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A technique based on the action of pairs of correlated laser light pulses~400 nm wavelength! with a
controlled delay time between them was applied for studying second-order processes responsible for the
formation of free charge carriers in a conjugated polymer poly~2,5-dioctyloxy-p-phenylenevinylene!. Time-
resolved experiments within the picosecond time domain enabled the attainment of direct evidence of the
existence of intermediate states preceding free charge carriers at the photoexcitation of conjugated polymers.
These states are shown to take part in second-order processes responsible for the generation of free charge
carriers in conjugated polymers at a sufficiently high excitation density. The short lifetime of species involved
in the processes led to the speculation that they are primarily formed polaron pairs, the majority of them being
generated without any delay at the absorption of the light.

DOI: 10.1103/PhysRevB.66.075214 PACS number~s!: 78.47.1p, 78.20.2e, 71.35.2y, 71.20.Rv
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I. INTRODUCTION

Photoconductivity of conjugated polymers is an importa
property that is useful in numerous applications of the ma
rials. It is a complex physical phenomenon, depending
various fundamental factors, and is worth studying via va
ous techniques. To date, two main approaches exist for
scribing photoconductivity; one of them considers absor
light induced interband transitions, as in inorganic semic
ductors, and the other treats the photoconductivity as a re
of reactions with the participation of excited species form
under the light absorption~see review papers in Ref. 1!. In
this respect, the latter approach is similar to that in molecu
crystals where excitons are primarily formed, and then th
autoionization and electron-transfer reactions occur. Ho
ever, recent studies carried out by the pump-and-probe t
nique have revealed that in contrast to molecular cryst
charge carriers appear within picoseconds after li
absorption.2–5 In one work,3 such a conclusion was arrived
by measurement of the time-resolved formation of pola
pairs within the picosecond time domain by probing chan
of the cw photocurrent instead of the light absorption.
connection with this fact, one has to note that the appeara
of charged species in the material is a necessary but
sufficient condition for the cw photocurrent. The charg
species must be free to drift under the action of an exte
electric field, and show a certain shift by the field duri
their lifetime. However, positive and negative charge carri
in molecular solids, being formed in pairs, remain in t
mutual Coulomb field, and recombine geminately.6–9 This is
a consequence of the low mobility of charge carriers or
larons. For geminately recombining polaron pairs, the
shift of charges is zero. Only some of the pairs manage
dissociate and contribute to the cw photocurrent. The th
mally activated process of dissociation of polaron pairs
0163-1829/2002/66~7!/075214~7!/$20.00 66 0752
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plains the temperature dependence of the cw photocon
tivity. The latter becomes smaller on lowering th
temperature, a typical value of the activation energy be
about 0.2 eV.

Activated dissociation of polaron pairs does not appea
be the only way for free carrier formation. Our recent resu
~see Ref. 3! obtained on substituted polythiophene and po
(p-phenylenevinylene! have shown that at laser pulse exc
tation, photoconductivity appears, which does not depend
the temperature. According to the model, primarily form
charge carriers belong to polaron pairs, and they can t
part in the photoconductivity only if geminate recombinati
is prevented. These primarily formed polaron pairs cont
polarons with higher~about 0.2 cm2/V s) and temperature
independent mobility.3 At low temperatures, the pairs cann
dissociate, and it was conjectured that free polarons ap
as a result of inter-pair recombination. Two charges fro
neighboring pairs recombine leaving two remaining char
at a larger intercharge distance thus increasing their cha
to lie outside the Onsager radius and become free.

In the present work, we studied processes responsible
the formation of free polarons~free charge carriers! in
samples of a typical conjugated polymer, poly~2,5-
dioctyloxy-p-phenylenevinylene! ~OO-PPV!, under laser
light ~wavelength 400 nm! excitation by a new technique
based on the correlated action of two 150 fs laser pulses
a controlled delay time between them. There is a feature
the action which changes the yield of the products of
second-order processes as a function of the delay time u
the condition of constant average intensity of laser exc
tion. The technique is selectively sensitive to the seco
order processes with the participation of intermediate ac
species having a lifetime within the range of the delay tim
used. It enables detection of those species and determin
©2002 The American Physical Society14-1
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RAHMAT HIDAYAT et al. PHYSICAL REVIEW B 66, 075214 ~2002!
of their properties. Measurement of average photoconduc
ity induced by a sequence of pulses having a 1 kHz repetition
rate ensured taking into account free charge carriers o
The technique enabled the attainment of direct evidence
superlinear processes responsible for free polaron forma
The lifetime of intermediate states taking part in these p
cesses is shown to be in the picosecond time domain
possible scenario of the processes is suggested, which
volves the primary formation of pretrapped polaron pa
thermalization of the pairs, and interpair recombination.

