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Extrinsic and intrinsic dc photoconductivity in a conjugated polymer
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Steady-state photoconduction was studied in typically 100-nm-thick films of a polyphenylenevinylene de-
rivative with ether linkages in the backbone. Samples were prepared in sandwich configuration between indium
tin oxide ~ITO! and Al electrodes. Forward photocurrents measured upon irradiating through the positively
biased ITO electrode decreased by typically three orders of magnitude when a 8–10-nm-thick silicon monox-
ide ~SiO! layer had been deposited on top of the ITO to prevent photoinjection of positive charge carriers.
Insertion of a SiO layer can thus be used as a tool to separate extrinsic from intrinsic sources of optical
charge-carrier generation. Analysis of the dependences of extrinsic and intrinsic photocurrents on temperature,
electric field, and photon energy indicate that they can be described in terms of Onsager’s theory of geminate
pair dissociation in either one or three dimensions.@S0163-1829~97!02231-5#
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I. INTRODUCTION

Photoconductivity has been one of the phenomena s
porting the notion thatp-conjugated polymers behave lik
inorganic semiconductors. The pertinent argument
largely been based upon the coincidence of the opti
absorption edge and the threshold energy for optical gen
tion of charge carriers.1–8 It seems to suggest that photo
absorption creates a pair of charge carriers whose mu
Coulombic binding energy is of orderkT only.9 This situa-
tion is encountered in inorganic semiconductors as a resu
the combined effects of band-type motion of charge carr
with low effective mass and a modestly large dielectric co
stant (>10). Neither of these premises is fulfilled in conj
gated polymers, however. The dielectric constant is not
ferent from that of typical molecular crystals (>3.5), and
charge transport occurs via hopping among different s
ments of the same or adjacent polymer chains on which
riers are localized thus rendering coherence effects unim
tant.

To resolve the puzzle one has to rely on early work c
cerning photoconductivity in molecular crystals.10 It is well
established that, upon exciting a molecular crystal throug
semitransparent electrode, the onset of photoconductivity
incides with the absorption edge because excitons diffus
to the interface may find it energetically favorable to diss
ciate by transferring one of the constituent charges to
acceptor level inside the electrode, e.g., the Fermi leve
the case of a metal.11,12 Its twin inside the crystal can easil
escape the attractive image potential and contribute to p
toconductivity. Organic molecules with appropriately locat
molecular orbitals, present either at the interface or in
bulk, may act in a similar way, thus giving rise to sensitiz
photoconductivity. In fact, it is difficult at times to suppre
these extrinsic sources of photoconductivity and determ
the action spectrum of intrinsic charge-carrier generatio13

The latter is blueshifted relative to the absorption spectru
560163-1829/97/56~7!/3844~8!/$10.00
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the energy offset being a crude measure of the energy it c
to dissociate an exciton into a pair of the charge carriers

There is growing evidence that similar phenomena ta
place in conjugated polymers. The fact that the quantum
ficiency of optical charge-carrier production inp-conjugated
polymers of the polyphenylenevinylene~PPV! type is !1
and both temperature and field dependent5 is incompatible
with the notion that photon absorption generates a pair
free charge carriers. Otherwise it would also be difficult
understand why inadvertant impurities or deliberately add
dopants, like oxidation products with high electron affinity7

should be able to increase the photocarrier yield subs
tially. In that respect C60 turned out to be a particularly effi
cient sensitizer for excited-state dissociation.14 The observa-
tion of an increase of the photocarrier yield in an alkox
substituted PPV of about 0.9 eV above the absorption ed15

has been taken as another indication that the system beh
like a classic molecular solid. Fluorescence quenching
high electric fields provides independent evidence of the
citon binding energy being about 0.4 eV,16–18 noting, how-
ever, that this value differs from the above mentioned ene
gap between the claimed intrinsic photoconductivity thre
old and the opticalS1←S0020 transition energy.

The aim of the present work is to discriminate betwe
extrinsic and intrinsic contributions to the stationary pho
conductivity in a conjugated polymer. The material chos
for this study is poly~oxy-1,4-phenylene-1,2-ethenylene-2,
dioctyl-oxy-1,4-phenylene-1,2-ethenylene-1,4-phenylene!, in
the following abbreviated as PPV-ether.19

It consists of well-defined distyrylbenzene blocks connec
by ether linkages. One of its advantages is that it can
3844 © 1997 The American Physical Society
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56 3845EXTRINSIC AND INTRINSIC dc . . .
prepared at a level of purity inaccessible with standard p
cursor PPV. Due to the partial interruption ofp conjugation
by the ether linkage, it can be considered as a model c
pound for a conjugated polymer consisting of structura
well-defined subunits.

