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1.  INTRODUCTION 

Although the linear and nonlinear optical properties of conducting polymers have 
been investigated for over a decade, there is still controversy over the description of the 
elementary excitations. Are the lowest energy elementary excitations mobile charge 
carriers (charged polarons) either injected at the contacts or created directly via inter-
band photoexcitation, or are the lowest energy excitations bound neutral excitons?1 The 
answer is of obvious importance from the perspective of our basic understanding of the 
physics of conducting polymers. The answer is also important for applications based on 



 

 

21 

 

these materials. For example, if the lowest energy elementary excitations are bound 
excitons, the theoretical maximum efficiency for electroluminescence is 25%; the 
injected electron and hole can form a triplet with spin multipli city of three or a singlet 
with spin multiplicity of one, and only the latter wil l recombine radiatively. On the 
contrary, with free charged polarons as the lowest energy excitations, the theoretical 
maximum electroluminescence eff iciency can approach unity. 

 
The central issue relates to the strength of the electron-electron interactions 

relative to the bandwidth and relative to the electron-phonon interaction. Strong electron-
electron interactions (electron-hole attraction) lead to the creation of locali zed and 
strongly correlated negative and positive polaron pairs (neutral polaron excitons); well 
screened electrons and holes with associated lattice distortions (charged polarons) on the 
other hand, are more appropriately described using a band picture supplemented by the 
electron-phonon interaction. Molecular solids such as anthracene2 are examples of the 
former, where the absorption is dominated by excitonic features; whereas inorganic 
semiconductors such as Si and GaAs are examples of the latter (although in inorganic 
semiconductors, lattice relaxation is not of major importance). In conjugated polymers, 
however, both band-based models and exciton-based models have been used to explain 
aspects of the optical properties. 
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Fig. 1: Molecular structures of representative conjugated polymers. 
 

The electronic structure of conjugated polymers (see Figure 1) was described by 
Su, Schrieffer, and Heeger (SSH)3 in terms of a quasi-one-dimensional tight binding 
model in which the p-electrons are coupled to distortions in the polymer backbone by the 
electron-phonon interaction. In the SSH model, photoexcitation across the p - p * band 
gap creates the self-localized, nonlinear excitations of conducting polymers; solitons (in 
degenerate ground state systems), polarons, and bipolarons4. 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 state5,6. When the ground 
state is non-degenerate, as in the poly(arylene-vinylenes), the charged polaron pairs can 
either separate as mobile charged polarons or form bound polaron-excitons (neutral 
bipolarons bound by the shared distortion). Photoluminescence results from the radiative 
decay of the polaron-excitons or the radiative recombination of the charged polarons.  
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The applicability of the band picture (tight binding model plus electron-phonon 
interaction) has been questioned because of the explicit neglect of electron-electron 
interactions. Indeed, experimental studies of the polydiacetylenes (PDA’s,  see Figure 1) 
have provided clear and unambiguous evidence that electron-electron interactions are 
dominant; in the PDA’s, neutral excitons are the lowest energy excitations7-9. 

 
Since only the k=0 transition couples to the optical field, the exciton absorption 

lineshape is expected to be symmetric. This is observed in PDA’s; the main absorption 
feature has a symmetric lineshape peaking at approximately 1.8 -1.9 eV (depending 
somewhat on the structure of the side-chains). Since the photoexcitations are neutral 
excitons, there is no photoconductivity at 1.8 -1.9 eV; the onset of photoconductivity 
occurs at approximately 2.3-2.5 eV, coincident with the onset of free carrier 
photogeneration (i.e. the onset of absorption across the p - p * single particle energy 
gap).7 Based on these results, the singlet exciton binding energy (EB) has been 
determined for the PDAs, EB » 0.5 eV. An independent determination of the binding 

energy was obtained from electroabsorption (EA) measurements10-12. Comparison 
between the EA spectrum and the linear absorption spectrum of the PDA©s reveals that 
the EA feature near 1.8 eV follows the first derivative of the absorption. This EA feature 
has been attributed to the Stark shift of the exciton. In addition, an oscillatory signal was 
observed near 2.3 eV, with lineshape that deviates from a first derivative of the 
absorption. This higher energy EA feature coincides with the onset of photoconductivity 
and arises from the onset of the interband transition. Therefore, analysis of the 
electroabsorption in the polydiacetylenes independently yields EB » 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 experimental results are quite different from those in the PDA’s.  
 
(i) In contrast to PDA, the absorption lineshape of ordered poly(2-methoxy,5-(2©-

ethyl-hexoxy)-p-phenylenevinylene), MEH-PPV, is asymmetric and 
accurately modeled in terms of a broadened square-root singularity in the 
joint density of states, as expected for a quasi-one-dimensional 
semiconductor;13 see Figure 1 for the molecular structure of MEH-PPV. 

 
(ii) In contrast to PDA, the onset of photoconductivity, both steady state and 

transient (in the picosecond regime), coincides with the onset of optical 
absorption implying a small (< 0.1 eV) binding energy for the exciton14-17.  

 
(iii) In contrast to PDA, detailed analysis 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 kBT at 
room temperature. The transient photoconductivity indicates initial 
photogeneration of mobile carriers (charged polarons) some of which 
subsequently disproportionate into bipolarons15-16. 
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(iv)  Photo-induced charge transfer studies of polymer-C60 mixtures indicate that 
the electron and hole are easil y separated implying a small exciton binding 
energy18.  

 
(v) Anisotropic electroabsorption measurements on highly oriented, chain 

extended, chain aligned, and structurally ordered samples indicate that the 
instantaneous excited state wavefunctions are delocalized over at least 50 
unit cell s (400 Å, and this is a lower limit)19.  

 
(vi)  The electroabsorption lineshape in highly ordered MEH-PPV blends can be 

accurately fit using the results of the SSH theory20.   
 
(vii)  The p - p * energy gap measured by electrochemical means agrees well 

with that measured optically21. 
 

Each of the above is in good agreement with mobile charge carriers (charged polarons) 
rather than neutral excitons as the primary photoexcitations in the PPVs. The stark 
contrast with the PDA’s is evident. 

 
Nevertheless, Bassler and colleagues, citing the the results of site-selective 

fluorescence (SSF)22-24 measurements have concluded that the elementary excitations in 
PPV and its derivatives are localized Frenkel/Wannier excitons residing on conjugated 
segments delineated by disorder. In their analysis, a distribution of conjugated segments 
leads to a Gaussian distribution of localized states such that a photogenerated exciton at a 
specified site wil l execute a random walk while relaxing within this density of states. 
Eventually, the exciton will reach a threshold energy (localization threshold) where the 
jump rate to a lower energy site with a longer conjugation segment is less than the decay 
rate of the exciton. They argued as follows: 

 
(i) The absorption 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 of 
conjugation lengths. 

