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Place du Parc, 20, B-7000 Mons, Belgium
‡ University Chemical Laboratory, Lensfield Road, Cambridge CB2 1EW, UK
§ Max-Planck-Institut für Polymerforschung, Ackermannweg 10, 55128 Mainz,
Germany
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Conjugated polymers such as poly(p-phenylene vinylene)s (PPVs)
allow low-cost fabrication of thin semiconducting films by solu-
tion processing onto substrates. Several polymeric optoelectronic
devices have been developed in recent years, including field-effect
transistors1, light-emitting diodes2, photocells3,4 and lasers5. It is
still not clear, however, whether the description of electronic
excitations in these materials is most appropriately formulated
within a molecular or semiconductor (band-theory) picture. In
the former case, excited states are localized and are described as
excitons; in the latter they are delocalized and described as free
electron–hole pairs. Here we report studies of the electronic states
associated with optical excitations in the visible and ultraviolet
range for the conjugated polymer poly(2-methoxy-5-(29-ethyl-
hexyloxy)-p-phenylene vinylene) (MEH-PPV), by means of
photocurrent measurements and quantum-chemical calculations.
We find several photocurrent spectral features between 3 and 5 eV
which are coupled with bands in the absorption spectrum. On
modelling the excited states in this energy range, we have dis-
covered an important feature that is likely to be general for
materials composed of coupled molecular units: that mixing of
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Figure 1 Structural formula of MEH-PPV and of the C60 derivative.

delocalized conduction- and valence-band states with states
localized on the molecular units produces a sequence of excited
states in which positive and negative charges can be separated
further at higher energies. In other words, these excited states
facilitate charge separation, and provide a conceptual bridge
between the molecular (localized) and semiconductor (delocalized)
pictures.

An indication of the difficulty in finding a coherent description
for polymeric materials which show both molecular and semicon-
ductor properties is provided by the conflicting descriptions of
polymer photoexcitations in the literature, ranging from ‘free-
electron’ models6 to localized excitons7–9. The question of how to
describe such photoexcitations is not of merely academic interest,
but determines the possible efficiency of polymer light-emitting
diodes2, diode lasers and photocells3 and can provide clues for the
understanding of long-distance (.10 Å) electron-transfer processes
that are discussed as possible within a DNA matrix and might play a
role in the mechanisms of DNA damage and repair processes10,11.

Our present photocurrent measurements on MEH-PPV (Fig. 1)

Figure 2 Short-circuit photocurrent spectra (solid line) and absorption spectra

(dotted line) of different films. a, MEH-PPV (film thickness 3,000 nm); b, MEH-PPV

(film thickness 130 nm); and c, a blend of 50wt% MEH-PPVand the C60 derivative.

For c, an indium tin oxide (ITO) electrode was used instead of gold, and

illumination was through the semitransparent aluminium electrode. Intensities

are given in arbitrary units.
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Figure 3 INDO/SCI calculations for the 11-ring PPV model oligomer; the site

labelling is shown at the top. a, Simulated linearabsorption spectrum. The vertical

dotted lines represent the oscillator strength of the excited states for which the

wavefunctions have been computed; the absolute value of the exciton

wavefunction jΨðxe ; xh ¼ 34Þj calculated for the PPV undecamer as a function of

carbon site for a fixed position of the hole at site 34 is shown for excitation into; b,

the first absorption peak (3.1 eV); c, the second absorption peak (3.9 eV); d, the

third absorptionpeak (4.8 eV);e, the fourth absorption peak (6.2 eV); and f, the fifth

absorption peak (.6.5 eV). The energies given refer to the experimentally found

peak positions. The corresponding theoretical transition energies (eV) are at 3.0,

3.8, 5.6, 6.3 and 7.0.
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extend earlier reports12,13 of the action spectrum for photodiodes
and photoconduction spectra further into the ultraviolet, and allow
comparison with the optical absorption spectra beyond the first p–
p* absorption band to cover three higher-lying absorption bands.
The devices used for the photocurrent measurements were in the
form of ‘sandwich’ structure diodes, fabricated in a layer structure of
quartz substrate/semitransparent gold electrode/MEH-PPV film/
semitransparent aluminium electrode. The short-circuit photocur-
rent was recorded in vacuum of 10−6 mbar. The photocurrent is
corrected for the incident photon flux. Illumination was through
the quartz substrate.

