectron-electron
interadions. Indeed, experimenta studies of the pdydiacetylenes (PDA’s, see Figure 1)
have provided clea and urambiguous evidence that electron-electron interadions are

dominant; in the PDA’s, neutral excitons are the lowest energy excitati ons’™®.

Since only the k=0 transition couples to the optica field, the exciton absorption
lineshape is expected to be symmetric. This is observed in PDA’s; the main absorption
fedure has a symmetric lineshape peaking at approximately 1.8 -1.9 €V (depending
somewhat on the dructure of the side-chains). Since the photoexcitations are neutra
excitons, there is no photoconductivity at 1.8 -1.9 eV; the onset of photoconductivity
occurs at approximately 2.3-2.5 €V, coincident with the onset of free carrier
photogeneration (i.e. the onset of absorption across the p - p * single particle energy
gap).” Based on these results, the singlet exciton binding energy (Eg) has been

determined for the PDAs, Eg » 0.5 €V. An independent determination of the binding

energy was obtained from eedroabsorption (EA) measurements.-12, Comparison
between the EA spectrum and the linear absorption spectrum of the PDAOs reveals that
the EA feature near 1.8 eV follows the first derivative of the @sorption. This EA feature
has been attributed to the Stark shift of the exciton. In addition, an oscill atory signal was
observed near 2.3 eV, with lineshape that deviates from a first derivative of the
absorption. This higher energy EA feature mincides with the onset of photoconductivity
and arises from the onset of the interband transition. Therefore, analysis of the
electroabsorption in the polydiacetylenes independently yields Eg » 0.5 eV for the bound

singlet exciton.

The molecular structure of poly(phenylene vinylene), PPV, is shown in Figure 1.
In the PPVs, the experimenta results are quite different from those in the PDA’s.

(i) In contrast to PDA, the asorption lineshape of ordered pdy(2-methoxy,5-(2©
ethyl-hexoxy)-p-phenylenevinylene), MEH-PPV, is asymmetric and
accurately modeled in terms of a broadened square-roat singularity in the
joint density of dates, as expected for a quasi-one-dimensonal

semiconductor; 3 see Figure 1 for the molecular structure of MEH-PPV.

(if) In contrast to PDA, the onset of phatoconductivity, bath steady state and
trangent (in the picosecond regime), coincides with the onset of opticd

absorption implying asmall (< 0.1 eV) binding energy for the exciton 417,

(iii) In contrast to PDA, detailed analyss of the transient photoconductivity in
terms of the displacement current expected from the photogeneration of
bound excitons demonstrates that any binding energy is less than kgT at
room temperature. The transent photoconductivity indcates initia
photogeneration of mobile carriers (charged pdarons) some of which

subsequently disproportionate into bipolaronsl5'16.
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(iv) Photo-induced charge transfer sudies of polymer-Cgp mixtures indicae that
the dectron and hde are easly separated implying a small exciton knding

energy’®.

(v) Anisotropic electroabsorption measurements on highly oriented, chan
extended, chain digned, and structurally ordered samples indicate that the
instantaneous excited state wavefunctions are delocalized ower at least 50

unit cdls (400 A, and thisis alower limit)™°.

(vi) The eledroabsorption lineshape in highly ordered MEH-PPV blends can be
accurately fit using the results of the SH theoryzo.

(vii) The p- p* energy gap measured by electrochemica means agrees well
with that measured opticallyzl.

Each o the @doveisin gaod agreement with mohbile charge cariers (charged polarons)
rather than neutral excitons as the primary photoexcitations in the PPVs. The stark
contrast with the PDA’ s is evident.

Nevertheless, Basder and collegyues, citing the the results of dte-seledive

fluorescence (SSI1)22'24 measurements have ancluded that the dementary excitations in
PPV and its derivatives are locaized Frenkel/Wannier excitons residing on conjugated
segments delineated by dsorder. In their anaysis, a distribution of conjugated segments
leadsto a Gaussian distribution of localized states such that a photogenerated exciton at a
specified ste will execute a random walk while relaxing within this density of states.
Eventually, the exciton will reach a threshold energy (localization threshdd) where the
jump rate to alower energy site with alonger conjugation segment is less than the decay
rate of the exciton. They argued asfollows:

(i) The dsorption lineshape of disordered polymer films can be reproduced by
superposition of symmetric lineshapes; the range of energies which make up
the distribution arises from exciton photogeneration on a distribution o
conjugation lengths.

(if) The results of SSF and transent photoluminescence measurements can be
interpreted using this model (although no estimate for the exciton binding

energy was provi ded)25.

(iii) Photoconductivity results can be interpreted in terms of exciton ionization
leading to formation of mobile polarons as charge arriers.

Thus, some apects of the experimentd results appear to be cnsstent with either model.
In this context, the eectroabsorption is an interesting example. As noted above,

the EA of the pdydiacelyenes (attributed to the Stark shift of the exciton) exhibits a
lineshape which follows the first derivative of the &sorption. Since the exciton nding
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energy in the PDA’s is approximately 0.5 eV, one might argue that whenever the EA
lineshape foll ows the first derivative of the asorption, the lowest energy excitations are
bound excitons.26 Such aleap of logic is dangerous; in fact in this case, the conclusion is
false. Thefirst derivative dharacter of the EA lineshape @an be understood quite generaly
in terms of perturbation theory20 and cannot be used as a qudli tative signature of exciton
formation. In fact, using the SSH model, Hagler et a were &le to demonstrate excellent
guantitative fits to both the anisotropic absorption lineshape (Figure 2) and the
anisotropic electroabsorption lineshape (Figure 3) in aiented materials in which the
conjugated pdymer is chain aigned and chain extended.13: 20 The qudlity of these fits
leaves no daubt that the SSH model is capable of precisely and accurately describing the
absorption and the dectroabsorption data.

Absorption (0.D.)

st bt bt b b b g
09.0 2.2 2.4 2.6 2.8 3.0

Energy (eV)

Fig. 2. a) Absorption d cagt film of MEH-PPV (solid broadened curve) and highly
oriented blend of MEH-PPV (circles). The fit to the asorption of the highly
oriented material using the SSH mode is aso shown (solid curve through the
circles); seeref. 13. The parameters are & follows: Eg =2.136 eV, wWph =0.172
eV,g=0.04 eV (gisthe broadening from disorder), and S = 0.41 (Sis the Huang-
Rhys parameter).

b.) Lineshape of the 0-0 trangition in ariented MEH-PPV (drawn x 50in PE) as
obtained from the fit in Fig. 2a The dashed curve is for a one-dimensona
semiconductor with no disorder.

These fits, athough excellent, do nd rule out the dternative exciton mode. To
judge which better describes the data, one needs a similar critica comparison between
theory and experiment based on the exciton model. When such a quantitative comparison
is made, one finds a fundamental discrepancy between the exciton mode and the



26

experimenta results: The exciton model predicts a symmetric absorption lineshape for
oriented materials in which the conjugated polymer is chain aigned and chain extended.

As noted above, one can argue that the asymmetric lineshape observed in
absorption and EA arises from a superpasition d a distribution of peaks with dff erent
energies (inhomogeneous broadening). Such a distrbution of energies might indeed be
expected to arise from disorder; different sites would experience different environments
and therefore have diff erent exciton energies. Again, this can be tested. On the @ntrary,
one finds that as the materia is improved through chain extension, chain alignment and
dructural order, the lineshape becomes more asymmetric.>1320 Thus, athough
broadened and rounded by thermal and structural disorder, the square-root singularity
which characterizes the one-dimensiona joint density of states in the interband p - p *
trangtion isthe intrinsc lineshape.

