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The carrier generation mechanism in poly~phenylene vinylene!, is addressed by studying the transient pho-
toconductivity and the photoluminescence as a function of the external electric fieldE in samples oriented by
tensile drawing. The transient photocurrent is proportional toE at low fields, but increases nonlinearly for
E.105 V/cm. The field at which the photoconductivity becomes nonlinear~the onset field,E0

pc) depends on
the degree of alignment: the higher the draw ratio, the lowerE0

pc. The dependence of the photocurrent onE is
similar to the dependence of the dark current onE; both imply a field-dependent mobility~rather than field-
dependent carrier generation!. The onset field for the nonlinear photoconductivity is, however, different from
the onset field for quenching the luminescence (E0

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.
@S0163-1829~96!08231-8#

I. INTRODUCTION

The fundamental question concerning carrier photoge-
neration in poly~phenylene vinylene!, PVV, can be suc-
cinctly stated: Are photocarriers created directly via inter-
band photoexcitation or as a result of exciton dissociation?
We address this issue by measuring the transient photocur-
rent I p ~temporal resolution of 50 ps! and photoluminescence
in the high-quality PPV samples oriented by tensile drawing,
as a function of field (E<83105 V/cm! and temperature.

Although considerable effort has been devoted to attempts
to unravel the three generic aspects of transient photocon-
ductivity in conducting polymers~carrier photogeneration,
carrier mobility, and carrier recombination!,1 the conclusions
remain controversial. It has been widely assumed that in low
mobility materials ~e.g., conducting polymers, amorphous
semiconductors, and molecular crystals!, there is a high
probability that the geminate electron-hole pair will remain
bound~an exciton! during the entire thermalization process.
Therefore, models of carrier photogeneration for this class of
materials,2–5 in particular, the Onsager model,6 have empha-
sized the importance of the Coulomb interaction in binding
the pair and the role of the external field in processes that
dissociate the pair into ‘‘free’’ mobile carriers.2–6

Extensive studies of fast transient photoconductivity of
conducting polymers, in the subnanosecond time regime,
have indicated, however, that different phenomena underlie
the carrier generation.1,7–9The experimental facts of particu-
lar importance are the following:~i! The fast transient pho-
tocurrent is independent of temperature (T); ~ii ! the fast tran-
sient photocurrent is linearly proportional to the external
field (E); ~iii ! the fast transient photocurrent is linearly pro-
portional to the light intensity; and~iv! the displacement cur-
rent contribution is far too small to account for the
photocurrent.8 ~i! and ~ii ! imply that the quantum efficiency

of carrier generation,h, is independent ofT and E; ~iii !
implies that the carrier generation is independent of the level
of excitation. Thus, carriers are generated by a first-order
process that cannot be attributed to interactions between ex-
citations.

The photoconductivity data are consistent with photoex-
citation of charged~positive and negative! polarons. Illumi-
nation by light with photon energy greater than the absorp-
tion edge generates carriers that promptly contribute to the
photoconductivity, consistent with~i! through ~iv! listed
above, and with the sharp rise time of the transient photocur-
rent. As the carriers thermalize to the band edges, they may
form weakly bound excitons~polaron pairs bound by the
Coulomb interaction!. This scenario is similar to that ac-
cepted for conventional semiconductors; in fact,~i! through
~iv! are generally characteristic of photoconductivity in semi-
conductors where the electronic wave functions are delocal-
ized and the electronic structure is described by band theory.

Although disorder leads to localization of the wave func-
tions in semiconducting polymers, experiments have shown
that in highly oriented and structurally ordered materials in
which the macromolecules are chain extended and chain
aligned, the excited state wave functions are delocalized over
a minimum of fifty repeat units~400 Å!.10 It is precisely
because the excited state wave functions are delocalized over
many structural repeat units that the semiconductor model is
the proper starting point for a description of the excited
states. For less well-ordered material, the mean localization
length will be correspondingly smaller. One consequence of
the disorder in conducting polymers is that the prompt mo-
bility is temperature independent, rather than increasing with
decreasing temperature, as is the case in crystalline semicon-
ductors.