II. EXPERIMENT

PPV-ether was synthesized by polycondensation using
HORNER reaction yielding vinylene double bonds in a
trans configuration as evidenced by IR spectroscopy. A p
toluminescence yield of 82% in solution testifies on the
sence of nonradiative quenching centers, such as oxida
products, in the polymer chain.19

By spin coating from chloroform solution clear films of
typical thickness of 100 nm could be deposited on top
indium tin oxide ~ITO!-covered glass slides. In order t
study the effect of charge carrier injection from ITO a certa
section of the contact area was covered by a 8–10-nm-t
evaporated layer of silicon monoxide~SiO, Balzers!, known
to block photoinjection. Before completing the sandwi
structure by evaporating Al top contacts of 0.07 cm2 the
sample was kept in a vacuum chamber at a pressur
>1026 mbar at 295 K for 12 h to remove residual solven

Stationary photocurrent measurements were performe
a temperature-controlled cryostat using a calibrated xe
lamp as a light source and employing lock-in techniques
signal detection. All data reported were recorded in a po
wise fashion, and refer to photocurrents established imm
ately after applying a rectangular light pulse. In case of
SiO layer on top of the ITO, the mode of data recordi
turned out to be unimportant, since the photocurrent w
constant throughout the irradiation period. However, so
decay was noted in the presence of SiO, indicating that
latter also has some effect on carrier discharge. In orde
minimize space-charge effects, the sample was shorted
each measurement, irradiated with red light for 10 s, a
kept in the dark for another 5 min before the next data po
was taken immediately after turning on the light.

Dark currents were of order 10210 A/cm2, typically one
order of magnitude lower than the lowest photocurrents c
sidered for data evaluation. The rather low value of the d
current testifies on the purity of the PPV-ether used. It tra
lates into a specific conductivity of 5310216 (V cm)21.
Since it is independent of the presence of a SiO layer, wh
dark conductivity is.10213 (V cm)21, it must either origi-
nate from thermally activated dissociation of a small amo
of inadvertant dopants or from electron injection from t
aluminum electrode. In view of the large energy barrier
latter process appears to be unlikely. Because of the low d
conductivity, one can safely rule out a redistribution of t
electric field inside the cell due to charge accumulation n
the SiO/PPV-ether interface. Even in the extreme case~i!
that the dark current was entirely due to electron transp
towards the positively biased ITO/SiO electrode and~ii ! that
no discharge occurs through the SiO layer, it would ha
taken about 2000 s to fully charge the SiO capacitor.

III. RESULTS

Figures 1 and 2 show the action spectra of the photo
rents observed with a 95-nm-thick PPV-ether film san
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wiched between an Al and an ITO electrode with or witho
a protective SiO layer upon irradiation through the ITO ele
trode. It is obvious that~i! the magnitude of the photocurren
is strongly polarity dependent, and~ii ! the presence of the
SiO layer has a significant influence if ITO is positively b
ased. The reverse photocurrentj 2 , i.e., ITO biased nega
tively, is unaffected by the SiO layer. At an applied extern
field of 2.13105 V/cm, the photocurrents measured at t
spectral maxima arej 151.431027 A and j 1,SiO53
310210 A, while j 2> j 2,SiO5231029 A. Another note-
worthy feature is the different shape of the action spectra
j 1 and j 1,SiO. The presence of a SiO layer on the top of t
ITO also affects the dependences of the forward photocur
on electric field as well as on temperature. Whilej 1,SiO(E)
is a steeply rising function of the electric field within th
entire field range studied (105– 106 V/cm), j 1(E) rises su-

FIG. 1. Absorption~full curve! and photocurrent action spectr
of a 95-nm-thick PPV-ether film sandwiched between ITO and
electrodes. Irradiation was through the ITO. Full squares refe
forward ~i.e., ITO positive! open circles to reverse photocurrent
The electric field was 2.13105 V/cm, and the temperature was 29
K. Photocurrents have been corrected for the spectrum of the xe
lamp and the transmittance of ITO. At 25 000 cm21 the photon flux
was 1.331015 photons (cm2 s)21.