 
(ii) The results of SSF and transient photoluminescence measurements can be 

interpreted using this model (although no estimate for the exciton binding 
energy was provided)25.  

 
(iii) Photoconductivity results can be interpreted in terms of exciton ionization 

leading to formation of mobile polarons as charge carriers. 
 
Thus, some aspects of the experimental results appear to be consistent with either model.  

 
In this context, the electroabsorption is an interesting example. As noted above, 

the EA of the polydiacetlyenes (attributed to the Stark shift of the exciton) exhibits a 
lineshape which follows the first derivative of the absorption. Since the exciton binding 
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energy in the PDA’s is approximately 0.5 eV, one might argue that whenever the EA 
lineshape follows the first derivative of the absorption, the lowest energy excitations are 
bound excitons.26 Such a leap of logic is dangerous; in fact in this case, the conclusion is 
false. The first derivative character of the EA lineshape can be understood quite generall y 
in terms of perturbation theory20 and cannot be used as a quali tative signature of exciton 
formation. In fact, using the SSH model, Hagler et al were able to demonstrate excellent 
quantitative fits to both the anisotropic absorption lineshape (Figure 2) and the 
anisotropic electroabsorption lineshape (Figure 3) in oriented materials in which the 
conjugated polymer is chain aligned and chain extended.13, 20 The quality of these fits 
leaves no doubt that the SSH model is capable of precisely and accurately describing the 
absorption and the electroabsorption data.  

 

      
 
Fig. 2: a.) Absorption of cast film of MEH-PPV (solid broadened curve) and highly 

oriented blend of MEH-PPV (circles). The fit to the absorption of the highly 
oriented material using the SSH model is also shown (solid curve through the 
circles); see ref. 13. The parameters are as follows: Eg = 2.136 eV, � wph = 0.172 
eV,g =0.04 eV (g is the broadening from disorder), and S = 0.41 (S is the Huang-
Rhys parameter).  

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

 
These fits, although excellent, do not rule out the alternative exciton model. To 

judge which better describes the data, one needs a similar critical 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 model and the 
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experimental results: The exciton model predicts a symmetric absorption lineshape for 
oriented materials in which the conjugated polymer is chain aligned and chain extended. 

 
As noted above, one can argue that the asymmetric lineshape observed in 

absorption and EA arises from a superposition of a distribution of peaks with different 
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 different exciton energies. Again, this can be tested. On the contrary, 
one finds that as the material is improved through chain extension, chain alignment and 
structural order, the lineshape becomes more asymmetric.5,13,20 Thus, although 
broadened and rounded by thermal and structural disorder, the square-root singularity 
which characterizes the one-dimensional joint density of states in the interband p - p * 
transition is the intrinsic lineshape. 

 

 
 

Fig. 3:  The results of the fit (solid) to the electroabsorption of MEH-PPV blend  using 
the SSH model; see ref. 20. 

 
This brief summary indicates that in some cases either model can provide a 

satisfactory explanation of 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 absorption (Figure 2) and electroabsorption (Figure 3), there are critical 
differences between the predictions of the two models which can be compared with 
experiment. 
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In the following, the relevant experimental results obtained from PPV and its 

soluble derivatives wil l be briefly reviewed, and the interpretation of these data in the 
context of both the SSH model and the exciton model will be critically examined. 

 
 

2.  THE EXCITON BINDING ENERGY 
In reality, the exciton model and the SSH model are not conceptually different; 

the issue that must be resolved is the magnitude of the exciton binding energy (EB) with 
respect to the single particle continuum. If the exciton binding energy is large (much 
greater than kBT and much greater than the disorder induced band tailing), then bound 
excitons would be stable excitations. On the other hand, if the exciton binding energy is 
small (less than or comparable to kBT and less than or comparable to the disorder 
induced band tail ing), bound excitons would not be stable excitations; they would decay 
into charged polaron pairs. The magnitude of the exciton binding energy is, therefore, the 
most important quantity; the magnitude of the exciton binding energy is at the heart of 
the controversy.  

 
What do we know about the exciton binding energy in PPV and its soluble 

derivatives? As noted above, in the polydiacetylenes, EB was determined from the energy 
difference between the onset of optical absorption and the onset of photoconductivity 
(» 0.5 eV).7-10 When this method is applied to PPV and its soluble derivatives, the 
agreement between the energy for onset of photoconductivity and the energy for onset of 
optical absorption indicates that EB is close to zero; EB < 0.1 eV.15-17 However, one 
must be careful 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 defect induced charge separation. If this were the case, 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 
sensitization of the photoconductivity and the quenching of luminescence by the addition 
of small quantities of C60.27 

 
Internal photoemission 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 data yield a p - p * gap of 2.45±0.2 
eV in the case of poly(2-methoxy-5-(2'-ethyl-hexyloxy) paraphenylene vinylene), MEH-
PPV, taking into account image charge effects and extrapolating to zero photon energy.28 
Since the 0-0 transition of the polymer peaks at 2.25 eV, the binding of the charged 
polaron pair is estimated to be 0.2 eV (±0.2 eV).13 Similar experiments using internal 
field emission, again in an LED architecture, also yielded binding energies of about 0.2 
eV in the case of MEH-PPV and poly (2-decyloxy-paraphenylene), decyloxy-PPP (see 
Figure 1 for the PPP structure).29 The estimate of EB from internal field emission 
depends on the magnitude of the effective mass. Since the mass has not been directly 
measured, however, the value obtained from the tunneling analysis is not definitive. 



 

 

28 

 

 
Ultraviolet Photoelectron Spectroscopy (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 spectroscopy incorporates neither 
relaxation effects nor interactions between the emitted electron and the remaining hole, 
we then subtract from this value twice the polaron relaxation energy (2x0.15 eV)31 to 
obtain 2.80± 0.2 eV for the creation energy of two polarons of opposite signs. The 0-0 
absorption transition of the same PPV sample, i.e., the formation energy of a neutral 
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 is an upper limit; see the discussion following Eq. 3 in Section V. 

 
Eckhardt et al21 measured the energy gaps of PPV and its alkoxy-substituted 

derivatives using electrochemical doping to determine the onset of charge injection. The 
charge injection band gaps (the energy difference between the onset of electron injection 
and the onset of hole injection) are in agreement with the band gaps obtained from 
optical absorption, indicating that EB is within the measurement error (± 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 arises in 

part from disorder in thin films cast from solution. However, since data obtained from 
disordered PDA films cast from solution (rather than from single crystals) indicate a 0.5 
eV separation between the onset of photoconductivity and the onset of optical absorption 
(the latter being at lower energy), disorder in the PPVs and the poly(3-alkylthiophenes) 
can no longer be invoked as the origin of their different behavior.1 More generall y, 
disorder-induced localization, while important in these quasi-one-dimensional materials, 
need not confuse the fundamenal issue of whether EB is large or small. Hagler et al19 
showed that in oriented, chain extended and chain aligned material, the excited state 
wave functions in MEH-PPV are delocalized over more than 50 repeat units (400Å).  