The agreement between the energy for onset of photocon-
ductivity and the energy for onset of optical absorption im-
plies that the exciton binding energyEb is rather small
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(Eb,0.1 eV!.7–9 This method of determiningEb has been
clearly established, for example, from experimental studies
of the polydiacetylenes.11 Moreover, Eckhardtet al.12 found
that the electrochemically derived band gaps for PPV, poly-
~thienylene vinylene! and their alkoxy-substituted derivatives
agree well with the band gaps obtained from optical absorp-
tion, indicating that in all casesEb is within the measurement
error (Eb,0.1 eV!. More recently, studies of the onset of
emission, charge injection, and absorption in light-emitting
electrochemical cells have shown that the binding energy is
less than 0.1 eV.13

Nevertheless, the nature of electronic photoexcitations in
PPV and its derivatives has remained controversial.14–16Ker-
sting et al.16 reported field-induced quenching of the tran-
sient photoluminescence in poly~phenyl-phenylene vi-
nylene!, PPPV. They found that the magnitude of the
spectrally integrated luminescence decreases by about 30%
in a field of 23106 V/cm. They interpreted the field-induced
quenching in terms of dissociation of excitons with a rela-
tively large binding energy and concluded that the photocar-
riers are formed indirectly by exciton dissociation.16

With the goal of resolving this controversy, we have mea-
sured the transient photocurrentI p ~temporal resolution of 50
ps! and photoluminescence in high-quality samples of PPV
as a function of field (E<83105 V/cm! and temperature;
high-field measurements of the dark currentI d are included
as well. We find a nonlinear dependence of the peak photo-
currentI p onE that appears atE.53104 V/cm for oriented
samples with a draw ratio of 10:1; higher fields are required
for smaller draw ratios. Since the onset of nonlinearity de-
pends on the degree of alignment, the nonlinearity implies an
increase in carrier transport rather than an increase in carrier
generation. High-field quenching of the photoluminescence
is also observed. In order to investigate the correlation be-
tween the nonlinear photocurrent and the luminescence
quenching, we have carefully measured the field dependence
of the transient photocurrent and the field dependence of the
luminescence in the same sample. Contrary to the predictions
for strongly bound neutral excitons as the elementary excita-
tions, the high-field increase in photocurrent and the corre-
sponding decrease in photoluminescence are not propor-
tional; in particular, the onset field for the nonlinear
photoconductivity is significantly different from that for the
luminescence quenching. These observations, in conjunction
with the dependence of the dark current onE, imply that the
high-field nonlinear increase in photoconductivity results
from a field dependence of the mobility onE, consistent with
recent hole mobility measurements in PPV.17

II. EXPERIMENTAL METHODS

The transient photoconductivity was measured using the
Auston microstrip-switch technique.18 Gold microstrips were
deposited on top of the PPV film leaving a gap of 10–20
mm between 600-mm-wide microstrips; a gold ground plane
was deposited onto the back surface of an alumina substrate
to form a transmission line with 50-V impedance. One mi-
crostrip is biased with a dc voltage, and the other connected
to the EG&G PAR 4400 boxcar system fitted with a Tek-
tronix S-4 sampling head. The PPV samples were free-
standing films oriented by tensile drawing~draw ratio

l / l 051, 2, 3, and 10!, with thickness between 5 and 15
mm. The films were placed on the alumina substrate so that
the orientation axis~the draw axis! is parallel to the electric
field within the gap between the two microstrips. A dye laser
system~PRA LN105A! pumped with a PRA LN1000 N2
laser was used to produce 25-ps pulses at a photon energy of
\v52.92 eV with a repetition rate of 5 Hz. The overall
temporal resolution of the measuring system is'50 ps. In
some experiments, the laser light was polarized perpendicu-
lar to the orientation direction of the polymer film~and per-
pendicular to the direction of current flow! and in others the
light was unpolarized.

Dark current measurements~versusT andE) were carried
out using a Keithley 487 picoammeter/voltage source.

In experiments involving high electric field, one must
carefully consider the possibility of transient Joule heating
due to the relatively large transient photocurrent that is gen-
erated. Our experiments were carried out under constant cur-
rent conditions~at approximately 1024 A!; i.e., as the elec-
tric field was increased, the light intensity was decreased so
as to keep the photocurrent constant. By working at constant
photocurrent, the maximum energy per pulse was limited to
Q,4310210 J. At a maximum ofQ,4310210 J, we esti-
mate that Joule heating is not significant.

The field-induced luminescence quenching was measured
on a sample for which the transient photoconductivity was
measured as well, using a modulated argon laser as the light
source and a lock-in amplifier to detect the emission; the
photoluminescence signal was detected with a photomulti-
plier as photodetector. In order to minimize the effect of drift
in the laser power and light detection system in the measure-
ment of the luminescence quenching, the luminescence at
zero field was measured after each measurement of the lumi-
nescence at high field.