Fig. 3: The reaults of the fit (solid) to the dectroabsorption of MEH-PPV blend using
the SSH model; seeref. 20.

This brief summary indicates that in some cases either model can provide a
satisfactory explanation o the data. Consequently, the issue of excitons vs mobile
charged polarons as the primary photoexcitations must be analyzed in greater detail. As
shown for the dsorption (Figure 2) and electroabsorption (Figure 3), there ae aitica
differences between the predictions of the two models which can be compared with
experiment.
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In the following, the relevant experimenta results obtained from PPV and its
soluble derivatives will be briefly reviewed, and the interpretation d these data in the
context of both the SSH model and the exciton model will be critically examined.

2. THE EXCITON BINDING ENERGY

In redlity, the exciton model and the SSH mode are not conceptually different;
the issue that must be resolved is the magnitude of the exciton binding energy (Eg) with
respect to the single particle @ntinuum. If the exciton nding energy is large (much
greater than kg T and much greater than the disorder induced band tailing), then baund
excitons would be stable excitations. On the other hand, if the exciton binding energy is
small (less than or comparable to kgT and less than or comparable to the disorder
induced band tailing), bound excitons would not be stable excitations; they would decay
into charged polaron peirs. The magnitude of the exciton bnding energy is, therefore, the
most important quantity; the magnitude of the exciton kinding energy is at the heart of
the @ntroversy.

What do we know about the eciton binding energy in PPV and its luble
derivatives? As noted above, in the pdydiacetylenes, Eg was determined from the energy
difference between the onset of opticd absorption and the onset of photoconductivity
(» 0.5eV).7-10 When this method is applied to PPV and its sluble derivatives, the
agreement between the energy for onset of photoconductivity and the energy for onset of
optical absorption indicaes that Eg is close to zero; Eg < 0.1 eV.15-17 However, one
must be areful with such a comparison, since the agreement between the onset of
photoconductivity and the energy for onset of optical absorption could be the result of
defects and disorder; the photoconductive response from photogenerated excitons could
be enabled by defed induced charge separation. If this were the cae, however, one
would expect the photoconductive yield to be low (if the defect density were low) or the
luminescence to be quenched (if the defect density were large), analogous to the
sensitizaion d the photoconductivity and the quenching d luminescence by the aldition
of small quantities of Cgo.27

Interna phatoemission experiments, carried out on semiconducting polymers in
an LED architecture have been used to measure the difference between the energy for
electron injection and the energy for hole injection and thereby to measure the energy gap
for creation of two polarons of opposite charge; the datayield ap - p * gap o 2.45+0.2
eV in the cae of poly(2-methoxy-5-(2'-ethyl-hexyloxy) paraphenylene vinylene), MEH-
PPV, taking into aacount image charge dfects and extrapadlating to zero photon energy.28
Since the 0-0 trangition of the polymer peaks at 2.25 eV, the binding d the charged
polaron pair is estimated to be 0.2 eV (0.2 €V).13 Similar experiments using internal
field emission, again in an LED architecture, also yielded binding energies of about 0.2
eV in the @se of MEH-PPV and pdy (2-decyloxy-paraphenylene), decyloxy-PPP (see
Figure 1 for the PFP sructure).?® The etimate of Eg from interna field emission
depends on the magnitude of the dfedive mass. Since the mass has not been directly
measured, however, the value obtained from the tunneling analysis is not definitive.
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Ultraviolet Photoel ectron Spedroscopy (UPS) measurements performed on a PPV
sample indicate that the valence band edge is located at 1.55 + 0.10 eV below the Fermi
energy.30 Assuming that the Fermi level is located in the middle of the gap, the energy
gap corresponds to twice this value. Since UPS spedroscopy incorporates neither
relaxation effects nor interactions between the amitted electron and the remaining hde,
we then subtract from this value twice the polaron relaxation energy (2x0.15 eV)3! to
obtain 280+ 0.2 eV for the aeation energy of two polarons of opposite signs. The 0-0
absorption trangtion of the same PPV sample, i.e., the formation energy of a neutra
polaron-exciton, is measured at 2.45 eV. Thus, the binding energy of the polaron-exciton
is estimated to be 0.35+0.2 eV. Since these estimates of the polaron lattice relaxation are
lower limits (for example, they do not include ring-rotations), this estimate of the binding
energy isan ugper limit; see the discussion following Eq. 3 in Section V.

Eckhardt et al?l measured the energy gaps of PPV and its alkoxy-substituted
derivatives using electrochemicd doping to determine the onset of charge injection. The
charge injedion band gaps (the energy difference between the onset of electron injection
and the onset of hole injedion) are in agreament with the band ggps obtained from
optical absorption, indcating that Eg is within the measurement error (x 0.1 eV).
However, gap states resulting from disorder could exist at energies below the true single
particle energy gap and could, therefore, affect the charge injection threshold.

The uncertainty regarding the magnitude of the exciton binding energy arisesin
part from disorder in thin films cast from solution. However, since data obtained from
disordered PDA films cast from solution (rather than from singe crystals) indicate a0.5
eV separation between the onset of photoconductivity and the onset of optica absorption
(the latter being at lower energy), disorder in the PPVs and the poly(3-akylthiophenes)
can no longer be invoked as the origin of their different behavior.l More generaly,
disorder-induced localization, while important in these quasi-one-dimensional materias,
need rot confuse the fundamend issue of whether Eg is large or small. Hagler et a19
showed that in oriented, chain extended and chain aligned materia, the eccited state
wave functions in MEH-PPV are delocalized over more than 50 repeat units (400A).

The binding energy o the exciton in PPV has been estimated to span a wide
range: Eg»kgT (as inferred from nanosecond photoconductivity data)’® 1’ to Eg » 1 eV
based on analysis of the optical absorption spectra32-33, Theoretica estimates of the
binding energy aso span a wide range: from Eg » 0.1 V34 to 04 eV to 1 eV.32-33

Perhaps becuse of this wide range, the small binding energy indicated by a variety of
experiments has not been acoepted.

3. IMPORTANCE OF LATTICE RELAXATION IN THE EXCITED STATE
Before atempting to determine the magnitude of the exciton kinding energy, one
needs to understand what is measured when ane measures the “energy gap”. Let usfocus,
therefore, on the importance of lattice relaxation in the excited state. Any dscusson
the nature of the photogenerated species has to incorporate dectron-phonon contributions
since these ae a basic feaure of p-conjugated compounds.3 A typical manifestation of
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lattice relaxation in the excited state is the appeaance of vibronic progressions in the
optical absorption spectra; for example, see Figure 2. Vibronic features could not be
observed if the equilibrium paositions in the ground and excited states were identical. If
the equilibrium postions in the ground and excited states were identica, the
orthonormality of the vibrationa wavefunctions would exclusively alow transitions
between vibrational levels of the two states with the same quantum number. In contrast,
relaxation of the equilibrium geometry in the excited state leads to the gopeaance of a
vibronic series of absorptions, between the zroth vibrationa level of the ground state
and various levels of the excited state.

When treated within the Franck-Condon approximation, the intensities are
weighted by the overlap of the vibrational wavefunctions.13 Thus, the lowest energy
trangtion (the 0-0 trangtion) is from the ground state to the relaxed excited state; i.e. to
the excited state stabilized by lattice relaxation. The optical transition to the relaxed
excited gate is dlowed even at T=0 K because of quantum lattice fluctuations. Although
the lowest energy optical transition is nat typically the strongest in the vibronic series, the
lowest optical transition is definitely to the relaxed configurationin the final state.36

For pdaron injedion a a ontact, the physics is the same. At the threshold for
charge injection, quantum lattice fluctuations will prepare the system to accept an
electron or hde in arelaxed polaron configuration. The analogy is direct; a positive and
negative polaron peir ismade in an opticd trangtion.