 
The binding energy of the exciton in PPV has been estimated to span a wide 

range: EB»kBT (as inferred from nanosecond photoconductivity data)15-17 to EB » 1 eV 
based on analysis of the optical absorption spectra32-33. Theoretical estimates of the 
binding energy also span a wide range: from EB » 0.1 eV34 to 0.4 eV35 to 1 eV.32-33 

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

 
3.  IMPORTANCE OF LATTICE RELAXA TION IN THE EXCITED STATE 

Before attempting to determine the magnitude of the exciton binding energy, one 
needs to understand what is measured when one measures the “energy gap”. Let us focus, 
therefore,  on the importance of lattice relaxation in the excited state. Any discussion of 
the nature of the photogenerated species has to incorporate electron-phonon contributions 
since these are a basic feature of p-conjugated compounds.3 A typical manifestation of 
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lattice relaxation in the excited state is the appearance of vibronic progressions in the 
optical absorption spectra; for example, see Figure 2. Vibronic features could not be 
observed if the equil ibrium positions in the ground and excited states were identical. If 
the equil ibrium positions in the ground and excited states were identical, the 
orthonormality of the vibrational wavefunctions would exclusively allow 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 appearance of a 
vibronic series of absorptions, between the zeroth vibrational 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 
transition (the 0-0 transition) 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 state is allowed even at T=0 K because of quantum lattice fluctuations. Although 
the lowest energy optical transition is not typicall y the strongest in the vibronic series, the 
lowest optical transition is definitely to the relaxed configuration in the final state.36  

 
For polaron injection at a contact, the physics is the same. At the threshold for 

charge injection, quantum lattice fluctuations wil l prepare the system to accept an 
electron or hole in a relaxed polaron configuration. The analogy is direct; a positive and 
negative polaron pair is made in an optical transition. 

 
In a rigid band model, the excited-state relaxation (and thus the vibronic effects) 

would decrease linearly with the number of repeat units in the macromolecule since any 
change in bond order would be distributed uniformly over the conjugated chain. Hence, 
in a rigid band model, lattice relaxation would be insignificant for long conjugated 
molecules. The existence of a vibronic progression in the absorption spectra of 
conjugated macromolecules 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 electrochemical cell s provide an opportunity to directly measure 
the exciton binding energy.37,38 In the LEC, the onset of elecrochemical doping (n-type 
on one side and p-type on the opposite side) occurs when the applied voltage is equal to 
the p- p  * energy gap. The importance of gap states (for example, resulting from 
disorder) can be assessed from the emission spectrum. If the emission is characteristic of 
the electronic structure of the typical pure material, then one must conclude that charge is 
injected into the p and p* bands, respectively, and that the emission is characteristic of 
the excited state of the semiconducting polymer.  

 
In the LEC, electrochemical doping is initiated and charge is injected 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 anode (+) becomes p-type 
doped while the polymer adjacent to the cathode (-) becomes n-type doped, so that a p-n 
junction is formed.3 Under the influence of the electric field from the applied voltage, 
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holes (positive polarons with energy near the top of the p -band) move from the anode 
toward the cathode, and electrons (negative polarons with energy near the bottom of the 
p* -band) move from the cathode toward the anode. Within the electrochemically induced 
p-n junction, the positive and negative polarons recombine and radiatively decay  to the 
ground state, again with a vibronic series of emission energies.  

 
Light-emitting electrochemical cell s which emit green light use PPV as the 

luminescent redox polymer; devices which emit orange light use MEH-PPV.3 To prepare 
the MEH-PPV devices, a thin polymer layer (»2500Å) 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 substrates. The polymer layer also contains lithium 
trifluoromethanesulfonate such that the molar ratio of PEO to salt is 20:1. The PEO is 
added as electrolyte to solvate the ions and to improve the ionic mobil ity. Finally, a thin 
layer of aluminum (400 Å) is evaporated onto the polymer film to serve as cathode. 
Device fabrication with PPV is similar, except that the films are spin cast with the PPV in 
precursor polymer form, followed by thermal conversion to the conjugated PPV. 

 
Electroluminescence (EL) turn-on and charge injection in the LEC occur at a bias 

voltage equal to the measured optical gap, as expected for a p-n light-emitting junction in 
which the doping is initiated by setting the electrochemical potential at the top of the p -
band (p-type) on one side and at the bottom of the p *-band (n-type) on the opposite 
side.39 The results are summarized in Figure 4 for LECs fabricated with PPV (solid 
squares) and MEH-PPV (solid dots): Fig. 4a shows the luminance vs applied voltage and 
Fig. 4b shows the absorption coefficient vs photon energy. For both polymers, the onset 
of EL is indistinguishable from the onset of optical absorption.  

 
To identify the threshold for the onset of EL with greater precision, the luminance 

vs voltage data are presented in Fig. 5 on an expanded linear scale (units of mill i-
cd/m2).39 The onset of EL occurs at 2.4±0.05 V for PPV and at 2.1±0.05 V for MEH-
PPV. The EL emission spectra are characteristic 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 injection threshold coincides with the onset of EL from the 
semiconducting polymer, one concludes that eVon = Eg.  
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Fig. 4:  a. Luminance (cd/m2) vs voltage (V) for LECs fabricated with PPV (solid 
squares) and with MEH-PPV (solid dots); 

 b. Absorption coefficient vs photon energy for LECs fabricated with PPV (solid 
squares) and with MEH-PPV (solid dots). 

 
As emphasized in Section 3, the charge injection gap, Eg, corresponds to the 

injection of polarons (positive and negative); i.e. the charge 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 at approximately 2.9 eV and 2.4 eV, respectively) typical 
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 ions in the 
layer are unimportant.  
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Thus, the data establi sh that  

 eVon = Eopt = Eg. (1) 
 

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

 
 
 

 
Fig. 5:  Luminance vs voltage (V) plotted on an expanded linear scale (units of mill i-

cd/m2) for LECs fabricated with PPV (solid squares) and with MEH-PPV (solid 
dots). 

 
The LEC data are therefore fully consistent with a model in which the polaron 

pair binding energy is small. Since the experiments were carried out at room temperature, 
thermal excitations lower the threshold for the onset of doping by a few times kBT;  thus, 
the data indicate that EB < 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 electron and the hole into the neutral 
exciton (or polaron-exciton), the exciton absorption peak must fall below the charge 
injection energy gap;  
 � wB = Eg - EB.  (2) 
 

Although broadened and not well-resolved in the data of Fig. 2b, the lowest 
energy absorption is the zero-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 gap 
(2.1±0.05 eV). The data for PPV are similarly inconsistent with the exciton model. 
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The data obtained from the LEC places relatively tight limits on the magnitude of 

the binding energy.39  Based on these experimental measurements, the binding energy of 
the singlet polaron-exciton in the PPVs is small compared to earlier estimates. Although 
within the error bars of a number previous measurements of the exciton binding energy 
(see Section 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-dimensional semiconductor, the absorption lineshape is determined by the joint 
ensity of states; i.e. a square-root singularity. Again vibronic structure will be observed if 
structural relaxation results from self-localization in the excited state. If the primary 
excitations are bound neutral excitons, momentum conservation in the center of mass 
coordinate system requires that only the Kex = ke + kh = 0 excitons would couple to the 
optical field. Therefore, the absorption 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 
single crystal samples were used for the measurements on PDA; the symmetric lineshape 
of the single crystal PDA’s is intrinsic.  