III. RESULTS AND DISCUSSION

A. Field dependence of the transient photoconductivity
and dark current

Figure 1 shows a typical transient photocurrent wave
form, measured at room temperature in PPV with a draw
ratio of 10 (l / l 0510) in response to a light pulse with inten-
sity of about 0.1mJ/cm2, at E52.43105 V/cm. The rise
time indicates the temporal resolution of the measuring sys-
tem.

Figure 2 shows the dependence of the peak transient pho-
tocurrent (I p) and that of the dark current (I d) on external
field; both sets of data were obtained from the same sample
at various temperatures. As noted in Sec. II, the light inten-
sity was decreased as the field was increased so that the peak
photocurrent remained roughly constant, at approximately
1024 A. Since the photocurrent is known to be linear in light
intensity at all applied fields used in our experiments, the
data presented in Fig. 2 are normalized to a constant light
intensity. The nonlinear dependence ofI p onE was checked
over a limited field range at high fields using a constant
low-level light intensity to pumpI p ~this cannot be extended
to low fields because the signal becomes too weak to detect!.

The peak transient photocurrent is six orders of magnitude
greater than the dark current. Moreover, whileI p ~top curve!
is independent of temperature,I d ~lower curves! rapidly de-
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creases as the temperature is lowered. The rate of decay of
the photocurrent is independent of external field. The decay
is weakly dependent on temperature; at low temperatures the
long-lived tail slightly decreases whileI p remains constant.

As shown in Fig. 2, the photocurrent and the dark current
are linearly dependent on the field forE,E0

pc553104 V/cm
( l / l 0510). The data are presented on a semilogarithmic plot
in Fig. 3; forE.E0

pc553104 V/cm, bothI p andI d increase
as exp(aE). Comparing the slopes of the curves in Fig. 3,
one finds thatap,ad , and thatad increases slightly at low
temperatures.

Although a similar dependence of the transient peak pho-
tocurrent and dark current onE are observed for different

draw ratios, the onset of photocurrent nonlinearity appears at
somewhat higher fields; the field defining the onset of non-
linearity isE0

pc'105 V/cm in samples drawn tol / l 053 and
E0
pc'1.73105 V/cm in polymer drawn tol / l 052. For non-

oriented samples, the transient photocurrent remains linear at
least toE0

pc553105 V/cm ~the range of fields used for tran-
sient measurements on nonoriented PPV was limited to
E,53105 V/cm because of the larger dark current observed
in this thicker, undrawn sample!.

The dependence of the nonlinearity on sample orientation
and structural order implies that the nonlinearity must arise
from nonlinear carrier transport rather than nonlinear carrier
generation. The current densityj p is given by
j p5n(t)evd5n(t)emE, wheren(t) is the number of carri-
ers with chargee, vd is the drift velocity, andm is the carrier
mobility. The linear increase ofI p with E in oriented PPV at
fields below 53104 V/cm is consistent with direct photo-
generation of charge carriers that then move with a constant
~field independent! mobility; in this linear regime, the carrier
mobility is constant, and the quantum efficiency of carrier
generation is independent ofE. One might assume that the
drift velocity is independent ofE and, therefore, that the
quantum efficiency of carrier generation is proportional to
E; however, the monotonic increase of the dark current with
field is not consistent with such an assumption. Similar gen-
eral behavior in a ladder-typep-conjugated polymer has
been reported by Antoniadiset al.19

Field-dependent~increasing! mobilities have been ob-
served at fields greater than 105 V/cm in organic field-effect
transistors.20 Moreover, independent measurements of the
mobility obtained from carrier transit time measurements in
light-emitting diodes made of~nonoriented! PPV indicate a
field-induced increase of the mobility forE.6.73104

V/cm.17 Thus, a corresponding increase of the carrier mobil-
ity is a plausible explanation of the nonlinear photoconduc-
tivity in oriented PPV. Based upon this assumption, the data
in Fig. 3 indicate an exponential increase in mobility at high
fields.21 Thus, the dependence of the photocurrent over the

FIG. 1. Time-resolved transient photocurrent of oriented PPV;
\v52.92 eV ('0.1 mJ/cm2 per 25-ps pulse!, T5300 K,
E52.43105 V/cm.

FIG. 2. The dependence of the peak transient photocurrent
(I p) and dark current (I d) on external field at various temperatures
in tensile drawn, oriented PPV,l / l 0510. The top curve (s) shows
that I p is temperature independent. The lower curves represent
I d : 300 K (d), 250 K (j), 200 K (l), 150 K (m), 100 K
(h).