In arigid band model, the excited-gtate relaxation (and thus the vibronic €feds)
would deaease linearly with the number of repeat units in the maaomolecule since ay
change in bond order would be distributed uniformly over the @njugated chain. Hence,
in a rigid band model, lattice relaxation would be insignificant for long conjugated
molecules. The exisence of a vibronic progresson in the absorption spectra of
conjugated maaomolecules indicates, therefore, that self-localization phenomena with
associated lattice relaxation occur in the excited states.

4. MEASUREMENT OF EXCITON BINDING ENERGY USING THE LEC

Light emitting eledrochemical cdls provide an opportunity to drectly measure
the exciton binding energy.37:38 In the LEC, the onset of eecrochemica doping (n-type
on one sde and ptype on the opposite side) occurs when the goplied voltage is equal to
the p-p * energy gap. The importance of gap states (for example, resulting from
disorder) can be assessed from the anission spectrum. If the emission is characteristic of
the dectronic structure of the typical pure materia, then one must conclude that charge is
injeded into the p and p* bands, respectively, and that the emission is characteristic of
the excited state of the semiconducting lymer.

In the LEC, dedrochemical doping is initiated and charge is injeded into the
active layer when the voltage applied between the metal contacting electrodes is greater
than the energy gap. The luminescent polymer adjacent to the arode (+) becomes p-type
doped while the polymer adjacent to the athode (-) becomes n-type doped, so that a p-n

junction is formed.3 Under the influence of the dectric field from the gplied voltage,
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holes (positive pdarons with energy near the top of the p -band) move from the anode
toward the athode, and eledrons (negative polarons with energy near the bottom of the
p*-band) move from the cthode toward the anode. Within the dectrochemically induced
p-n junction, the positive and regative polarons recombine and radiatively decay to the
ground state, again with a vibronic series of emisson energies.

Light-emitting electrochemical cells which emit green light use PPV as the
luminescent redox paymer; devices which emit orange light use MEH-PPV.3 To prepare
the MEH-PPV devices, athin polymer layer (»2500A) containing a 1:1 ratio (by weight)
of MEH-PPV and PEO is spin-cast from solution in cyclohexanone onto indium/tin oxide
(ITO) coated glass sibstrates. The polymer layer aso contains lithium
trifluoromethanesulfonate such that the molar ratio of PEO to sdt is 20:1. The PEO is
added as dectrolyte to solvate the ions and to improve the ionic mobhility. Finaly, athin
layer of aluminum (400 A) is evaporated onto the paymer film to serve as cathode.
Device fabrication with PPV issmilar, except that the films are spin cast with the PPV in
precursor paymer form, foll owed by therma conversionto the wnjugated PPV.

Electroluminescence (EL) turn-on and charge injedion in the LEC occur at abias
voltage egua to the measured optica gap, as expeded for a p-n light-emitting junction in
which the doping is initiated by setting the dectrochemicd potential at the top d the p -
band (p-type) on e side ad at the battom of the p *-band (n-type) on the opposite
sde.32 The results are summarized in Figure 4 for LECs fabricated with PPV (solid
sguares) and MEH-PPV (solid das): Fig. 4a shows the luminance vs applied vdtage and
Fig. 4b shows the asorption coefficient vs photon energy. For both polymers, the onset
of EL isindistinguishable from the onset of optical absorption.

To identify the threshold for the onset of EL with greater precision, the luminance
vs voltage data ae presented in Fig. 5 on an expanded linear scae (units of milli-
cd/m?).39 The onset of EL occurs a 2.4+0.05 V for PPV and at 2.1+0.05 V for MEH-
PPV. The EL emisson spectra ae charaderistic of the recombination radiation from the
respective (spin-cast) polymer and identical to the EL spectrum obtained from light-
emitting diodes fabricated from the same material (e.g from ITO/MEH-PPV/Ca devices).
Since the charge injedion threshdd coincides with the onset of EL from the
semiconducting polymer, one cncludes that €V on = Eg.
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Fig. 4 a Luminance (cd/m?) vs voltage (V) for LECs fabricated with PPV (solid
sguares) and with MEH-PPV (solid das);

b. Absorption coefficient vs photon energy for LECs fabricaed with PPV (solid
sguares) and with MEH-PPV (solid das).

As emphasized in Sedion 3, the darge injection gap, Eg, corresponds to the
injedion d polarons (positive and regative); i.e. the dharge injection gap is the “relaxed
gap”. Zero-point fluctuations (quantum lattice fluctuations) will always prepare the lattice
configurations needed for polaron injection.

The onset of optical absorption occurs at 2.4 eV for PPV and 2.1 eV for MEH-
PPV (with absorption maxima & approximately 2.9 eV and 24 eV, respedively) typicd
of data obtained from spin-cast films of the two polymers. Since the absorption spectra
were obtained from the thin films on the same devices actually used for the EL
measurements, any small shifts that might arise from the presence of PEO or ionsin the
layer are unimportant.
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Thus, the data establi sh that
€Von = Eopt = Eg. (1)

Again, as emphasized in Section 3, when the excited-state ejuilibrium geometry
is different from that in the ground state, vibronic structure is observed in the asorption
and emisson. Absorption transitions take place to various vibrationa levels of the
relaxed excited state; emission trangtions take place from the lowest vibrational level of
the excited state to various vibrationa levels of the ground state.

Fig. 5: Luminance vs voltage (V) plotted on an expanded linear scde (units of milli-

cd/m?) for LECs fabricated with PPV (solid squares) and with MEH-PPV (solid
dots).

The LEC data ae therefore fully consistent with a model in which the polaron
pair binding energy is snall. Since the experiments were carried out at room temperature,
thermal excitations lower the threshold for the onset of doping by afew timeskgT; thus,
the dataindicate that Eg < 0.1 eV.

Let us now re-analyze the data assuming a finite exciton binding energy. In this

case, the exciton creation energy ( Wexc) is defined by the peak in the p- p*

absorption. Because of the binding energy of the dectron and the hole into the neutra

exciton (or polaron-exciton), the exciton absorption peak must fall below the darge
injedion energy gap;

ws = Eg- Es. (2

Although broadened and not well-resolved in the data of Fig. 2b, the lowest
energy absorption is the zro-phonon peak which occurs at 2.25 eV (room temperature)
for MEH-PPV.20 Assuming this is an exciton peak is, therefore, internally inconsistent,
because the exciton creation energy would be greater than the charge injection ggp
(2.1£0.05 eV). The datafor PPV are similarly incons stent with the exciton modd.
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The data obtained from the LEC places relatively tight limits on the magnitude of
the binding energy.32 Based onthese experimental measurements, the binding energy of
the singlet polaron-exciton in the PPVsis snal compared to earlier estimates. Although
within the error bars of a number previous measurements of the exciton binding energy
(see Sedion 2 for a summary), the data certainly demonstrate that binding energies as
high as 0.4 - 1eV are not acceptable.32:33.35

5. ABSORPTION

The absorption lineshape predicted by the two models is quite different. For a
one-dimensonal semiconductor, the @sorption lineshape is determined by the joint
endty of states, i.e. a square-roct singularity. Again vibronic structure will be observed if
sructural relaxation results from self-localization in the excited state. If the primary
excitations are bound nreutral excitons, momentum conservation in the center of mass
coordinate system requires that only the Kex = ke + kn = 0 excitons would couple to the
optical field. Therefore, the asorption lineshape would be symmetric; coupling of the
exciton to the lattice will again lead to vibronic sidebands.