 
Starting from the band-to-band transition in a perfect one-dimensional 

semiconductor, disorder-induced localization removes the strict momentum conservation, 
which in turn suppresses the square-root singularity in the joint density of states. As a 
result, the absorption lineshape would become more symmetric. Therefore, in order to 
determine the intrinsic electronic properties of conducting polymers such as the PPVs, 
samples are needed with a degree of structural order sufficient that the observed 
properties are not dominated by disorder.  

 
Hagler et al.13,20 reported polarized absorption, emission, and electroabsorption 

spectra of highly oriented blends of conjugated polymer MEH-PPV in polyethylene (PE). 
Orientation of MEH-PPV was achieved by gel processing the guest conducting polymer 
in PE and subsequent tensile drawing. The measured anisotropies, 60:1 in emission  and 
150:1 in electroabsorption with preferred polarization parallel to the draw axis, reflect the 
high degree of chain extension and chain orientation that was achieved. These remarkable 
data, indicative of chain extension and chain orientation comparable to a single crystal, 
are shown in Figure 6.  

 
In contrast to solution-cast films of the same polymer, the oriented blends display 

a very asymmetric absorption lineshape. Redistribution of oscillator strength into the 
zero-phonon line in both absorption and emission (for light polarized parallel to the draw 
axis; see Fig. 2) demonstrates significant improvement in the degree of structural order at 
the molecular level. In such oriented and structurall y ordered samples, the absorption 
lineshape can be accurately modelled as a Gaussian broadened square-root singularity 
with a relatively small broadening parameter (40 meV).   
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Hagler et al13 expressed the absorption lineshape as a Franck-Condon progression 

of 0-n vibronic transitions with a 0-0 transition (purely electronic) lineshape, ao( � w), 
given by 

 

  a( � w) = Si ao( � w- Sn
i

� w
i
)P  i  |< c(n

i
) | c(0)>|2        (3a) 

 
where the � wi  are the relevant phonon energies associated with the lattice vibrational 

wavefunctions, c(n
i
). 

   
 

Fig. 6: a. Anisotropy in the electroabsorption with respect to the optical field and the 
chain orientation axis for oriented MEH-PPV in PE; see ref. 20. 

 b. Photoluminescence spectra  (80K, pump parallel to the chain axis) of an 
oriented (x50)  free-standing film of MEH-PPV in PE for emission 
polarized parallel (solid curve) and perpendicular (dashed curve on bottom) 
to the draw axis. The dotted curve is the perpendicular spectrum multiplied 
by 40 so that the spectral features can be seen. The photoluminescence 
anisotropy with respect to the chain orientation axis is shown in the inset; 
see ref. 13. 

 
The square-root singularity of the one-dimensional SSH model, broadened by a 

Gaussian distribution of energy gaps to account for disorder, was assumed for ao( � w) ; 
i.e.  
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 ao( � w) = ( � w)- 2³  dD e
- (D - Do)2 / g2 /[ ( � w)2  -  (2D)2]1/2 (3b) 

 
The fit of Eq. 3a and 3b to the absorption lineshape is shown in Figure 2a. The 

lineshape of the 0-0 transition, as obtained from the fit to the data (Figure 2a) is shown in 
Figure 2b. The 0-0 transition lineshape is a broadened square-root singularity. Excellent 
agreement with the data is obtained with the following parameters: Eg = 2.136 eV, 

� wph = 0.172 eV, g =0.04 eV (g is the broadening from disorder), and S = 0.41 (S is 
the Huang-Rhys parameter). Fits of similar quality were obtained for the emission 
spectrum. The Huang-Rhys parameter for the emission was 0.47. Thus, even though the 
0-0 transition in absorption is from the ground state to the relaxed excited state,  the 
slightly larger value of g on emission implies that additional relaxation occurs after 
absorption and prior to emission. 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 be fitted using a 

superposition of Lorentzians (or Gaussians) which arise from excitonic absorption from a 
distribution of conjugation lengths40. To fit the observed anisotropic lineshape of highly 
ordered MEH-PPV in this way is, however, more challenging since care must be taken to 
insure oscillator strength conservation: a 20 carbon long segment has not only a lower 
absorption edge but also makes a contribution to the absorption coefficient which is 5 
times larger than that from a 4 carbon long segment. Therefore, a large number of shorter 
length segments are required to fit the high energy tail of the absorption. This implies 
that an exciton created on a short segment is easily trapped, having a dwell time larger 
than its recombination lifetime, in contrast to the transient photoluminescence 
measurements25, which, in the context of the exciton picture, indicate relaxation to the 
localization threshold within a few picoseconds. Perhaps more important, however, is the 
unambiguous cause-effect relationship obtained from the MEH-PPV studies of Hagler et 
al13; the lineshape becomes more asymmetric as the structural order is improved, 
approaching that of the band-to-band transition in an ideal one-dimensional 
semiconductor.  

 
The data indicate that the intrinsic absorption lineshape is asymmetric and 

quantitatively consistent with the lineshape expected for a quasi-one-dimensional band 
semiconductor with electron-phonon interactions (the SSH model); the intrinsic 
absorption lineshape in the PPVs is not consistent with the exciton model. Thus, although 
absorption measurements do not provide a value for EB, the lineshape is consistent only 
with the weak-binding limit for the polaron-exciton. 

 
6.  ELECTROABSORPTION 

In electroabsorption (EA) spectroscopy, the change in the absorption ( Da)  in 
response to a modulated electric field is measured. For crystall ine semiconductors, the 
theory of the Franz-Keldysh effect describes how the electric field perturbs the band 
structure (mixing the Bloch states) and alters the density of states, leading to an 
exponential absorption tail below the gap and to oscil lations in Da at higher energies41-
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43. In amorphous semiconductors, disorder reduces this interband mixing, leading to the 
disappearance of the oscillations that are observed in crystall ine solids44-47. Franz-
Keldysh type oscillations have not been reported for conjugated polymers. 

 
Electroabsorption has been used as a method for investigating the electronic 

structure of conjugated polymers as well. Since EA is a third order nonlinear process, and 
since c( 3)  has been shown, both experimentally48 and theoreticall y49-51, to depend 
strongly on the locali zation length of the energy eigenstates, EA preferentially probes the 
longest conjugation lengths in a given sample. As a result, EA is particularly powerful, 
for it naturally focuses on the more intrinsic electronic properties of the pristine material. 