FIG. 3. The data from Fig. 2 in the high-electric-field regime on
a semilogarithmic plot; the top curve (s) represents the
temperature-independentI p , whereas the lower curves represent
I d : 300 K (d), 250 K (j), 200 K (l), 150 K (m).
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entire field regime is dominated by the behavior of the mo-
bility; any increase in the carrier density in the high-field
regime is relatively minor compared to the increase in the
mobility.

The dependence of the onset field for the photocurrent
nonlinearity on the degree of tensile drawing indicates that
the field-induced increase in the mobility is more readily
achieved in high-quality polymers. We note in this context
that the magnitude of the peak transient photoconductivity
depends on the degree of polymer orientation;I p is smaller
in nonoriented PPV than in oriented PPV (l / l 0510) by
about a factor of 4, consistent with higher mobility in ori-
ented samples.

Other sources of photoconductivity that are nonlinear in
E must also be considered, such as field-induced carrier de-
trapping, and carrier release from traps via ‘‘impact ioniza-
tion.’’ The onset of field-induced detrapping would occur
when the carrier gains sufficient energy from the external
field to overcome the trap binding energy. Since the strong
temperature dependence of the dark current arises from shal-
low trapping with trap energies of orderkBT ('1022 eV!,
field-induced detrapping of carriers from shallow traps could
occur as well. On the other hand, field-induced detrapping of
carriers in the picosecond regime is unlikely because of the
temperature independence of the transient photocurrent. The
initial photocurrent measured in the picosecond regime is
representative of pretrapping transport.

B. Field dependence of the photoluminescence

If the elementary excitations are strongly bound excitons,
one expects free carriers only when they originate from ex-
citon dissociation. As noted above, photoconductivity linear
in E is observed at fields that are orders of magnitude below
the onset of photoluminescence quenching. Fast dissociation
of excitons by defects could in principle yield the carriers
responsible for the low-field photoconductivity. If this were
the case, however, one would expect the luminescence to be
quenched, analogous to the sensitization of the photoconduc-
tivity by the addition of C60.

9,22

In order to further explore the possibility of carrier gen-
eration via field-induced exciton dissociation, we look for a
correlation between the nonlinear contribution to the photo-
current and the quenching of the photoluminescence. Assum-
ing that each bound exciton dissociated by the field leads to
free carriers,23,24

Ds~E!/spc
0 52ADI L~E!I L

0 , ~1!

wherespc
0 is the low-field photoconductivity,Ds(E) is the

field-dependent change in photoconductivity,I L
0 is the low-

field luminescence intensity, andDI L(E) is the change in
photoluminescence intensity at high fields. Note that

Ds~E!/spc
0 5@ I pc~E!2I pc

0 #/I pc
0 5DI pc/I pc

0 , ~2!

where I pc
0 is the linear photocurrent extrapolated from the

field regime below 43104 V/cm.
We have measured the transient photoconductivity, dark

current, and steady-state field-induced luminescence quench-
ing atT577 K ! on the same sample (l / l 052). The Auston
switch configuration was used, with a sample length~gap

size! of approximately 18mm. Since the excited-state life-
time in PPV is a few hundred picoseconds, and the transient
photoconductivity spans a few hundred picoseconds~Fig. 1!,
we have measured the transient photoconductivity with 2-ns
boxcar time gate. This procedure samples the early time pho-
toresponse~i.e., at times particularly sensitive to the photo-
generation process!. Moreover, integrating over the 2-ns
boxcar gate provides an accurate measurement of the re-
sponse of the subnanosecond photocurrent with high signal-
to-noise ratio.

Figure 4 compares the field dependence of the transient
photocurrent and the corresponding dark current for the
sample withl / l 052. The data are plotted on a semilogarith-
mic graph in order to determine the onset field of the expo-
nential component inI pc andI d . As the data indicate, within

FIG. 4. The dependence of the transient photocurrent at 77 K on
external field is compared to that of the dark current at the same
temperature on a semilogarithmic graph. The arrows show the onset
of the nonlinearity.