Because of the high degree of intrinsic anisotropy in conjugated polymers,
disorder-induced localization is important. In this context, it is important to recall that
sngle aystal samples were used for the measurements on PDA; the symmetric lineshape
of the sngle aystal PDA’sisintrinsic.

Starting from the bandto-band transition in a perfect one-dimensiond
semiconductor, disorder-induced locaization removes the strict momentum conservation,
which in turn suppresses the square-roat singularity in the joint density of states. As a
result, the absorption lineshape would become more symmetric. Therefore, in order to
determine the intrinsic eectronic properties of conducting polymers such as the PPV,
samples are needed with a degree of structura order sufficient that the observed
properties are not dominated by disorder.

Hagler et al 1320 reported pdarized absorption, emission, and eledroabsorption
gpectra of highly oriented dends of conjugated polymer MEH-PPV in pdyethylene (PE).
Orientation of MEH-PPV was adieved by gd processing the guest conducting polymer
in PE and subsequent tensile drawing. The measured anisotropies, 60:1 in emisson and
150:1 in electroabsorption with preferred pdarization perallel to the draw axis, reflect the
high degree of chain extenson and chain arientation that was achieved. These remarkable
data, indicative of chain extension and chain arientation comparable to a singe aysta,
are shown in Figure 6.

In contrast to solution-cast films of the same paymer, the oriented bends display
a very asymmetric absorption lineshape. Redistribution of oscillator strength into the
zero-phonon line in both absorption and emission (for light pdarized paralel to the draw
axis; seeFig. 2) demonstrates sgnificant improvement in the degree of structural order at
the molecular level. In such ariented and structuraly ordered samples, the @sorption
lineshape can be acaurately modelled as a Gaussian broadened square-root singularity
with arelatively small broadening parameter (40 meV).



Hagler et al13 expressed the asorption lineshape & a Franck-Condon progression
of 0-n vibronic trangitions with a 0-0 trangition (purely electronic) lineshape, ao( W),
given by

a(w= G ao wSn WP | [<cn)|cO> (3

where the w; are the relevant phonon energies associated with the lattice vibrationa
wavefunctions, C(ni)'

Fig. 6: a Anisotropy in the dectroabsorption with resped to the optical field and the
chain arientation axis for oriented MEH-PPV in PE; seeref. 20.

b. Phatoluminescence spectra (80K, pump paralle to the dhain axis) of an
oriented (x50) free-standing film of MEH-PPV in PE for emission
polarized pardld (solid curve) and perpendicular (dashed curve on bottom)
to the draw axis. The dotted curve is the perpend cular spedrum multiplied
by 40 so that the spectra features can be seen. The photoluminescence
anisotropy with respect to the chain arientation axis is gown in the inset;
seeref. 13

The square-roat singularity of the one-dimensonal SSH model, broadened by a
Gaussian dgtribution of energy gaps to account for disorder, was assumed for ag( W) ;
i.e.
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ao( W=( w23 dde (D- Do)?/ 92/[( w2 - (2D)2]Y2 (3b)

The fit of Eg. 3a and 3bto the asorption lineshape is $own in Figure 2a. The
lineshape of the 0-0 trangtion, as obtained from the fit to the data (Figure 2a) is $1ownin
Figure 2b. The 0-0 trangtion lineshape is a broadened square-roat singularity. Excell ent
agreement with the data is obtained with the following parameters. Eg = 2.136 eV,

Wph = 0.172eV, g =0.04eV (gisthe broadening from disorder), and S=0.41(Sis
the Huang-Rhys parameter). Fits of similar quality were obtained for the emission
gpectrum. The Huang-Rhys parameter for the emission was 0.47. Thus, even though the
0-0 trandtion in absorption is from the ground state to the relaxed excited dtate, the
dightly larger value of g on emisson implies that additional relaxation occurs after
absorption and prior to emisson. Ring rotation relaxation is a likely candidate, for the
zero point motion associated with such large scale rotational motion would be small.

Rauscher et al. argued that the lineshape in cast films of PPV can befitted using a
superposition of Lorentzians (or Gaussians) which arise from excitonic asorption from a

digtribution of conjugation Imgths40. To fit the observed anisotropic lineshape of highly
ordered MEH-PPV in thisway is, however, more dhalenging since care must be taken to
insure oscill ator strength conservation: a 20 carbon long segment has not only a lower
absorption edge but aso makes a @ntribution to the absorption coefficient which is 5
times larger than that from a 4 carbon long segment. Therefore, alarge number of shorter
length segments are required to fit the high energy tail of the asorption. This implies
that an exciton created on a short segment is easly trapped, having a dwell time larger
than its recombination lifetime, in contrast to the transent photoluminescence

measurements?>, which, in the ntext of the exciton @cture, indicate relaxation to the
localization threshdd within afew picoseconds. Perhaps more important, however, is the
unambiguous cause-eff ect relationship dotained from the MEH-PPV studies of Hagler et
al3; the lineshape becomes more asymnetric as the structural order is improved,
approaching that of the band-to-band trangtion in an ideal one-dimensional
semiconductor.

The data indicate that the intrinsic absorption lineshape is asymmetric and
guantitatively consistent with the lineshape expected for a quasi-one-dimensional band
semiconductor with eectron-phonon interadions (the SSH modd); the intrinsic
absorption lineshape in the PPVsis nat cons stent with the exciton model. Thus, athough
absorption measurements do not provide avaue for Eg, the lineshape is consstent only

with the weak-binding limit for the pdaron-exciton.

6. ELECTROABSORPTION

In electroabsorption (EA) spectroscopy, the dange in the dsorption (Da) in
response to a modulated eectric field is measured. For crystalline semiconductors, the
theory of the Franz-Keldysh effect describes how the dectric field perturbs the band
gructure (mixing the Bloch states) and alters the density of Sates, leading to an

exponentia absorption tail below the gap and to oscillations in Da at higher energi&s“l'
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B In amorphous smiconductors, disorder reduces this interband mixing, leading to the

disappeaance of the oscillations that are observed in crysalline solids™ 4. Franz-
Keldysh type oscill ations have not been reported for conjugated pdymers.

Electroabsorption has been used as a method for invegtigating the dectronic
structure of conjugated polymers as well. Since EA isathird order nonlinear process, and

snce c(3) has been shown, both experimentally48 and theoreticaly49'51, to depend
strongly on the locdi zaion length of the energy eigenstates, EA preferentially probes the
longest conjugation lengths in a given sample. As aresult, EA is particularly powerful,
for it naturally focuses on the more intrinsic eledronic properties of the pristine material.

In the PDA’s, where the lowest energy absorption creates neutra excitons, the EA
lineshape follows the first derivative of the dsorption, and the magnitude of Da depends

on the square of the gplied field (F2). This result has been interpreted as arising from the
second ader Stark shift of the exciton.

In the PPVs and aher conjugated polymers, both first and second derivative

lineshapes have been observed. Horvath et. d.% and Basder . d.2 reported the
observation of a "nearly" first derivative lineshape in the EA spectra of
poly(phenylphenylene-vinylene) (PPR/) and poly-(3-dodecylthiophene), athough a
guantitative comparison with the second derivative of the absorption was not made.
Gelsen et a. observed seaond derivative behavior in poly(thienylene-vinylene) (PTV)
and derivatives of polythiophene (PT). Botta & a.23 reported a first derivative li neshape
for more ordered samples of PT derivatives. Phillips et a. observed a mmbination o first
and seoond derivative type behavior for unoriented films of polyacetylene; after
orientation, however, the semnd deivative @ntribution to the lineshape was much
smaller.54
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Fig. 7. a Electroabsorption o cast film of MEH-PPV at 80 K (solid) , first (dotted)
and second derivative (dashed) of the dsorption.
b. A linear combination d first and seand derivatives (dotted) shown in ()
compared to the dectroabsorption li neshape; see ref. 20.