Figure 2a shows the photocurrent and absorption spectra of a
photocell with a 3,000-nm-thick MEH-PPV film. The photocell was
annealed at 100 8C for 12 h before the measurement to reduce the
content of residual oxygen and water. We find photocurrent features
at the onset of each absorption peak. In many photocells, we also
observe a general photocurrent rise at and beyond 5 eV (Fig. 2b, for
a 130-nm-thick MEH-PPV film, not annealed). We note that the
third photocurrent feature is much larger than the first two. This
increase in the photocurrent quantum yield does not scale with the
size of the absorption coefficient, and cannot be accounted for by
‘internal filter effects’14–16. For example, the absorption coefficient of
MEH-PPV (Fig. 2b) is the same at 2.3 eV, 3.5 eVand 4.6 eV. Addition
of an electron-accepting species such as a soluble C60 derivative17 (to
give a blend of 50 wt%, corresponding to one C60 derivative per four
MEH-PPV repeat units) increases the intensity of the first two
photocurrent features relative to the third feature in addition to
giving an overall rise in the photocurrent quantum yield (Fig. 2c).
The rise in quantum yield will also involve other, complex con-
tributions not addressed here, including improved charge trans-
port. The photocurrent quantum yields were ,10−3% at the first
photocurrent peak for MEH-PPV; a value of 7% was measured for
the blend of MEH-PPV and the C60 derivative when illuminated
through the indium tin oxide electrode at a photon energy of 2.5 eV.
The feature common to all these devices is the presence of several
distinct photocurrent features connected with the absorption peaks.
This demonstrates the role of several distinct electronic transitions
in the process of charge generation, with different efficiencies of
charge separation.

There has been considerable work done to calculate the optical
transitions in PPV and related materials, by including Coulomb
interactions13, and taking into account the full chemical structure of
the polymer repeat unit18,19. To investigate the cause of the large
photocurrent yields at high photon energies we have performed
‘intermediate neglect of differential overlap’ (INDO)/‘single con-
figuration interaction’ (SCI) calculations of the exciton wavefunc-
tion for the 11-ring PPV oligomer. We have computed the exciton
wavefunction jΨPPVðxe; xh ¼ 34Þj, which represents the probability
amplitude of finding an electron in a given site xe assuming that the
hole is located in the middle of the oligomer backbone, that is, on
site xh ¼ 34 (see the site labelling in Fig. 3a). We note that all
occupied and unoccupied p levels are taken into account, in
contrast to our earlier calculations18. Figure 3a shows the INDO/
SCI simulated linear absorption spectrum of the model oligomer;
representative exciton wavefunctions for each of the five calculated
absorption peaks (hereafter denoted I, II, III, IVand V) are shown in
Fig. 3b–f. These absorption peaks arise from contributions of both
delocalized and localized p wavefunctions: the wavefunctions are
illustrated in Fig. 4. When the electronic wavefunction of the
molecular orbital has nodes at the para-positions of the ring, that
is, at those carbon atoms which link neighbouring rings, there is
negligible delocalization of charges between neighbouring rings—
the charges are confined or localized to their own ring. However,
when the electronic wavefunction has its nodes orthogonal to the
polymer axis, the carbon atoms at the para-position carry a high
charge density. Charge can then delocalize between neighbouring
rings and indeed over the whole chain.

From Fig. 3b–f, we can distinguish between two types of excited
states. First, there are states where the wavefunction,
jΨPPVðxe; xh ¼ 34Þj, has a narrow gaussian shape, centred on the
hole site and confined to the neighbouring repeat units. This is the
case for the states created by excitation into first, second and fourth
absorption peaks. In particular, we estimate the coherence length of
the lowest excited species (peak I), responsible for the luminescent
properties of the polymer, to be of the order of five phenyl rings,
while peak IV corresponds to excitations that hardly extend over
more than a monomer unit. We find that the electronic transitions
to these states are polarized parallel to the chain, consistent with the
results reported in refs 19 and 20. From the analysis of the
configuration interaction expansion, we find that these excited
states arise from excitations between the same types of orbitals,
that is, from delocalized occupied orbitals to delocalized unoccupied
orbitals (peaks I and II), or between occupied and unoccupied
electronic levels that are both confined on the phenylene rings (peak
IV). We note that the excited states belonging to peaks I and IV
correspond, respectively, to the ‘B’ and ‘D’ transitions mentioned in
ref. 19. These are the excited states for which we measure only a low
photocurrent quantum yield.

Second, there are excited states, which we term charge-transfer
states, where there is a finite probability of finding the electron and
hole separated by a few phenylene rings. This is the case for the states
formed by excitation into the third (III) and fifth (V) absorption
peak. These states correspond to excitations polarized in the plane
of the p-network, with strong contributions perpendicular to the
chain axis, as also reported in refs 19 and 20. In contrast to the first
kind of states, their configuration-interaction description involves
only electronic transitions from delocalized occupied molecular
orbitals to localized unoccupied levels and vice versa (the electron is
in a delocalized band state and the hole is confined on a benzene
ring or vice versa; excitations ‘A’ and ‘C’ in ref. 19). These are the
excited states that give rise to a particularly large photocurrent.