FIG. 2. The same as in Fig. 1, except that the ITO electro
carried a 8–10-nm-thick silicon monoxide~SiO! layer. The scale of
the photocurrent is also the same.
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3846 56S. BARTH, H. BÄSSLER, H. ROST, AND H. H. HO¨ RHOLD
perlinearily only at low fields and tends to saturate forE
.106 V/cm ~Fig. 3!. The temperature dependence ofj 1,SiO

is non-Arrhenius-like~Fig. 4!. For T.290 K, Arrhenius be-
havior with an activation energy of 0.2560.02 eV is asymp-
totically approached, while, forT,200 K, j 1,SiO becomes
temperature independent. The temperature dependencej 1

is much weaker. Figure 5 presents data sets measured
different samples. They document that absolute photo
rents are reproducible within a factor of 2, and do not exh
an hysteresis effect. Ignoring the subtle deviation fro
simple Arrhenius behavior, one would end up with an ac
vation energyEa,153765 meV. It is worth noting that the

FIG. 3. Dependence of the photocurrent in PPV-ether on
electric field. Squares and circles: Forward photocurrent meas
upon irradiating through a neat ITO contact~j 1 , hnexc

525 320 cm21) and a SiO-covered ITO contact~j 1,SiO, hnexc

527 400 cm21!, respectively. The temperature was 298 K.

FIG. 4. Temperature dependence of the intrinsic photocur
measured upon irradiating a PPV-ether film through ITO/SiO
positive bias~E53.23105 V/cm, hnexc527 400 cm21!.
ith
r-
it

-

intensity dependence of the photocurrents is in all ca
strictly linear, independent of whether or not the incide
light is strongly ~at 25 000 cm21! or weakly absorbed~at
22 220 cm21! ~Fig. 6!. This testifies to the absence of bimo
lecular charge-carrier recombination and in the case of u
polar current injection, on the absence of space-charge
fects. It proves that the photocurrent is a measure of
number of charge carrier generated per unit time. Roo
temperature absorption and fluorescence spectra of a P
ether film are portrayed in Figure 7.

n
ed

nt
t

FIG. 5. Temperature dependence of the forward photocur
measured upon irradiating a 95-nm-thick PPV-ether film throug
neat ITO electrode. Data represented by triangles and circles w
taken with different samples, and full and open circles were take
rising and falling temperature, respectively. The data indicate b
the absence of hysteresis effects and the level of reproducibilit
absolute photocurrents with different samples~E52.13105 V/cm
andhnexc525 320 cm21!.

FIG. 6. Intensity dependence of the forward photocurrent i
105-nm-thick PPV-ether film irradiated through a neat ITO ele
trode~E51.93105 V/cm andT5298 K!. One intensity unit corre-
sponds to a photon flux of 1.331015 photons (cm2 s)21.
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56 3847EXTRINSIC AND INTRINSIC dc . . .
IV. DISCUSSION

A. Optical charge-carrier injection

The dependence of the observed photocurrents on the
larity of the irradiated ITO electrode and on the presence
a SiO layer, known to prevent injection while effecting di
charge of charge carriers only weakly, is an unambigu
signature of injection occurring. Since the highest photoc
rents are measured when native ITO is positively biased,
obvious that hole injection from ITO is the essential char
carrier delivering process. The underlying mechanism m
be dissociation of an optically excited state at the interf
via transfer of the excited electron from the lowest unoc
pied molecular orbital of the donor to the electrode, quite
analogy to what had been observed previously with an oli
para-phenylenevinylene model compound20 and with PPV in
contact with a molecularly doped polymer.21 The remaining
positive charge can be collected by the electric field, p
vided that it escapes geminate recombination with its cou
~image! charge.

In general, a sensitized photocurrent is given by

j 1~E,T,hn!5eI0w1~E,T,hn!
l d

l d1a21 , ~1!

where I 0 is the incident photon flux,a21 the penetration
depth of the incident radiation,l d the diffusion length of the
excitations@i.e., l d /( l d1a21) is the fraction of excitations
reaching the interface#, and w1 is the probability that an
excited state at the interface generates a free charge ca
Since at the absorption maximuma21>50 nm, and bearing
in mind that in a conjugated polymer a singlet exciton w
visit very few chain segments only before becomi
immobilized,22 l d!a21, and Eq.~1! reduces to

j 1~E,T,hn!5eI0w1~E,T,hn!a l s , ~2!

l s being the thickness of the photoelectrically active lay
adjacent to the electrode.w1 is the product of a primary
dissociation probabilityw0 and the probabilitywesc,s that the
carrier left inside the dielectric medium will avoid gemina
recombination with its counter, i.e., image charge. Given