Hagler et al.20 obtained similar results from films of MEH-PPV; cast films
displayed a cmmbination of first and second cerivative lineshapes, as own Fig. 7(a),
whereas highly oriented and structuraly ordered MEH-PPV blends displayed a purely
first derivative lineshape a $own in Fig 8. A gtriking feaure of the oriented bends was
the pdarizaion anisotropy of the EA signal: 150:1 with the preferred polarization

paralle to the draw axis (see Figure 6). In all cases, F2 behavior was observed.

It appears that in disordered semiconducting polymers (such as PPV films cast
from solution) the EA exhibits a combination of first and second cerivative lineshapes. In
highly ordered films, the EA lineshape is purely first derivative. Based on the agreement
of first derivative lineshape with the EA results in crystalline PDA (also crystalline and
gructurally ordered), one might argue?3 that EA in al conjugated pdymers has the same
origin, i.e. the Stark shift of the excitonic absorption. The asence of any Franz-Keldysh
behavior was taken as additional evidence for the unimportance of the band-to-band
trangition.
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EA is athird order nonlinear process; Da is propartiona to c(3)(w;w;,0,0). Hagler
. a.2 showed that in pue systems with extended states, c(3(ww,0,0) is indeed
propartional to the first derivative of c(Y(w). The expression for ¢(3)(w,0,0) is given by

W w00) = @ 3)[S, 0@ w0 - Wl wle) - wi]
X [- 0 (@kq We, (K11 + S, Fir (@) [, (0) - w)] 4

where fey is the dipole transition matrix element between the valence (p) and conduction
(p*) bands, wey = We - Wy, fem is the dipole matrix element between the p* states and an
intermediate MAg state (Wmy = Win - W).

The epression for the linear susceptibility is given by
¢, =€ )[ S ek, (0 [Wey (-] + 11, (K)o, () Ty (k) +w]]

Therefore, the expression for the first derivative of c(1 is as follows (ignoring the second
termin Eq. 4a sincethe firgt term is dominant nea resonance):

(i), » (€ )G okl (k) [ k) - w]? (40)
or in general:

@dawyie; @ - [wg, (k) - w]- (M) (49

One @n see, therefore, that the term outside the bradkets in Eq. 4ais smilar to
Eq.4c, thereby explaining the first derivative lineshape in EA. Second ckrivative lineshapes
require an acddental degeneracy between the Ag state and the By states; if in Eq. 4a, Wmy
were acidentally equa to wey , then chijk(?’)( w; w,0,0) would be composed of a sum of first
and second ckrivatives of the linear susceptibility (or the asorption).

This perturbation theory analysis is in complete areement with the experimenta
results and also accounts for the F2 dependence of EA. Therefore, the first derivative
lineshape behavior is general and rot in any way a signature of excitonic gsorption.

The EA lineshape in MEH-PPV blends is asymmetric. The ratio of the field
induced absorption maximum to the minimum is approximately 3:1. The @rresponding
value in PDA is 1:1. The latter results from a symmetric absorption lineshape (in
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agreement with excitonic absorption) while the former is in agreement with an
asymmetric ebsorption lineshape (and inconsistent with an excitonic asorption).

Hagler et a. obtained excellent quantitative fits to the EA spectrum of MEH-PPV
blends, as shown in Fig. 3, by usng the SSH model to calculate the transition dpole
matrix elements in Eg. 4a and by introducing Franck-Condon overlap integras into the
expressions to account for the observed vibronic structure; see discussion in Section 520
As demonstrated in Figure 3, there is no doubt whatever that the SSH mode
supplemented by disorder can account quantitatively for the asorption and the EA data.

Fig.8: Electroabsorption (solid) and the first derivative of the asorption (dotted) of
highly oriented dend of MEH-PPV; see ref. 20.

Anayss of the remarkable polarization anisotropy of the electroabsorption
(150:1) in the oriented blends can be used to obtain information on the extent of
delocalization of the excited state wavefunctions.1® Using the off-axis transition dpole
moment of trans-stilbene and the geometric structure of of MEH-PPV, Hagler et d
demonstrated that the 150:1 EA anisotropy requires that the instantaneous excited-sate
wavefunctions are delocalized over a minimum of 50 repeat units (400A).19 For less
well-ordered material, the mean localization length will be correspondingly smaller.
Nevertheless, it is precisaly because the excited state wavefunctions are delocalized over
many structural repeat units in ordered material that the semiconductor model is the
proper starting pant for adescription of the excited states.



7. PHOTOCONDUCTIVITY

Photoconductivity has proven to be an important method for providing
fundamental information regarding the nature of the photoexcitations. By comparing the
gpectra response of both steady state and fast transient photoconductivity with the
absorption spectrum, one an demonstrate whether free harge arriers or bound excitons
are photo-generated. In particular, picosecond transient photoconductivity studies offer
the possibility of monitoring the generation and transport of charge cariers before their
trangport is significantly limited by traps. Intensity dependence and temperature
dependence studies provide additiona information relevant to the photo-generation and
trangport mechanisms.

Fig. 9: Steady state photoconductivity excitation spectrum and absorption o cast film of
PDA-4BCMU a room temperature; see ref. 1. The results are similar to singe
crystal spectra.

Indeed, the fact that the onset of photoconductivity occurs at a higher energy than
the absorption edge in PDA, shown in Fig. 9, is a clear indication that the
photoexcitations generated below 2.3 eV are neutral excitons. The data in Figure 9 were
obtained from afilm of PDA-4BCMU (at room temperature).l The results are essentially
identical to earlier results obtained from single aystal samples.

On the ntrary, in the PPVs, the onset of photoconductivity coincides with the
onset of absorption. In the PPVs, mohile dharge arriers are photogenerated (see Fig. 10).
The data in Figure 10 are consistent with a weak exciton binding energy, less than
approximately 0.1 eV. In the exciton picture, however, this coincidental onset of
photoconductivity and absorption must be explained as an artifact: initidly excitons are
photogenerated with subsequent dissociation as aresult of secondary processes.
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Fig. 10: a Spedral response of the magnitude of the peak transent photoconductivity
(solid squares) and the steady state photoconductivity (open circles)
compared with the optical absorption spectrum (solid curve) for PPV; see
ref.15

b. Spectral response of the magnitude of the peak transent photoconductivity
(solid squares) and the steady state photoconductivity (open circles)
compared with the optical absorption spectrum (solid curve) for MEH-PPV;
seeref. 17.

Thus, the relevant question is whether the photoconductive response in PPV
results principaly from secondary processes following the photogeneration of neutral
geminate pairs, in agreement with the exciton model, or from separated, mobile, postive
and regative dharged polarons.

Since it is important to address this issue at the erliest times following phato-
excitation, measurements of transient phatoconductivity in the picosecond to nanosecond
regime were crried out.15-18
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Fig. 11: a Time resolved trangent photoconductivity of MEH-PPV at 300K (solid dots)
and 8K (open das) a E = 3x10%4 V/cm (incident flux 6x101° photons/cm?).
The inset shows the temperature dependence of the peak a 2.3 eV
(triangles) and at 2.92 eV (squares); seeref. 17.
b. Electric fidld dependence of the peak transient photoconductivity of MEH-
PPV at 300K for photoexcitation at 2.3 eV (dots) and 292 eV (squares); see
ref.17.