II. METHOD AND EXPERIMENT

A. Photoconductivity measurements

In order to ensure that we are dealing with free cha
carriers, it is necessary to measure the photoconductivit
the electrical circuit with anRC value that is much highe
than the lifetime of possible polarizable species formed
der the action of light. In such a case, one should not
deterred by the displacement current of polarization nat
which may be responsible for the transient current measu
in a low RC circuit.10 In the present experiments, we me
sured the average photocurrent of OO-PPV excited by th
kHz sequence of 150 fs laser pulses or pairs of the pu
with the wavelength of 400 nm. dc voltage was applied
electrodes during the photoconductivity measurements.

B. Two-pulse-correlation technique

For studying the second-order processes responsible
the formation of free charge carriers, we suggested usin
two-pulse-correlation laser technique.11 A pretext for looking
for second-order processes was an observation of the su
linear dependence of the prompt component of the photoc
ductivity on the intensity of the laser pulses.3 In Ref. 11, we
suggested splitting the pulses generated by the laser
pairs of pulses with controlled delay time between them a
illuminating the sample by these correlated pulses. Althou
the total intensity of the pairs remained the same at any d
time, the yield of any second order processes would dep
on the density of species taking part in the processes.
density itself depends on the superposition of the spe
produced by the first pulses of the pairs and surviving up
the moment of action of the second pulses. The rate of
mationU of products of a second-order process is believed
depend on the delay timeDt and the intensity of lightI of
two equal light pulses as

U}I 2@11 f ~Dt !#. ~2.1!

Here, f (Dt) is the function normalized to unity and de
scribes the decay of species taking part in the second-o
process. A prompt component of the transient photocond
tivity recorded at a relatively high value ofRC or average
photoconductivity may serve as a measure of the value oU.
This formula appears as the result of integration of the pr
ucts of a bimolecular reaction between intermediate spe
generated by two short pulses with intensitiesI 1 and I 2, the
second one being delayed byDt in respect to the first one. In
07521
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the case off (t) having an exponential view withk1 as a
monomolecular decay rate constant, the integration term

U}E
0

Dt

~ I 1e2k1t!2dt1E
Dt

`

~ I 1e2k1(t2Dt)1I 2e2k1t!2dt

5I 1
21I 2

212I 1I 2e2k1Dt. ~2.2!

In order to increase the sensitivity of the technique,
modulated the sequence of the first~undelayed! pulses by a
chopper with a low frequency. A lock-in amplifier measur
theR vector and phase values of the modulated photocur
at a low modulation frequency while changing the del
time. The modulated signal was proportional to the diff
ence between signals produced by two sequences of pu
undelayed and delayed pulses acting together and del
pulses acting alone. The first sequence acts when the cho
~that modulates one beam only! is open, and the second ac
when it is closed. One can show by simple calculations si
lar to those in Eq.~2.2!, which include integration of all
charge carriers formed, that the amplitude of the modula
rate of formation of free charge carriers, caused by bimole
lar annihilation upon excitation by the sequence of tw
pulsesI 1 and I 2, when the sequence of the first pulses
modulated, can be written as

U}112
I 2

I 1
exp~2k1Dt !. ~2.3!

Formulas~2.1! to ~2.3! does not take into account the po
sible formation of products that are not connected w
second-order reactions. The yield of those products will
modulated as well and therefore the ratioR5U(Dt
50)/U(Dt→`) measured experimentally may be smal
than that resulting from formulas~2.1! to ~2.3!. A more exact
description of the processes involved requires solving of
kinetic equation of the type used in this paper in Sec. IV.

Of course, second-order processes are revealed at a
ciently high intensity of the light, which can be achieved
pulse laser light excitation. However, the technique perm
us to obtain evidence on the very existence and propertie
intermediate active species that work at any intensity
light, being precursors of the final products in first-order p
cesses.

C. Experimental setup

In the present work, we studied a semiconducting po
mer poly~2,5-dioctyloxy-p-phenylenevinylene! ~OO-PPV!. It
was synthesized and purified by methods previou
reported.12 Films of polymers were prepared by two tec
niques:~i! spin coating from chloroform solution~at a rota-
tion speed of 300 rpm! and~ii ! casting from toluene solution
on the quartz substrates with comblike patterned interdig
Au/Cr electrodes of 10mm width separated by a distance
10 or 100mm. The thickness of the polymer film was abo
a few mm. The experimental setup is shown in Fig. 1. T
electrical part was able to measure the modulated ave
photocurrent (f mod520 to 40 Hz! by the lock-in amplifier
~Stanford Research System SR830! (RC50.01 s). The tran-
4-2
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TIME-RESOLVED OPTICAL AND ELECTRICAL STUDY . . . PHYSICAL REVIEW B66, 075214 ~2002!
sient photocurrent was measured by the oscilloscope~Tek-
tronix TDS 360-200 MHz! (RC about 1ms, 256 pulses were
accumulated!. The sample was placed in the vacuum cha
ber (1025 Torr) at room temperature.