 
In the PDA’s, where the lowest energy absorption creates neutral excitons, the EA 

lineshape follows the first derivative of the absorption, and the magnitude of Da depends 
on the square of the applied field (F2). This result has been interpreted as arising from the 
second order Stark shift of the exciton.  

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

lineshapes have been observed. Horvath et. al.26 and Bassler et. al.23 reported the 
observation of a "nearly" first derivative lineshape in the EA spectra of 
poly(phenylphenylene-vinylene) (PPPV) and poly-(3-dodecylthiophene), although a 
quantitative comparison with the second derivative of the absorption was not made. 
Gelsen et al. observed second derivative behavior in poly(thienylene-vinylene) (PTV) 
and derivatives of polythiophene (PT). Botta et al.53 reported a first derivative lineshape 
for more ordered samples of PT derivatives. Philli ps et al. observed a combination of f irst 
and second derivative type behavior for unoriented films of polyacetylene; after 
orientation, however, the second derivative contribution to the lineshape was much 
smaller.54  
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Fig. 7:   a.  Electroabsorption of cast film of MEH-PPV at 80 K (solid) , first (dotted) 
and second derivative (dashed) of the absorption.  

 b.  A linear combination of f irst and second derivatives (dotted) shown in (a) 
compared to the electroabsorption lineshape; see ref. 20. 

 
Hagler et al.20 obtained similar results from films of MEH-PPV; cast films 

displayed a combination of f irst and second derivative lineshapes, as shown Fig. 7(a), 
whereas highly oriented and structurally ordered MEH-PPV blends displayed a purely 
first derivative lineshape as shown in Fig 8. A striking feature of the oriented blends was 
the polarization anisotropy of the EA signal: 150:1 with the preferred polarization 
parallel 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 derivative lineshapes. In 
highly ordered films, the EA lineshape is purely first derivative. Based on the agreement 
of f irst derivative lineshape with the EA results in crystalline PDA (also crystalline and 
structurall y ordered), one might argue23 that EA in all conjugated polymers has the same 
origin, i.e. the Stark shift of the excitonic absorption. The absence of any Franz-Keldysh 
behavior was taken as additional evidence for the unimportance of the band-to-band 
transition.  
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EA is a third order nonlinear process; Da is proportional to c(3)(w;w,0,0). Hagler 
et. al.20 showed that in pure systems with extended states, c(3)(w;w,0,0) is indeed 
proportional to the first derivative of c(1)(w). The expression for c(3)(w,0,0) is given by 

 

chijk
(3)(w; w,0,0) = (e4/ �

3) [Skq
 fhvc(k)fkcv(q) /[wcv(k)  -  w] [wcv(q)  -  w]]  

   x  [ -  fivc(k)fjcv(q)dk,q [wcv(k)]-1 + Sm
ficm(k)fjmc(q) /(wmv(k)  -  w)]       (4a) 

 
where fcv is the dipole transition matrix element between the valence (p) and conduction 
(p*) bands, wcv = wc - wv, fcm is the dipole matrix element between the p* states and an 
intermediate  mAg state (wmv = wm - wv). 

 
The expression for the linear susceptibil ity is given by  

 

ci j
(1)=(e2/

�

)[Sk
fhvc(k)fkcv(k)/[wcv(k)-w]+ fhvc(k)fkcv(k) /[wcv(k) + w]] (4b) 

 
Therefore, the expression for the first derivative of c(1) is as follows (ignoring the second 
term in Eq. 4a since the first term is dominant near resonance):  
 

 (d/dw)ci j
(1) » (e2/

�

)Sk
fhvc(k)fkcv(k) /[wcv(k) - w]2         (4c) 

 
or in general: 
 

   (d/dw)nc i j
(1)  µ   [wcv(k) - w]- (n+1)        (4d) 

 
One can see, therefore, that the term outside the brackets in Eq. 4a is similar to 

Eq.4c, thereby explaining the first derivative lineshape in EA. Second derivative lineshapes 
require an accidental degeneracy between the Ag state and the Bu states; if in Eq. 4a, wmv 

were accidentally equal to wcv , then chijk

(3)( w; w,0,0) would be composed of a sum of first 
and second derivatives of the linear susceptibility (or the absorption).  
 

This perturbation theory analysis is in complete agreement with the experimental 
results and also accounts for the F2 dependence of EA. Therefore, the first derivative 
lineshape behavior is general and not in any way a signature of excitonic absorption.  

 
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 corresponding 
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 absorption lineshape (and inconsistent with an excitonic absorption).  

 
Hagler et al. obtained excellent quantitative fits to the EA spectrum of MEH-PPV 

blends, as shown in Fig. 3, by using the SSH model to calculate the transition dipole 
matrix elements in Eq. 4a and by introducing Franck-Condon overlap integrals into the 
expressions to account for the observed vibronic structure; see discussion in Section 5.20 
As demonstrated in Figure 3, there is no doubt whatever that the SSH model 
supplemented by disorder can account quantitatively  for the absorption and the EA data. 

 

 
 

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

 
Analysis 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.19 Using the off-axis transition dipole 
moment of trans-stilbene and the geometric structure of of MEH-PPV, Hagler et al 
demonstrated that the 150:1 EA anisotropy requires that the instantaneous excited-state 
wavefunctions are delocali zed over a minimum of 50 repeat units (400Å).19 For less 
well -ordered material, the mean localization length will be correspondingly smaller. 
Nevertheless, it is precisely because the excited state wavefunctions are delocalized over 
many structural repeat units in ordered material that the semiconductor model is the 
proper starting point for a description of the excited states.  
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7.  PHOTOCONDUCTIVITY 

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

 

 
Fig. 9:  Steady state photoconductivity excitation spectrum and absorption of cast film of 

PDA-4BCMU at room temperature; see ref. 1. The results are similar to single 
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 a film of PDA-4BCMU (at room temperature).1 The results are essentially 
identical to earlier results obtained from single crystal samples. 

 
On the contrary, in the PPVs, the onset of photoconductivity coincides with the 

onset of absorption. In the PPVs, mobile charge carriers 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: initiall y excitons are 
photogenerated with subsequent dissociation as a result of secondary processes.  
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Fig. 10: a. Spectral response of the magnitude of the peak transient 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 transient photoconductivity 
(solid squares) and the steady state photoconductivity (open circles) 
compared with the optical absorption spectrum (solid curve) for MEH-PPV; 
see ref. 17.  

 
Thus, the relevant question is whether the photoconductive response in PPV 

results principally from secondary processes following the photogeneration of neutral 
geminate pairs, in agreement with the exciton model, or from separated, mobile, positive 
and negative charged polarons. 