As down in Fig. 11, thereisan initid fast response with decay time of about 100 s
followed by a dower component with a decay time of a few hundred ps. The
experimenta facts of particular relevance ae the following:

(i) Thefast transient photocurrent isindependent of temperature (T);

(i) Thefast transient photocurrent islinealy proportiona to the externd field (E);

(iii) Thefast transient photocurrent islinealy proportiona to the light intensity; and

(iv) The displacement current contribution isfar too small to account for the

photocurrent. 1>
(i) and (ii) imply that the quantum efficiency of carrier generation, h, isindependent of T
and E; (iii) implies that the carrier generation is independent of the level of excitation.
Thus, carriers are generated by a first order process that cannot be attributed to
interadions between excitations.

The photoconductivity data are consstent with photoexcitation o charged
(positive and negative) polarons. Illumination by light with photon energy greater than
the @sorption edge generates carriers which promptly contribute to the
photoconductivity, consstent with (i) through (iv) above, and with the sharp rise time of
the transent photocurrent. As the carriers thermalize to the band edges, they may form
weakly baund excitons. These features are similar to those accepted for conventiond
semiconductors; in fact, (i) through (iv) are generally characteristic of photoconductivity
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in semiconductors where the dectronic wavefunctions are delocalized and the dectronic
structure is described by band theory supplemented by disorder.

Fig. 12: Semilog pot of the modulated PC spectra near the ésorption band edge with
several chopping frequencies. 6.53 (open circles), 19.1 (triangles), 198
(diamonds) and 7% Hz (squares). The spectra are normalized to unity at
E=2.45¢V.

Moreover, the remarkable senstization o the photoconductivity of MEH-PPV by

Ceo implies that the initia photo-excitons are mobile darged polaron527. Both the
magnitude and the lifetime of transient PC increase by addition of afew percent Cgg to
the pure polymer. Transent photoinduced absorption studies demonstrated rapid (sub-
picosecond) photoinduced electron transfer from the polymer to Cgg thereby minimizing
early time recombination and enhancing the quantum yield for mobile carrier

generation55. If neutral excitons were the primary excitations, the observed charge
transfer would be thermally adivated; this is nat observed. The @sence of such an
activation energy sets an upper limit on the exciton knding energy (lessthan kgT even at

100K).

Steady state phatoconductivity (PC) measurements provide alditional insight. Not
only is the onset of the steady state PC coincident with the onset of optical absorption
but, usng DeVore's theoretical analyss (which assumes that every absorbed ploton
creates a pair of charge arriers), the PC spectral response has been calculated from the

measured absorption profile with results in excellent agreement with the PC datat®, By
contrast, in the cae of strong exciton hinding, the PC response from secondary processes
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is expected to be smilar to the absorption spedrum; this is not observed in the
experimenta results.16

What about disorder? In semiconductors disorder should lead to band tailing and a
mobility edge. The results of modulated steady state PC show that the magnitude of PC
response below a threshold energy, E;, decreases faster with chopping frequency as

compared to that above Eq (Fig.12).16

This suggests that Et corresponds to the mobility edge separating localized states
from extended states. Below the mobility edge, the activated mobility of locdized
carriers leads to much slower response. The value of E; in PPV is, in fad, in agreement
with the "localization threshold" measured by Rauscher et. a. usng the ste sdlective
fluorescence (SSP tedhnique.49 Furthermore, the PC data show no dependence of the
activation energy on the excitation energy in contradiction with the Onsager theory®6.57
and hence with the exciton dissociation mechanism.

Strong exciton hinding isinconsistent with the experimental results from transient
and steady state photoconductivity measurements. The photoconductivity results are in
good agreement with the band pcture supplemented by the dectron-phonon interaction
and by disorder. The initid photocarriers are mobile darged pdarons which
subsequently coalesce to form bipolarons as the long-lived charge carriers. Without
doubt, disorder plays an important role in the photoconductivity. However, disorder
limits the transport mobility; disorder does not dominate the threshold for charge
generation.

8. PHOTOLUMINESCENCE QUENCHING AND TRANSIENT
PHOTOCONDUCTIVITY AT HIGH ELECTRIC FIELDS
The carrier generation mechanism in PPV has been addressed by studying the
transgent photoconductivity and the phatoluminescence as a function of the externa
dectric field, E, in samples oriented by tensile drawing.58 The transient photocurrent is
proportional to E at low fields, but increases nonlinearly for E > 10° V/cm. The field at

pc
which the photoconductivity becomes nonlinear (the onset field, = ) depends on the

pc
degree of alignment: the higher the draw ratio, the lower B, The onset field for the
nonlinea photoconductivity is, however, diff erent from the onset field for quenching the

[
[uminescence (Er? ). Thus, contrary to expectations for strongly bound reutral excitons as
the dementary excitations, the high field increase in photocurrent and the crresponding
decrease in photoluminescence ae nat proportional, indicating that field induced carrier
generationisnat significant.

If the dementary excitations were strongly bound excitons, one would expect free
carriers only when they originate from exciton dssociation. In arder to further explore
the possbility of carrier generation Ma field induced exciton dssociation, experiments
were undertaken to specifically look for correlation between the nonlinear contribution to
the photocurrent and the quenching of the photoluminescence.®8 Assuming that each
bound exciton dssociated by the field leads to mobile crriers, 59.60



Ds (E)/sOp = - A DI (E)/IO, (5)
where sOp is the low field photoconductivity, Ds(E) is the field dependent change in

photoconductivity, 19| is the low field luminescence intensity, and DI (E) is the change
in photoluminescenceintensity at high fields. Note that

Ds(E) / $Op¢ = (Ipe(E)-1%pe)/1%5c= Dl po/1%pc (6)

where Iopc isthe linear phatocurrent extrapadated from the field regime below
4x10%V/cm.

Fig. 13: The dependence of the normalized change in the transient photocurrent

DI pC/ Iopc and the photoluminescence quenching - DI (E)/I°. on externa field in
oriented PPV (1/1o=2) a 77K. The arows dencte the onset of the nonli nearity in

the photoconductivity (open circles) and the onset of the phatoluminescence
guenching (open squares).

Moses et a measured the transient photoconductivity, dark current, and steady-
gate field-induced luminescence quenching a T=77 K on the same PPV sample (tensile

drawn to 1/1,=2).98 Because the excited State lifetime in PPV is a few hundred

picoseconds, and the transient photoconductivity also spans a few hundred picoseconds
(Fig. 10), the experiment was carried out a times particularly sensitive to the
photogeneration process.

The photoconductivity (DI pc/IOpc) and the photoluminescence quenching
(DI (E)/I°) obtained a 77K are plotted versus the bias field in Figure 13. The data

indcate dearly that onset field for the nonlinear photocurrent, Eé’" =0.77x10° V/cm, is
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lower by about 50% than the onset field of the luminescence quenching, Egl =1.7x10°

V/cm. Below E(F))C the phatocurrent is linearly dependent on E, and below Egl the
luminescence is field independent. At the highest electric fields employed in the transient
photoconductivity experiment (E = 2.8 x10° V/cm), - DI (E)/1°% »0.30, whereas the
photocurrent increases beyond the linear extrapolation by afador of » 6.3.

In Figure 14, D pC/I Opc is plotted versus -DI (E)/I1°.. If carrier generation
originates from exciton dissociation, alinear correlation should exist between Ds(E)/sOpc
and - DI (E)/I°.. The solid curve in Figure 14 corresponds to y = A + Bx® where
y=DI pC/IOpC, and x= -DI(E)/I°.. The intercept, A, arises from the different values for the
onset field dscussed above. The best fit to the power law yields b= 0.78. Figures 13 and
14 demonstrate the absence of a linear correlation (Eq. 5) between DI pC/IOpC and -
DI (E)/1°.. The onset fields are different (the nonlinearity in the photoconductivity turns
on at alower field); and even above the onset, DI pc/lopc is sublinear withresped to (-
DI (B)/I 0|_).