FIG. 5. The dependence of the normalized change in the tran-
sient photocurrentDI pc/I pc

0 and the photoluminescence lumines-
cence quenching2DI L(E)/I L

0 on external field in oriented PPV
( l / l 052) at 77 K. The arrows denote the onset of the nonlinearity
in the photoconductivity~open circles! and the onset of the photo-
luminescence quenching~open squares!.
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experimental uncertainty, the onset fields are identical, im-
plying that the nonlinearity in the photocurrent and in the
dark current have a common origin, i.e., the onset of the
nonlinearity in the mobility, consistent with the sensitivity of
the onset field to draw ratio and consistent with the field-
induced mobility reported by Karget al.17

The photoconductivity (DI pc/I pc
0 ) and the photolumines-

cence@2DI L(E)/I L
0# data obtained at 77 K are plotted ver-

sus the bias field in Fig. 5. The data indicate clearly that
onset field for the nonlinear photocurrent,E0

pc50.773105

V/cm, is lower by about 50% than the onset field of the
luminescence quenching,E0

pl51.73105 V/cm. Below E0
pc

the photocurrent is linearly dependent onE, and belowE0
pl

the luminescence is field independent. At the highest electric
fields employed in the transient photoconductivity experi-
ment (E52.83105 V/cm!, 2DI L(E)/I L

0'0.30, whereas the
photocurrent increases beyond the linear extrapolation by a
factor of'6.3.

In Fig. 6,DI pc/I pc
0 is plotted versus2DI L(E)I L

0 . If car-
rier generation originates from exciton dissociation, a linear
correlation should exist betweenDs(E)/spc

0 and
2DI L(E)I L

0 . The solid curve in Fig. 6 corresponds to
y5A1Bxb where y5DI pc/I pc

0 and x52DI L(E)/I L
0 . The

interceptA arises from the different values for the onset field
discussed above. The best fit to the power law yields
b50.78. Figures 5 and 6 demonstrate the absence of a linear
correlation @Eq. ~1!# betweenDI pc/I pc

0 and 2DI L(E)/I L
0 .

The onset fields are different~the nonlinearity in the photo-
conductivity turns on at a lower field!, and even above the
onset,DI pc/I pc

0 is sublinear with respect to;DI L(E)/I L
0 .

This sublinear dependence is even more striking in the con-
text of the field-induced increase in mobility discussed
above. Given the increase in mobility, any residual change in
the number of carriers (Dn/n) as a function of
;DI L(E)/I L

0 is small.

To our knowledge, this is the first time an experiment has
been carried out to test Eq.~1! using the subnanosecond
transient photoconductivity; in experiments on other materi-
als, the steady-state photoconductivity has been used to test
Eq. ~1!. Since the steady-state photoconductivity is often
dominated by processes that occur at times long after the
photoluminescence decay time, using the transient photocon-
ductivity is a more rigorous test of the correlation between
carrier generation and luminescence quenching predicted for
strongly bound excitons.

C. Discussion on the mechanism of carrier generation
and luminescence quenching

The linear dependence of the transient photocurrent on
E in the low-field regime, at fields orders of magnitude be-
low the onset of nonlinear transport~see Fig. 2!, indicates a
carrier generation mechanism independent of external field.
This, in conjunction with~i! through~iv! listed in the Intro-
duction, implies the following process for excitation in PPV:
Illumination by light with photon energies greater than the
absorption edge generates mobile carriers via interband ex-
citation. While thermalizing toward the band edges to form
self-localized charged polarons, these carriers promptly con-
tribute to the transport, consistent with~i! through~iv!, and
with the sharp rise time of the transient photocurrent. This
process is similar to that determined for conventional inor-
ganic semiconductors; in fact, the above properties are stan-
dard features of photoconductivity in band semiconductors.
As the carriers thermalize into states near the band edges,
they form charged polarons that interact via the electron-
phonon interaction and the Coulomb interaction to form
weakly bound polaron excitons.

Field-induced photoluminescence quenching is a general
phenomenon, with different detailed mechanisms in different
regimes.23,24 The absence of correlation between
Ds(E)/spc

0 and2DI L(E)/I L
0 implies that field-induced dis-

sociation of strongly bound excitons is not the mechanism
responsible for the luminescence quenching.

The relatively low field required for the onset of lumines-
cence quenching implies a weak exciton binding energy.
Within the exciton model, luminescence quenching will oc-
cur when the charged carriers gain sufficient energy from the
external field to overcome the exciton binding energy,Eb ;
i.e.,

Eb'2a0E0
pl , ~3!

where 2a0 is the characteristic spatial size of the exciton
wave function. UsingE0

pl51.73105 V/cm and assuming that
the exciton wave function in PPV extends over a few repeat
units ~for polydiacetylene, 2a0'30 Å , see Ref. 25 and ref-
erences therein!, one obtainsEb'531022 eV, i.e., signifi-
cantly smaller than that estimated previously (Eb'0.4–1
eV!.16,26,27UsingE0

pc50.53105 V/cm as obtained from the
most oriented samples, Eq.~4! yieldsEb'231022 eV. Both
values are of orderkBT at room temperature.