 
Since it is important to address this issue at the earliest times following photo-

excitation, measurements of transient photoconductivity in the picosecond to nanosecond 
regime were carried out.15-18  
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Fig. 11: a. Time resolved transient photoconductivity of MEH-PPV at 300K (solid dots) 
and 80K (open dots) at E = 3x104 V/cm (incident flux 6x1015 photons/cm2). 
The inset shows the temperature dependence of the peak at 2.3 eV 
(triangles) and at 2.92 eV (squares); see ref. 17. 

 b.  Electric field dependence of the peak transient photoconductivity of MEH-
PPV at 300K for photoexcitation at 2.3 eV (dots) and 2.92 eV (squares); see 
ref.17. 

 
As shown in Fig. 11, there is an initial fast response with decay time of about 100 ps 

followed by a slower component with a decay time of a few hundred ps. The 
experimental facts of particular relevance are the following: 

(i)  The fast transient photocurrent is independent of temperature (T);  
(ii)  The fast transient photocurrent is linearly proportional to the external field (E);  
(iii)  The fast transient photocurrent is linearly proportional to the light intensity; and 
(iv)  The displacement current contribution is far too small to account for the 

photocurrent.15  
(i) and (ii) imply that the quantum efficiency of carrier generation, h, is independent of T 
and E; (ii i) 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 
interactions between excitations.  

 
The photoconductivity data are consistent with photoexcitation of charged 

(positive and negative) polarons. Illumination by light with photon energy greater than 
the absorption edge generates carriers which promptly contribute to the 
photoconductivity, consistent with (i) through (iv) above, and with the sharp rise time of 
the transient photocurrent. As the carriers thermalize to the band edges, they may form 
weakly bound excitons. These features are similar to those accepted for conventional 
semiconductors; in fact, (i) through (iv) are generall y characteristic of photoconductivity 
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in semiconductors where the electronic wavefunctions are delocalized and the electronic 
structure is described by band theory supplemented by disorder.  

 

 
Fig. 12: Semilog plot of the modulated PC spectra near the absorption band edge with 

several chopping frequencies:  6.53 (open circles), 19.1 (triangles), 198 
(diamonds) and 796 Hz (squares).  The spectra are normalized to unity at 
E=2.45 eV. 

 
Moreover, the remarkable sensitization of the photoconductivity of MEH-PPV by 

C60 implies that the initial photo-excitons are mobile charged polarons27. Both the 
magnitude and the lifetime of transient PC  increase by addition of a few percent C60 to 
the pure polymer. Transient photoinduced absorption studies demonstrated rapid (sub-
picosecond) photoinduced electron transfer from the polymer to C60 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 activated; this is not observed. The absence of such an 
activation energy sets an upper limit on the exciton binding energy (less than kBT even at 
100K). 

 
Steady state photoconductivity (PC) measurements provide additional insight. Not 

only is the onset of the steady state PC coincident with the onset of optical absorption 
but, using DeVore's theoretical analysis (which assumes that every absorbed photon 
creates a pair of charge carriers), the PC spectral response has been calculated from the 
measured absorption profile with results in excellent agreement with the PC data16. By 
contrast, in the case of strong exciton binding, the PC response from secondary processes 
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is expected to be similar to the absorption spectrum; this is not observed in the 
experimental results.16 

 
What about disorder? In semiconductors disorder should lead to band tailing and a 

mobili ty edge. The results of modulated steady state PC show that the magnitude of PC 
response below a threshold energy, Et, decreases faster with chopping frequency as 
compared to that above Eg (Fig.12).16  

 
This suggests that Et corresponds to the mobili ty edge separating localized states 

from extended states. Below the mobility edge, the activated mobil ity of locali zed 
carriers leads to much slower response. The value of Et in PPV is, in fact, in agreement 
with the "localization threshold" measured by Rauscher et. al. using the site selective 
fluorescence (SSF) technique.40 Furthermore, the PC data show no dependence of the 
activation energy on the excitation energy in contradiction with the Onsager theory56,57 
and hence with the exciton dissociation mechanism. 

 
Strong exciton binding is inconsistent with the experimental results from transient 

and steady state photoconductivity measurements. The photoconductivity results are in 
good agreement with the band picture supplemented by the electron-phonon interaction 
and by disorder. The initial photocarriers are mobile charged polarons 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 mobili ty; 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 

transient photoconductivity and the photoluminescence as a function of the external 
electric field, E, in samples oriented by tensile drawing.58 The transient photocurrent is 
proportional to E at low fields, but increases nonlinearly for E > 105 V/cm. The field at 

which the photoconductivity becomes nonlinear (the onset field,   Eo
pc

) depends on the 

degree of alignment: the higher the draw ratio, the lower   Eo
pc

. The onset field for the 
nonlinear photoconductivity is, however, different from the onset field for quenching the 

luminescence (  Eo
pl

). Thus, contrary to expectations for strongly bound neutral excitons as 
the elementary excitations, the high field increase in photocurrent and the corresponding 
decrease in photoluminescence are not proportional, indicating that field induced carrier 
generation is not significant. 

 
If the elementary excitations were strongly bound excitons, one would expect free 

carriers only when they originate from exciton dissociation. In order to further explore 
the possibil ity of carrier generation via field induced exciton dissociation, experiments 
were undertaken to specifically look for correlation between the nonlinear contribution to 
the photocurrent and the quenching of the photoluminescence.58 Assuming that each 
bound exciton dissociated by the field leads to mobile carriers, 59,60 
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    Ds(E)/sopc = - A DIL(E)/IoL       (5) 

where sopc is the low field photoconductivity, Ds(E) is the field dependent change in 

photoconductivity, IoL is the low field luminescence intensity, and DIL(E) is the change 
in photoluminescence intensity at high fields. Note that 
 

   Ds(E) / sopc = (Ipc(E)-Iopc)/Iopc= DIpc/Iopc     (6)  
 

where Iopc is the linear photocurrent extrapolated from the field regime below 
4x104V/cm. 
 

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

DIpc/Iopc and the photoluminescence quenching - DIL(E)/IoL on external field in 
oriented PPV (l/lo=2) at 77K. The arrows denote the onset of the nonlinearity in 
the photoconductivity (open circles) and the onset of the photoluminescence 
quenching (open squares). 

 
Moses et al measured the transient photoconductivity, dark current, and steady-

state field-induced luminescence quenching at T=77 K on the same PPV sample (tensile 
drawn to l/lo=2).58 Because the excited state li fetime in PPV is a few hundred 
picoseconds, and the transient photoconductivity also spans a few hundred picoseconds 
(Fig. 10), the experiment was carried out at times particularly sensitive to the 
photogeneration process.  