Earlier measurements of photoluminescence quenching in PPV derivatives
yiedded EP' = 2x106 V/em,59 an arder of magritude larger than EP' as obtained from the

data of Figure 13. Thus, clealy the vaue of ch" is sample dependent. Indeed, as siown

by Moses et al., within the PPV system, EOIOI depends on the draw ratio and hence on the
degreeof gtructua order; i.e. on the sample qudity.

The rdatively low field required for the onset of luminescence quenching in
Figure 13 implies a wed& exciton hinding energy. Within the exciton model,
luminescence quenching will occur when the dharged carriers gain sufficient energy from
the externd field to overcome the exciton binding energy, Ep; i.e.

Ep » ZaOE(F))l (7

where 2a, is the characteristic spatid size of the exciton wavefunction. Using

ch" =1.7x10° V/cm and assuming that exciton wavefunction in PPV extends over afew
repeat units (for polydiacetylene, 2a5 » 30A, seeref. 62 and references therein), one
obtains Ep » 5x102 eV, i.e. an arder of magnitude small er than that obtained from earlier
measurements of |uminescence quenching,® and at least an order of magnitude smaller
than estimated previousy by other methods (Ep » 0.4 eV - 1 €V).16.26.27 Using
ch" =0.5x10° V/cm as obtained from the most oriented samples, Eq. 4 yields Ep » 2x10°
2eV. Both values are of order kgT at room temperature.
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Field-induced photoluminescence quenching is a general phenomenon, with
different detailed mechanisms in dfferent regimesS0.61 and certainly not necessarily an
indication of exciton dssociaion by the external field.>® The absence of correlation
between Ds(E)/sOpc and - DI (E)/I°, implies that field-induced dissociation of strongly
bound excitons is not the mechanism responsible for the luminescence quenching.

In the limit of weak exciton binding energy, photoluminescence quenching would
be expected when the charged polarons are separated by the goplied field over a distance
greater than the size of the polaron wavefunction; i.e. when

HEt > Lpaaron
8

where U is the trangport mohility, t is the time required for the onset of quenching, and
Lpolaron iS the spatial extent of the polaron wavefunction58 Taking Lpojaron » 20 A,
t»50ps,51 and E » 2x10° V/em, Eqgn. 8 yidds p > 2x102 cm?/Vs. This vaue for the
mobility would be considered high for steady state @nditions, but not unreasonable for
times < 50 ps after photogeneration, when pre-trapping transport is dominant. Thus,
field-induced quenching of the luminescence from mobile polaron pairs appears to be
consistent with the experimenta results.

Fig. 14: The normalized change in the transient photocurrent (DI pc/ Iopc) is plotted versus
the photoluminescence quenching (-DIL(E)/1°). The solid curve is a fit to a

power law functionad formof y=A + Bx" wherey =Dl pcllopc, and
x=-DI (E)/1°_; the best fit to the power law yieldsb =0.78.

Alternatively, many ather processes are known to quench the luminescence. It is
well known, for example, that injected carriers act as nonradiative recombination
centers.63-65 The luminescence is quenched by doping.63 Dyreklev et al.%4 showed that
carriers injected into a polymer field-effed transistor act as nornradiative recombination
centers. Quenching of the luminescence has been olserved in PPV upon steady-gtate light
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illumination,8> implying enhanced nonradiative decay due to photogenerated charge
carriers. Trapped carriers would also be dfective luminescence quenching centers;, a
relatively large density of trapped carriers is creded especidly when the sample
temperature is comparable to the typical trap depth. Indeed, evidence for multiple
trapping transport at long times in conducting paymers has been established by

photoconductivity measurements.6

Deussen et al.6” carried out measurements of the luminescence quenching in
redifying diodes (semiconducting polymer sandwiched between asymmetric el ectrodes).
They observed that the luminescence quenching in forward bias is sgnificantly larger
than in reverse bias at the same field. This is particularly interesting since the higher
luminescence quenching in forward bias is correlated with the higher photocurrent.
Deussen et al.67 also found that the magnitude of luminescence quenching is reduced in
polymer blends as the concentration of the ative materia (PPV) is decreased below
about 10%, eventuadly vanishing at 1%. Although this concentration dependence would
not be expected for field-induced |uminescence quenching, it is consstent with carrier-
induced quenching which would go to zero at concentrations below the percolation
threshold.

Thus, the luminescence quenching can be qualitatively understood to result from
the high fidd nonlinea transport, rather than vice versa. This conclusion is consistent
with the observation by Moses et al. that the onset of luminescence quenching depends

on the draw ratio of the oriented samples.>® Such a dependence is difficult to understand
within the model expressed by Eqg. 7, but follows naturally if nonlinear transport is the
primary cause of the luminescence quenching.

The observation o photocurrent response & low fields, the onset of
photoconductivity a a photon energy which coincides with the @sorption edge, and the
absence of correlation between Ds(E)/sOpc and - DI (E)/1° are dl consgtent with a
model in which charged polarons (or poaron-excitons with binding energy no greater
than a few times kgT at room temperature), photogenerated through the inter-band
p - p * trangtion are the primary photoexcitationsin PPV.

9. SITE-SELECTIVE FLUORESCENCE AND ELECTRON ENERGY LOSS
EXPERIMENTS
The results of S experiments were interpreted in terms of exciton mode .22-24
In such experiments the pasition d the high energy emission peak (ngy,) isrecorded as a

function of the pump energy (Nayc). The position of ngy isinvariant with Ngye until Ngye

falls below a aitica vaue, i.e. the "localization threshold.” Although the results can be
explained using the exciton model, a disordered semiconductor with a mohility edge
separating localized states from band states is also consistent with the same experimenta
observations. Indeed, this behaviour has been observed in a-Si .68

Results of correated polarized excitation and fluorescence spectra‘r’3 in PPV were
used as evidence against a mobility edge. However these results are mompatible with a
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disordered semiconductor where electrons and hdes are rapidly trapped following
photoexcitation; such rapid trapping hes been observed in pdy(3—octy|thiophme)54.
There is, however, an important difference between localized states below the mobility
edge and the "localization threshdd." In the exciton model, the lower energy sites are
associated with segments that have longer conjugation lengths whereas the states below
the mobility edge in the band model are localized. In highly ordered samples of MEH-

PPV, McBranch et al.%° found that the ratio of parale to perpendicular emisson (with
the eciting beam parallel to the draw axis) decreased below the mobility edge indicating
that the states below the mobility edge are in fact more localized in contrast to what
would be expected in the exciton moddl.

The results of transent photoluminescence (PL) spectroscopy of PPV have aso
been interpreted using the exciton pcture;?® ultrafast (femtosecond) onset of PL is
attributed to rapid vibronic relaxation and further red shift of the spectrum is attributed to
random walk of the exciton within the localized density of states. Alternatively, the
results can be explained via hot carrier thermalization within the band accompanied with

vibrational relaxation in the femtosecond time scale® followed by motion d carriers
within localized states near the mobility edge.

Information about the location and dispersion of the main bands in conjugated
polymers can dso be determined using e ectron-energy loss spectroscopy (EELS). Fink

et al.”® have caried ou such measurements on severa conjugated systems including PT
and PPV. In al cases, they observe aman p-plasmon with strong dispersion, nearly
coincidental with the opticd absorption band. Calculations of the plasmon dispersion
based onthe SH model including local field contributions are in good agreement with
the experimeta results.6 On the rtrary, exciton bands would be much narrower and
would therefore exhibit considerably less dispersion.