FIG. 7. Room-temperature absorption and photoluminesce
spectra of a 95-nm-thick PPV-ether film. Dashed profiles repre
the inhomogeneously broadenedS1←S0 0–0 and S1→S0 0–0
bands, respectively.
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planar geometry, the field and temperature dependence o
escape probabilitywesc,s should be given by Onsager’
theory23,24 for geminate pair dissociation in one dimension
adapted to random systems in which the energy of the h
ping sites is subject to statistical variation. In the absence
disorder effects,

wesc,s5w1D5

E
0

1

exp~22jt2h/t !dt

E
0

`

exp~22jt2h/t !dt

, ~3!

whereh5e2/16p««0kTr0 , j5eEr0/2kT, and t is the nor-
malized spatial coordinate perpendicular to the surface
turns out that in the high-field limitwesc,s(E) reproduces as a
straight line over almost two decades if plotted on a lnw vs
E21 scale with the slope being proportional to2(«r 0)21,
and r 0 being the distance from the interface at which t
carrier starts its random walk. Experimental data forj 1 are,
in fact, consistent with Onsager’s theory~see Fig. 8!. It is
remarkable that the slope is almost the same as reporte
cently for sensitized hole injection from ITO into an oligo
para-phenylenevinylene doped into a polystyrene matri20

By comparing the slope with that of a theoretical plot calc
lated for a given set of values forr 0 and temperature, one
can infer the experimentalr 0 values. Assuming a dielectric
constant of 4 yieldsr 0>2 nm. If one identifies this value
with the thickness of the contact zone from which excit
state dissociation proceeds, one can estimate the abs
carrier yield. It extrapolates to a value close to unity in t
E→` limit for undiluted PPV-ether. This means that with
a skin depth ofl s>2 nm all excited states decay via ele
trode sensitized dissociation, and the fraction that esca
recombination with its image charge is determined by fie
and temperature-assisted diffusion, tractable in terms of
sager’s theory.

The action spectrum of sensitized injection from ITO
determined by normalizing the photocurrent to the numbe
photons absorbed within a skin depth of thicknessl s . The
result, shown in Fig. 9~a!, demonstrates that the dissociatio
yield is not strictly independent of photon energy—as it is

ce
nt FIG. 8. Field dependence of the extrinsic photocurrent in PP
ether~hnexc525 320 cm21 andT5298 K!.
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3848 56S. BARTH, H. BÄSSLER, H. ROST, AND H. H. HO¨ RHOLD
a molecular crystal—but increases as the latter increase
similar phenomenon has been observed with an oligo-p
phenylenevinylene blend.20 This might indicate that highe
excited states are more liable to dissociation. An alterna
explanation is that part of the excess photon energy is tr
ferred to the hole which, therefore, thermalizes at a sligh
larger distance from the interface and, concomitantly, ha
higher chance to avoid recombination with its image char
Detailed measurements ofw1(E,T) as a function of photon
energy would be needed to distinguish among these po
bilities.

The photocurrent at reverse polarity can, in principle,
due to~i! hole injection from the Al back-electrode,~ii ! elec-
tron injection from ITO, or~iii ! volume photoionization. The
second alternative can be ruled out sincej 2 is independent
of whether or not the ITO contact carries a SiO coating. T
concurs with work on molecular crystals, e.g., anthrace
which showed the electron injection is usually orders
magnitude less efficient than hole injection.25 The third alter-
native can also be discarded sincej 2@ j 1,SiO, anticipating
already that j 1,SiO reflects bulk-photoionization~see Sec.
IV B !. If j 2 is due to hole injection from the back-electrod
via exciton dissociation, its action spectrum must be mo
fied by the filter effect due to sample absorption, i.e.,

j 2~E,T,hn!5eI0w1,Ala l s exp~2aL !, ~4!

FIG. 9. Spectral dependence of the quantum yield of the forw
~a! and reverse~b! photocurrent measured with a PPV-ether fi
upon irradiating through a neat ITO electrode at a field of
3105 V/cm andT5298 K. The quantum yield has been defined
the number of charge carriers generated per photon absorbed w
a skin depth of 2 nm next to either the ITO or the Al electrode.
A
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L being the sample thickness. In fact, the spectral dep
dence of the efficiency of photoinjection (w1,Al) at posi-
tively biased Al obtained fromj 2 by appropriate normaliza
tion @see Fig. 9~b!#, is very similar to that ofw1 , except that
the yield is a factor of about one order of magnitude smal
This can be accounted for by efficient energy transfer fr
the excited state to metal electrons which competes with
dative excited state dissociation, and which does not occu
an ITO electrode.