Sub-picosecond time-resolved measurements of photolumines-
cence have shown that there is extremely rapid cooling of higher-
energy excited states, so that emission is essentially from the lowest
singlet excited state within 1 ps (refs 21, 22). Under these condi-
tions, the probability of charge separation depends on the ability of
electron and hole to separate at short times (possibly aided by
extrinsic means23–25), before the lowest-lying, bound exciton is
formed. We consider that this is facilitated in the higher-lying
excitonic transitions when there is increased separation of electron
and hole; this is particularly important for the third absorption
band, as shown in Fig. 3. By addition of a high concentration of a
highly electronegative compound, such as 50 wt% of a C60 deriva-
tive, efficient charge separation can also be achieved for peaks I and
II. The increase in charge separation efficiency for excitation into

Localized orbitals

Delocalized orbitals

Figure 4 Scheme of molecular orbitals in poly(p-phenylene vinylene) with nodes

at para-position and with nodes orthogonal to the molecular axis (after ref. 28).

Different grey levels denote positive and negative signs of the molecular wave-

function.
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peak I can be used for the fabrication of efficient polymer photo-
voltaic cells4.

In excited states that have their origin in a transition from a
delocalized orbital to a delocalized orbital, both carriers, electron
and hole, are similarly extended, and therefore spatially overlapped.
The same is true for excited states that involve transitions from a
localized orbital to another localized orbital. However, in an excited
state formed by a transition from a localized orbital to a delocalized
orbital, the hole is confined to the phenylene ring, while the electron
is delocalized over the chain (or vice versa). We consider that this is
the reason for the higher photocurrent yields of these states.

These results, which have antecedents in early work on molecular
crystals (refs 25–27 and refs therein), have more general implica-
tions for the understanding of electronic excitations in low-dimen-
sional systems10,11. The presence of charge-transfer states that
separate more readily into free electron and holes can provide a
natural description for the progression from molecular to semi-
conductor models of electronic excitations. M
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16. Harrison, M. G., Grüner, J. & Spencer, G. C. W. Analysis of the photocurrent action spectra of MEH-

PPV polymer photodiodes. Phys. Rev. B 55, 7831–7849 (1997).
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Many large-scale applications of high-temperature superconduc-
tors depend crucially on the ability to achieve high critical-current
densities Jc (of the order of 105 A cm−2). Existing silver-sheathed
(Bi,Pb)2Sr2Ca2Cu3Ox (BSCCO) tapes have Jc values that come
within about 25% of this target1–4, these values being limited by
the fact that the supercurrent flows percolatively around barriers
that occur over many length scales5. To elucidate the nature of
these barriers, we have measured the transport properties of
individual filaments extracted from very-high-Jc multifilament
tapes6. We find that Jc for individual filaments reaches at least
8 3 104 A cm 2 2 —about 50% higher than the average value over
the whole cross-section of the wire. Although we injected the
current to flow along the crystallographic a–b planes of the
material, we found that all filaments possessed local character-
istics of c-axis transport, indicating the presence of occasional
nanometre- to micrometre-scale barriers at basal-plane-faced
grain boundaries. An independent and much larger limiting
influence on the critical current comes from unhealed cracks
produced by deformation during the processing of the wires.
These results provide direct evidence that better processing
methods aimed at improving the c-axis alignment and at inhibit-
ing residual cracks should raise the accessible Jc values towards
those needed for applications.

The filaments studied were extracted from an 85-filament,
rectangular conductor, the Jc (at 77 K, 0 T) value of which was
54 kA cm−2, averaged over the whole BSCCO cross-section. This
value is characteristic of the very best conductor samples which can
be made reproducibly6. The filaments, extracted by dissolving the
silver away in a NH4OH/H2O solution, were 5–10 mm thick, 100–
200 mm wide, and several millimetres long (Fig. 1a). Current leads
were attached to both top and bottom faces with silver-epoxy to
provide symmetric current feed into the a–b planes, as shown in
Fig. 1a inset. Owing to filament burn-up in some of the first tests,
sections between the voltage probes (,0.2 mm apart) were pat-
terned into ,50-mm-wide bridges by slicing off the edges of the
filaments with a laser-cutter (we admit the possibility that this may
have removed the very highest-Jc regions of the filaments7).

Voltage–current characteristics were measured with a precision
of ,10 nV. Jc was defined by Ic /A, where Ic is the critical current
defined at the usual 1 mV cm−1 criterion and A is the minimum
cross-sectional area of the filament between the voltage taps. Local
variations in A which depend on the plate-like nature of the BSCCO
grains produce local variations of the filament thickness of a few
micrometres. Both thickness and width were measured with a light
microscope to an accuracy of ,1 mm, making the width uncertain
to ,5% and the thickness uncertain to 10–20%. Jc (77 K, 0 T)
values obtained from seven different filaments ranged from 30 to
80 kA cm−2, thus showing considerable macroscopic inhomogeneity