10. TRIPLET EXCITON

According to the SSH model, phatogenerated cariers sf-localize giving rise to
the nonlinea excitations characteristic of conducting plymers. Phatoinduced absorption
has been used successfully to identify the gap states associated with these nonlinea
excitations and to determine the energies of those states relative to the p and p* band
edges in anumber of conjugated polymers. 71,7277

Photoinduced absorption data obtained from paymers from the PPV family have
shown two distinct subgap peaks which were identified as arising from bipolarons.”3 The
high energy pe& was subsequently resolved into two components with dff erent lifetimes
by Friend and co-workers;’6:77 one component identified as one of the two bipolaron
peaks and the other component identified as a triplet-to-triplet (T-T*) transition. The
existence of the T-T* trangtion implies that there is triplet exciton excited state & an
energy below the single particle continuum. The triplet state identification was confirmed
by Wei e d78 utilizing spin-dependent photomodulation spectroscopy; they
demonstrated that one of the components of the high energy feature has spin ane (the T-
T* transition) and the other has gin zero (the bipolaron trangition).



50

In PPV prepared by a special synthesis procedure which yields materials with
improved structural order, Pichler et al. observed only the triplet feaure in photoinduced
absorption.14 In highly ordered bends of MEH-PPV, a single subgap peak was observed
and assigned to the T-T* transition.”® The lineshape of this T-T* transition is asymmetric
and well described as a broadened square-roct singularity, implying that the triplet states
are delocalized into quasi-one-dimensional bands. Since no pronounced vibronic features
were observed, thereislittle lattice relaxation in T* relativeto T. The T-T* photoinduced
absorption signd is pdarized paralld to the dain orientation axis, indicating that the
excited triplet states are intrachain excitations. Thus, athough the long-lived bipolarons
are defect stabilized, the triplet exciton is a well-defined excited state in the PPV's, and it
isintringc.

The observation of the photogenerated triplet exciton implies an intersystem
crossing, because the initial photoexcitations are necessary in the singlet channdl. The
triplet binding energy must be significantly greater than kgT a room temperature, for
otherwise the intersystem crossing would not take place, and the well defined T-T*
trangtion would na be observed. The fact that the triplet exciton is found in the PPVs
demonstrates that correlation effeds are important and must be taken into account.

Thus, athough the singlet exciton binding energy is less than kgT, the triplet
exciton is a stable excited state and has asignificant binding energy. Again, studies of the
PDA’s provide apreadent for a much larger triplet binding energy. Robhins et al62b,
observed the triplet state in PDA-toluenesulfonate and determined the triplet exciton
binding energy to be Eyip = 1.4 eV, compared to a singlet exciton hinding energy in the
same system of 0.5 eV. Evidently in the PPVs, the singet binding energy islessthan or
equa to kgT, while Eyip is greater than kgT at room temperature. However, there is no
experimental measurement of the triplet binding energy in PPV or in any o its oluble
derivatives. The dsence of information on Ie triplet exciton binding energy is griking;
measurement of the triplet binding energy should be taken as a dilenge to
experimentai gtsin the conducting polymer field.

11. CONCLUSION

In summary, the p - p* energy gap measured either by optical absorption or by
carrier injedion is the relaxed gap; the gap corresponding to the aeation of a pair of
charged polarons. The vibronic features o clearly evident in Figure 2 (absorption) and
Figure 3 (electroabsorption) would not be observed if the eguilibrium positions in the
ground and excited states were identical .

The binding energy of the singlet pdaron-exciton is snall. Experiments which
utilize the li ght-emitting electrochemica cell place the tightest limits on the magnitude of
the binding energy; the data indicate Eg less than 0.1 eV, small compared to earlier
estimates. Although within the eror bars of a number previous measurements of the
exciton hinding energy (see Section 2 for a summary), the data certainly demonstrate that
binding energies as high as 0.4 - 1eV are not acceptable.
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The absorption data indicate that the intrinsic lineshape of the 0-0 trangtion is
asymmetric and quantitatively consstent with the lineshape expected for a quasi-one-
dimensional band semiconductor with electron-phonon interactions (i.e. the SSH model).
The intrinsgc ésorption lineshape in the PPVs is nat consstent with the exciton model.
Moreover, excdlent quantitative fits to the eectroabsorption spectrum of MEH-PPV
blends were obtained by usng the SSH model. Thus, adthough absorption and
€l ectroabsorption measurements do na provide avaue for Eg, the li neshape is consi stent
only with the weak-binding limit for the pdaron-exciton. The quantitative agreement of
the @lculated asorption and el edroabsorption lineshapes, as demonstrated in Figures 2
and 3 provide perhaps the strongest evidence of the validity of the SSH modd
supplemented by disorder.

All aspects of the fast trandent and steady state photoconductivity data ae
consistent with photoexcitation d charged (postive axd negative) polarons. Illumination
by light with photon energy greder than the absorption edge generates cariers which
promptly contribute to the photoconductivity. The onset of photoconductivity coincides
with the onset of absorption. The photocurrent is linear in the eectric field and
proportional to the light intensity. Thus, carriers are generated by afirst order process.

Finally, the carrier generation mechanism in PPV has been addressed by drectly
comparing the transient photoconductivity, the photoluminescence, and the field-induced
guenching d the photoluminescence & a function of the externa eledric field. Thefield
a which the photoconductivity becomes nonlinear depends on the degree of chain
alignment: the higher the draw ratio, the lower onset field. This sndtivity to sample
quality indicates that the nonlinearity results from field dependent mohility rather than
field-induced carrier generation.

The onset field for the nonlinear photoconductivity is different from the onset
field for quenching the luminescence. Contrary to expectations for strongly bound neutra
excitons as the elementary excitations, the high field increase in plotocurrent and the
corresponding decrease in photoluminescence are not proportional. The absence of
correlation between the photoconductivity and the luminescence quenching implies that
field-induced dissociation of bound excitons is not the mechanism responsible for the
luminescence quenching. Alternative mechanisms for luminescence quenching were
discussed in detail in Section 8.

Although the binding energy for the singlet pdaron-exciton is smdl, the
corresponding triplet exciton is a well-defined excitation. The triplet state will have an
effed on the quantum efficiency for photoluminescence only if the intersystem crossing
time is $ort compared with the luminescence lifetime. The dynamics of the formation o
the triplet state in the PPVs are not presently known. In pdy(3-octylthiophene), P30T,
however, the intersystem crossing hes been observed and studied in some detail .80 For
P30T, the intersystem crossing rate was found to be ki » 10° (i.e. the intersystem
crossing timeis approximately 1 rs). Since the spin-orbit coupling in the PPVs is weaker
(no heavy atoms in the molcular structure), the intersystem crossing rate in the PPVs s
expected to be dower.
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In electroluminescence, however, the existence of the bound triplet can severdy
limit the quantum efficiency. If the triplet binding energy and the corresponding cross-
section for forming a triplet from a pair of injected cariers were large, the singlet-to-
triplet ratio would be determined by the multiplicity of the triplet and singlet states (3:1).
In this case, the quantum efficiency for eledroluminescence would necessarily be limited
to 25%. However, if the dynamics are such that the aoss-section for triplet formation
from a pair of oppositely charged polarons is relatively smal, the limiting guantum
efficiency can approach 100%. Obvioudy, these issues are bath scientificdly interesting
and criticdly important to the assessment of the future potential of light-emitting devices
fabricated from semiconducting pdymers.
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