 

The photoconductivity (DIpc/Iopc) and the photoluminescence quenching 

(DIL(E)/IoL) obtained at 77K are plotted versus the bias field in Figure 13. The data 

indicate clearly that onset field for the nonlinear photocurrent, E
pc
0 =0.77x105 V/cm, is 
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lower by about 50% than the onset field of the luminescence quenching, E
pl
0 =1.7x105 

V/cm. Below E
pc
0  the photocurrent is linearly dependent on E, and below E

pl
0  the 

luminescence is field independent. At the highest electric fields employed in the transient 
photoconductivity experiment (E = 2.8 x105 V/cm), - DIL(E)/IoL »0.30, whereas the 
photocurrent increases beyond the linear extrapolation by a factor of » 6.3 .  

 

In Figure 14, DIpc/Iopc is plotted versus -DIL(E)/IoL. If carrier generation 

originates from exciton dissociation, a linear correlation should exist between Ds(E)/sopc 

and - DIL(E)/Io
L. The solid curve in Figure 14 corresponds to y = A + Bxb where 

y=DIpc/Iopc, and x= -DIL(E)/IoL. The intercept, A, arises from the different values for the 
onset field discussed 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 DIpc/Iopc and      -

DIL(E)/IoL. The onset fields are different (the nonlinearity in the photoconductivity turns 

on at a lower field); and even above the onset, DIpc/Iopc is sublinear with respect to      (-

DIL(E)/IoL).  
 

Earlier measurements of photoluminescence quenching in PPV derivatives 

yielded Eo
pl = 2x106 V/cm,59 an order of magnitude larger than Eo

pl as obtained from the 

data of Figure 13. Thus, clearly the value of Eo
pl  is sample dependent. Indeed, as shown 

by Moses et al., within the PPV system, Eo
pl  depends on the draw ratio and hence on the 

degree of structual order; i.e. on the sample quali ty. 
 

The relatively low field required for the onset of luminescence quenching in 
Figure 13 implies a weak exciton binding energy. Within the exciton model, 
luminescence quenching will occur when the charged carriers gain sufficient energy from 
the external field to overcome the exciton binding energy, Eb;  i.e.   

 

           Eb » 2ao E
pl
0        (7) 

  
where 2ao is the characteristic spatial size of the exciton wavefunction. Using 

Eo
pl

 =1.7x105 V/cm and assuming that exciton wavefunction in PPV extends over a few 
repeat units (for polydiacetylene, 2ao » 30Å, see ref. 62 and references therein), one 
obtains Eb » 5x10-2 eV, i.e. an order of magnitude smaller than that obtained from earlier 
measurements of luminescence quenching,59 and at least an order of magnitude smaller 
than estimated previously by other methods (Eb » 0.4 eV - 1 eV).16,26,27 Using 

Eo
pl

 =0.5x105 V/cm as obtained from the most oriented samples, Eq. 4 yields Eb » 2x10-

2 eV. Both values are of order kBT at room temperature. 
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Field-induced photoluminescence quenching is a general phenomenon, with 
different detailed mechanisms in different regimes60,61 and certainly not necessaril y an 
indication of exciton dissociation by the external field.59 The absence of correlation 

between Ds(E)/sopc and - DIL(E)/IoL, 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 applied field over a distance 
greater than the size of the polaron wavefunction; i.e. when  

 
     µEt  > Lpolaron          

(8) 
 
where µ is the transport mobility, t  is the time required for the onset of quenching, and  
Lpolaron is the spatial extent of the polaron wavefunction.58 Taking Lpolaron » 20 Å, 
t »50ps,61 and E » 2x105 V/cm, Eqn. 8 yields µ > 2x10-2 cm2/Vs. This value for the 
mobili ty would be considered high for steady state conditions, 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 experimental results. 

 

 
Fig. 14: The normalized change in the transient photocurrent (DIpc/Iopc) is plotted versus 

the photoluminescence quenching (-DIL(E)/Io
L). The solid curve is a fit to a 

power law functional form of  y = A + Bxb where y = DIpc/Iopc, and  

x=-DIL(E)/IoL; the best fit to the power law yields b = 0.78. 
 

Alternatively, many other 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.64 showed that 
carriers injected into a polymer field-effect transistor act as nonradiative recombination 
centers. Quenching of the luminescence has been observed in PPV upon steady-state light 
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illumination,65 implying enhanced nonradiative decay due to photogenerated charge 
carriers. Trapped carriers would also be effective luminescence quenching centers; a 
relatively large density of trapped carriers is created especially when the sample 
temperature is comparable to the typical trap depth. Indeed, evidence for multiple 
trapping transport at long times in conducting polymers has been established by 
photoconductivity measurements.66 

 
Deussen et al.67 carried out measurements of the luminescence quenching in 

rectifying diodes (semiconducting polymer sandwiched between asymmetric electrodes). 
They observed that the luminescence quenching in forward bias is significantly 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 active material (PPV) is decreased below 
about 10%, eventually vanishing at 1%. Although this concentration dependence would 
not be expected for field-induced luminescence quenching, it is consistent 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 field nonlinear 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.58 Such a dependence is difficult to understand 
within the model expressed by Eq. 7, but follows naturally if nonlinear transport is the 
primary cause of the luminescence quenching. 

 
The observation of photocurrent response at low fields, the onset of 

photoconductivity at a photon energy which coincides with the absorption edge, and the 

absence of correlation between Ds(E)/sopc and - DIL(E)/IoL are all consistent with a 
model in which charged polarons (or polaron-excitons with binding energy no greater 
than a few times kBT at room temperature), photogenerated through the inter-band 
p - p * transition are the primary photoexcitations in PPV.  
 
9.  SITE-SELECTIVE FLUORESCENCE AND ELECTRON ENERGY LOSS 

EXPERIMENTS 
The results of SSF experiments were interpreted in terms of exciton model.22-24 

In such experiments the position of the high energy emission peak (nem) is recorded as a 
function of the pump energy (nexc). The position of nem is invariant with nexc until nexc 
falls below a critical value, i.e. the "localization threshold." Although the results can be 
explained using the exciton model, a disordered semiconductor with a mobility edge 
separating localized states from band states is also consistent with the same experimental 
observations. Indeed, this behaviour has been observed in a-Si .68 

 
Results of correlated polarized excitation and fluorescence spectra53 in PPV were 

used as evidence against a mobili ty edge. However these results are compatible with a 
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disordered semiconductor where electrons and holes are rapidly trapped following 
photoexcitation; such rapid trapping has been observed in poly(3-octylthiophene)54. 
There is, however, an important difference between localized states below the mobility 
edge and the "localization threshold."  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.69 found that the ratio of parallel to perpendicular emission (with 
the exciting beam parallel to the draw axis) decreased below the mobility edge indicating 
that the states below the mobil ity edge are in fact more localized in contrast to what 
would be expected in the exciton model.   

 
The results of transient photoluminescence (PL) spectroscopy of PPV have also 

been interpreted using the exciton picture;25 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 scale4 followed by motion of carriers 
within localized states near the mobili ty edge.  