B. Bulk photoionization

If the photocurrent j 1,SiO observed upon irradiation
through a positively biased, SiO-covered ITO electrode w
due to weak electron injection from the back-electrode,
spectral dependence should match that ofj 2 since both had
to originate from the same excited species being either
dized or reduced depending on electrode polarity. This is
variance with experiment. We therefore attributej 1,SiO to
bulk photoionization. In that case the photocurrent is prop
tional to the number of absorbed photons in the b
@12exp(2aL)# and the dissociation yieldwb of the optically
generated excited state,

j b~E,T,hn!5eI0wb~E,T,hn!@12exp~2aL !#. ~5!

This assignment is supported by both the temperature
field dependencies of the photocarrier yield, that differ in
characteristic way from that of the injection currents~see
Figs. 3, 4, and 5! and by the action spectrum determined v
Eq. ~5! ~Fig. 10!. The non-Arrhenius-type temperature d
pendence ofwb is in full accord with the prediction of pre
vious Monte Carlo simulations of geminate pair dissociat
in a three-dimensional hopping system with energe
disorder.26 A more detailed discussion of these results is d
ferred to a later publication. Suffice it to mention here th
the high-temperature asymptote is a measure of the ave
Coulombic binding energy of the dissociating geminate p
Its extrapolation toT→` yields the primary dissociation
yield wb,0 . Experimentally, wb,0>0.5 is found for hn
527 400 cm21, upper and lower bounds being 1.0 and 0.2

d

hin

FIG. 10. Spectral dependence of the quantum yield of the int
sic photocurrent measured upon irradiating a PPV-ether
through the ITO/SiO electrode at positive bias. The quantum y
has been defined as the number of charge carriers generate
photon absorbed~E52.13105 V/cm, T5298 K!.
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56 3849EXTRINSIC AND INTRINSIC dc . . .
respectively. Knowledge ofwb,0 allows a comparison o
wb /wb,0 , which is the dissociation yield of a primary opt
cally generated geminate pair, with the predictions of th
retical concepts. The simplest of these is Onsager’s theor
geminate pair dissociation in three dimensions premi
upon ~i! the existence of an infinite sink for carriers atr
50, ~ii ! a d-shaped initial distribution of intrapai
distances,27 ~iii ! the neglect of disorder effects, and~iv! a
field independent primary dissociation yieldw0 . Figure 11
compares the experimental field dependence ofwb /wb,0 with
the calculations by Pai and Enck.28 The data fit perfectly into
the pattern of dissociation yields as a function of elec
field parametric in the initial intrapair distancer 0 . Assuming
«54, r 051.2 nm is obtained. It translates into a zero-fie
activation energy ofE050.3 eV which compares well with
the extrapolated zero-field activation energy of the sh
circuit photocurrent in a PPV photovoltaic device.29

Before discussing the action spectra of bulk photoioni
tion, it seems appropriate to consider absorption and fluo
cence spectra of PPV-ether first because they provide s
information concerning the energy distribution of excit
states. From previous spectroscopic work it is known t
both the absorption and fluorescence spectra consist o
inhomogeneously broadenedS1⇔S0020 transition of ap-
proximately Gaussian shape followed by vibronic progr
sions. If non-site-selectively recorded only one vibration
feature with energy>1500 cm21 can be distinguished
which, in fact, is the convolute of several vibrations of t
phenylene-vinylene skeleton.18,30–32The maxima of the ori-
gin bands in absorption and emission bear out a Stokes
d that arises from the electronic relaxation an excited s

FIG. 11. Comparison between the experimental field dep
dence of the intrinsic photocarrier yield in undiluted PPV-ether, a
theoretical 3D Onsager fits for«54 and variable thermalization
distancer 0 ~from Ref. 28!.
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suffers while migrating incoherently within the manifold o
hopping states. The latter are identified as segments of
polymer that accidentally differ in energy due to rando
packing and/or random effective conjugation length. If d
namic equilibrium is attained,d5sabs

2 /kT, sabs being the
variance of the inhomogeneousS1←S0020 profile.

A crude band profile analysis of the 298-K absorption a
emission spectra~Fig. 7! yields aS1←S0020 band centered
at 23 400 cm21 with sabs5740 cm21 @the full width at half
maximum ~FWHM! is sA2 ln 2#, a S1→S0020 band cen-
tered at 21 550 cm21 with sem5560 cm21 and d
51850 cm21. The experimental value ofd is less than
s2/kT (2700 cm21), indicating that the lifetime of the ex
cited states is unsufficient for attainment of equilibrium.