In the limit of weak exciton binding energy, the ‘‘free
carrier’’ excitations generated in semiconducting polymers

FIG. 6. The normalized change in the transient photocurrent
(DI pc/I pc

0 ) is plotted vs the photoluminescence luminescence
quenching@2DL(E)/I L

0#. The solid curve is a fit to a power-law
functional form of y5A1Bxb, where y5DI pc/I pc

0 , and
x52DI L(E)/I L

0 ; the best fit to the power law yieldsb50.78.
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are self-localized positive and negative polarons. Photolumi-
nescence quenching would be expected when the polarons
are separated by the applied field over a distance greater than
the size of the polaron wave function; i.e., when

mEt.Lpolaron, ~4!

wherem is the transport mobility,t is the time required for
the onset of quenching, andLpolaronis the spatial extent of the
polaron wave function. TakingLpolaron'20 Å , t'50 ps,16

andE'23105 V/cm, Eq. ~4! yieldsm.231022 cm2/V s.
This value for the mobility would be considered high for
steady-state conditions, but not unreasonable for times,50
ps after photogeneration, when pretrapping transport is
dominant. Thus, field-induced quenching of the lumines-
cence from mobile polaron pairs appears to be consistent
with the experimental results.

Alternatively, many other processes are known to quench
the luminescence. It is well known, for example, that in-
jected carriers act as nonradiative recombination centers.28–30

The luminescence is quenched by doping.28 Dyreklevet al.29

showed that carriers injected into a polymer field-effect tran-
sistor act as nonradiative recombination centers. Quenching
of the luminescence has been observed in PPV upon steady-
state light illumination as well,30 implying enhanced nonra-
diative decay due to photogenerated charge carriers. Trapped
carriers would also be effective luminescence quenching
centers; a relatively large density of trapped carriers is cre-
ated especially when the sample temperature is comparable
to the typical trap depth. Indeed, evidence for multiple trap-
ping transport at long times in conducting polymers has been
established by photoconductivity measurements.1

Deussen, Scheidler, and Bassler31 carried out measure-
ments 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, Scheidler, and
Bassler31 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 de-
pendence would not be expected for field-induced lumines-
cence 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 also consistent with
the observation that the onset of luminescence quenching

depends on the draw ratio of the oriented samples. Such a
dependence is difficult to understand within the model ex-
pressed by Eq.~3!, but follows naturally if nonlinear trans-
port is the primary cause of the luminescence quenching.

IV. CONCLUSION

In summary, the transient photocurrent in PPV is linear in
E for E,E0

pc whereE0
pc depends on the draw ratio and the

degree of orientation. For oriented samples withl / l 0510,
E0
pc553104 V/cm. At fields greater thanE0

pc, the transient
and steady-state photoconductivity both increase exponen-
tially with E. The better the polymer chain alignment, the
lower the threshold field for the onset of nonlinear transport.
The dependence of the nonlinearity on sample orientation
and order, and the appearance of a similar exponential com-
ponent in the dark current imply that the nonlinearity must
arise from nonlinear carrier transport rather than nonlinear
carrier generation; the nonlinear increase in transient photo-
current with field results from a field-induced increase in the
transport mobility. Such a field-induced increase in mobility,
observed in independent measurements, is expected to be
sensitive to the quality of the material~i.e., chain alignment
and density of defects! in agreement with our observations.

The transient photocurrent was measured over times
~100–500 ps! comparable to the photoluminescence decay
time. The linear dependence of the photocurrent on external
field at fields below 53104 V/cm in PPV indicates the domi-
nant importance of mobile charge carriers which are directly
photogenerated rather than resulting from exciton dissocia-
tion. We find distinct and different fields for the onset of
nonlinear photocurrent and luminescence quenching. More-
over, even at high fields where the photocurrent is nonlinear
and luminescence quenching is observed, the two are not
linearly correlated.

The observation of photocurrent response at low fields,
the onset of photoconductivity at a photon energy that coin-
cides with the absorption edge, and the absence of correla-
tion betweenDs(E)/spc

0 and2DI L(E)/I L
0 are all consistent

with a model in which charged polarons~or polaron excitons
with binding energy no greater than a few timeskBT at room
temperature!, photogenerated through the interbandp-p*
transition are the primary photoexcitations in PPV.
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