 
Information about the location and dispersion of the main bands in conjugated 

polymers can also be determined using electron-energy loss spectroscopy (EELS). Fink 
et al.70 have carried out such measurements on several conjugated systems including PT 
and PPV. In all cases, they observe a main p-plasmon with strong dispersion, nearly 
coincidental with the optical absorption band. Calculations of the plasmon dispersion 
based on the SSH model including local field contributions are in good agreement with 
the experimetal results.56 On the contrary, exciton bands would be much narrower and 
would therefore exhibit considerably less dispersion. 

 
10.  TRIPLET EXCITON 

According to the SSH model, photogenerated carriers self-localize giving rise to 
the nonlinear excitations characteristic of conducting polymers. Photoinduced absorption 
has been used successfull y to identify the gap states associated with these nonlinear 
excitations and to determine the energies of those states relative to the p and p* band 
edges in a number of conjugated polymers.71,72-77  

 
Photoinduced absorption data obtained from polymers from the PPV family have 

shown two distinct subgap peaks which were identified as arising from bipolarons.73 The 
high energy peak was subsequently resolved into two components with different lifetimes 
by Friend and co-workers;76,77 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* transition implies that there is triplet exciton excited state at an 
energy below the single particle continuum. The triplet state identification was confirmed 
by Wei et al78 utili zing spin-dependent photomodulation spectroscopy; they 
demonstrated that one of the components of the high energy feature has spin one (the T-
T* transition) and the other has spin zero (the bipolaron transition). 
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In PPV prepared by a special synthesis procedure which yields materials with 
improved structural order, Pichler et al. observed only the triplet feature in photoinduced 
absorption.14 In highly ordered blends of MEH-PPV, a single subgap peak was observed 
and assigned to the T-T* transition.79 The lineshape of this T-T* transition is asymmetric 
and well described as a broadened square-root singularity, implying that the triplet states 
are delocalized into quasi-one-dimensional bands. Since no pronounced vibronic features 
were observed, there is li ttle lattice relaxation in T* relative to T. The T-T* photoinduced 
absorption signal is polarized parallel to the chain orientation axis, indicating that the 
excited triplet states are intrachain excitations. Thus, although the long-lived bipolarons 
are defect stabilized, the triplet exciton is a well-defined excited state in the PPVs, and it 
is intrinsic. 

 
The observation of the photogenerated triplet exciton implies an intersystem 

crossing, because the initial photoexcitations are necessary in the singlet channel. The 
triplet binding energy must be significantly greater than kBT at room temperature, for 
otherwise the intersystem crossing would not take place, and the well defined T-T* 
transition would not be observed. The fact that the triplet exciton is found in the PPVs 
demonstrates that correlation effects are important and must be taken into account. 

 
Thus, although the singlet exciton binding energy is less than kBT, the triplet 

exciton is a stable excited state and has a significant binding energy. Again, studies of the 
PDA’s  provide a precedent for a much larger triplet binding energy. Robbins et al62b, 
observed the triplet state in PDA-toluenesulfonate and determined the triplet exciton 
binding energy to be Etrip = 1.4 eV, compared to a singlet exciton binding energy in the 
same system of 0.5 eV. Evidently in the PPVs, the singlet binding energy is less than or 
equal to kBT, while Etrip is greater than kBT at room temperature. However, there is no 
experimental measurement of the triplet binding energy in PPV or in any of its soluble 
derivatives. The absence of information on he triplet exciton binding energy is striking; 
measurement of the triplet binding energy should be taken as a challenge to 
experimentali sts in the conducting polymer field. 
 
 
 
11.  CONCLUSION 

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

 
The binding energy of the singlet polaron-exciton is small. Experiments which 

utilize the light-emitting electrochemical cell place the tightest limits on the magnitude of 
the binding energy; the data indicate EB less than 0.1 eV,  small compared to earlier 
estimates. Although within the error bars of a number previous measurements of the 
exciton binding 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 transition is 
asymmetric and quantitatively consistent with the lineshape expected for a quasi-one-
dimensional band semiconductor with electron-phonon interactions (i.e. the SSH model). 
The intrinsic absorption lineshape in the PPVs is not consistent with the exciton model. 
Moreover, excellent quantitative fits to the electroabsorption spectrum of MEH-PPV 
blends were obtained by using the SSH model. Thus, although absorption and 
electroabsorption measurements do not provide a value for EB, the lineshape is consistent 
only with the weak-binding limit for the polaron-exciton.  The quantitative agreement of 
the calculated absorption and electroabsorption lineshapes, as demonstrated in Figures 2 
and 3, provide perhaps the strongest evidence of the validity of the SSH model 
supplemented by disorder. 

 
All aspects of the fast transient and steady state photoconductivity data are 

consistent with photoexcitation of charged (positive and negative) polarons. Illumination 
by light with photon energy greater than the absorption edge generates carriers which 
promptly contribute to the photoconductivity. The onset of photoconductivity coincides 
with the onset of absorption. The photocurrent is linear in the electric field and 
proportional to the light intensity. Thus, carriers are generated by a first order process. 

 
Finally, the carrier generation mechanism in PPV has been addressed by directly 

comparing the transient photoconductivity, the photoluminescence, and the field-induced 
quenching of the photoluminescence as a function of the external electric field.  The field 
at which the photoconductivity becomes nonlinear depends on the degree of chain 
alignment: the higher the draw ratio, the lower onset field. This sensitivity to sample 
quality indicates that the nonlinearity results from field dependent mobil ity 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 neutral 
excitons as the elementary excitations, the high field increase in photocurrent 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 polaron-exciton is small, the 

corresponding triplet exciton is a well-defined excitation. The triplet state will have an 
effect on the quantum efficiency for photoluminescence only if the intersystem crossing 
time is short compared with the luminescence lifetime. The dynamics of the formation of 
the triplet state in the PPVs are not presently known. In poly(3-octylthiophene), P3OT, 
however, the intersystem crossing has been observed and studied in some detail .80 For 
P3OT, the intersystem crossing rate was found to be kisc » 109 (i.e. the intersystem 
crossing time is approximately 1 ns).  Since the spin-orbit coupling in the PPVs is weaker 
(no heavy atoms in the molcular structure), the intersystem crossing rate in the PPVs is 
expected to be slower. 
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In electroluminescence, however, the existence of the bound triplet can severely 
limit the quantum efficiency. If the triplet binding energy and the corresponding cross-
section for forming a triplet from a pair of injected carriers were large, the singlet-to-
triplet ratio would be determined by the multipli city of the triplet and singlet states (3:1). 
In this case, the quantum efficiency for electroluminescence would necessarily be limited 
to 25%. However, if the dynamics are such that the cross-section for triplet formation 
from a pair of oppositely charged polarons is relatively small , the limiting quantum 
eff iciency can approach 100%. Obviously, these issues are both scientificall y interesting 
and criticall y important to the assessment of the future potential of light-emitting devices 
fabricated from semiconducting polymers.  
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