With this information in mind we shall now be discussin
the action spectrum of bulk photoionization. It starts risi
monotoneously above>23 200 cm21 from a background
level that appears to be independent of photon energy. If
attributes that background to some residual injection or p
todetrapping, and subtracts it from genuine bulk photioni
tion, one arrives at a yield that followsw}(hn2hn0)2 ~Fig.
12!. Similar power-law dependences have been reported
intrinsic photoionization in molecular crystals.33 Considering
the uncertainties in determining the background photocar
yield and of the spectral deconvolution procedure, one
safely conclude that the threshold for intrinsic photoioniz
tion (23 100 cm21) is close to the center of theS1←S00
20 absorption band. Importantly, there is no correlation

-
d

FIG. 12. A plot of the square root of the intrinsic charge-carr
generation yield as a function of photon energy. Data have b
taken from Fig. 10 after subtracting a constant background yield
131025.
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3850 56S. BARTH, H. BÄSSLER, H. ROST, AND H. H. HO¨ RHOLD
tween the action spectrum and the absorption spectrum
particular, no change in the action spectrum is obser
when exciting into the vibronic replica instead of the 020
band. This is an unambiguous signature of primary photoi
ization occurring prior to vibronic cooling.

The straightforward conclusion is that the primarily e
cited Franck-Condon state dissociates with a certain p
ability into ane-h pair on adjacent chain segments. On t
basis of the structureless absorption spectrum and the
mary yield coming close to unity, we consider it unlikely th
primary photoionization is due to a direct, i.e., optica
driven charge-transfer transition buried underneath the e
tonic on-chain transition.34 Excited-state dissociation mus
on average, be an endothermic process because charge
fer has to proceed against the attractive Coulombic poten
The likelihood for this to occur increases with the exce
energy of the dissociating Franck-Condon state. While
organic crystals an energy gap usually exists between
excitonic absorption edge and onset of intrinsic photoc
ductivity this gap narrows, and may even approach zero
random media because the expense in Coulombic en
may be compensated for by a gain in site energy, albeit w
low probability. From the fact that the fluorescence spectr
of PPV-ether is characteristic of an individual chromopho
rather than of a dimer or an excimer,35 one can also exclude
the possibility that the energy of a givene-h pair is less than
that of a parent singlet state. Otherwise fluorescence spe
should carry features of a charge-transfer transition. Thi
not the case for PPV-ether. The situation after photoexc
tion of PPV-ether is therefore not different from that in
classic molecular solid. An excitation with some excess
ergy can form a short-lived geminatee-h pair that can either
recombine to reestablish fluorescentS1 state of one of the
parent chain segments or dissociate in accord with the 1
version of Onsager’s theory of geminate pair dissociation
three dimensions.
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V. CONCLUDING REMARKS

The present work substantiates the conclusion drawn
previous work on oligo-para-phenylenevinylene,20 indicating
that the photoinjection of holes from an ITO anode is t
main contributor to photoconductivity in conjugated pol
mers and their oligomeric counterparts. Eliminating this p
cess by introducing a blocking layer provides a handle
intrinsic photoionization which does occur, albeit with di
ferent signatures as far as its dependence on electric fi
temperature, and photon energy is concerned. The ac
spectrum of the latter increases at photon energies in ex
of theS1←S0020 transition energy in qualitative agreeme
with the results of Chandrosset al.15 on PPV. In conjunction
with the measured activation energy of this process, this c
firms the earlier notion that an energy of@kT is needed for
generating a freee-h pair from an excitonic precursor state
On the other hand, the results do not allow to extract a va
for the exciton binding energy either. If one identified th
latter with the sum of the zero-field activation energy~0.3
eV! and the difference between the photon energy at wh
this value has been measured~3.4 eV! and the mean single
exciton energy~2.9 eV!, one would end up with a value o
0.8 eV. However, this procedure overestimates the exc
binding energy because it implicitly assumes that prim
photoionization is an elastic process. This ignores the ene
dissipation in the course of a thermalization process of
kind which is usually invoked to explain photoionization
molecular crystals.
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Bässler, P. Haring Bolivar, G. Wegmann, and H. Kurz, Syn
Met. 78, 289 ~1996!.

23D. F. Blossey, Phys. Rev. B9, 5183~1974!.
24K. J. Donovan and E. G. Wilson, Philos. Mag. B44, 31 ~1981!.
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