As the excitation source, a Ti:sapphire laser based reg
erative amplifier system was used. The pulse width, wa
length and pulse repetition rate of the output laser beam w
150 fs, 800 nm, and 1 kHz, respectively. The beam w
frequency-doubled by a 1-mm-thick BBO crystal to obtain
laser beam with the wavelength of 400 nm. The beam w
then divided into two parts by a beam splitter. Both pa
were focused onto the sample. One beam was delayed u
a computer controlled delay line. The delay time could
varied between 0.03 ps and 1 ns. Pulse energies were
sured, and the light intensity at the sample position could
varied within a range from 1 to 20mJ per pulse. The illumi-
nation area on the sample was about 0.04 cm2.

III. EXPERIMENTAL RESULTS

We measured the photocurrent induced in the electric
cuit under excitation of a sample by laser pulses in vacu
at room temperature. Typical transient photocurrent dec
of an OO-PPV sample are presented in Fig. 2. We used
PPV samples prepared by spin coating from chloroform
lution. The decay has a prompt component at the poin
application of excitation pulses, a decaying part that is du
the finalRC value of the electrical circuit~about 1ms), and
a delayed part at longer time periods. A superlinear dep
dence of the amplitude of the photocurrent att50 on the
light intensity was detected previously as reported in Ref
Measurements in the two-correlated-pulse regime h
shown that the prompt component changed when excite
the delay timeDt greater than zero. This can be seen in F
2, where higher and lower curves were measured at the s
intensity of excitation light atDt50 andDt.10 ps, respec-
tively. Figure 3 shows the dependence of the peak of
transient curves of the photocurrent on the delay time
peak centered at zero delay time was observed with the h
width of about 1.6 ps at 1/e of the maximum intensity. In

FIG. 1. Scheme of experimental setup. See the text for a
scription.
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addition to this 1.6 ps half-width narrow peak, a broader o
with a half width of about 5 ps that is much weaker in i
tensity was also observed.

Figure 4~a! presents similar results obtained for an O
PPV sample measured by the lock-in amplifier with the fi
pulse modulation. The results were obtained for a sam
prepared by casting from toluene solution and have allow
us to gain more information. The modulated average pho
current was measured from zero delay time up to a de
time Dt51 ns at different intensities of the light pulses
indicated in the figure. The inset of Fig. 4~a! shows the de-
pendence of the maximum average photocurrent~at zero de-
lay time! on the intensity of the light pulses that becom
superlinear at a rate higher than 4mJ/pulse. Figure 5 present
the corresponding peaks within a shorter delay time ran
Dt5150 ps. It is evident that the width of the peaks do
not depend on the intensity of the light, and the half-width
1/e of the maximum intensity is about 14 ps.

The ratioR of the photocurrentsi ph at Dt50 ps andDt
5500 ps was measured to be about 1.5 which shows
bimolecular processes are the main providers of free cha
carriers at the intensities used.

We also measured the kinetics of fluorescence decay o

e-

FIG. 2. Photocurrent induced by pairs of correlated light pul
measured by an oscilloscope atDt.10 ps~lower curve!, and when
the pulses overlapped atDt50 ~upper curve!. The sample is a film
of OO-PPV prepared by spin coating from chloroform solution. T
light pulse power is 9mJ/pulse;RC51 ms; the gap between elec
trodes5 100 mm, andV5300 V (E530 kV/cm).

FIG. 3. Amplitude of the photocurrent measured by an osci
scope as a function of delay timeDt for the same sample as in Fig
2. The light pulse power is 9mJ/pulse, andV5300 V ~30 kV/cm!.
The curve seems to be composed of two components with
widths at 1/e of a height of about 1.6 and 5 ps.
4-3
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RAHMAT HIDAYAT et al. PHYSICAL REVIEW B 66, 075214 ~2002!
OO-PPV film using a streak camera. The measurement, h
ever, was performed using low-intensity light excitatio
namely, a 90 fs pulse laser with an energy of a few pJ/pu
The laser wavelength was 400 nm. The decay is show
Fig. 6, indicating the lifetime of singlet excitontexc of about
400 ps.

IV. DISCUSSION

The present results demonstrate that second-order
cesses are responsible for the generation of free polaro
high intensity light excitation within the range of 1.5 to 13
mJ/pulse, which corresponds to the range of photon abs
tion rates from 3.631018 to 3.331019 photon/cm3 per pulse
~if the extinction coefficient«553104 is applied!. The half-
width of the peaks in Figs. 3, 4, and 5, which lie within th
ps time domain, yields the lifetimes of excited species tak
part in the second order processes.

One can think of a few processes that are formally able

FIG. 4. Investigation of the samples of OO-PPV, prepared
casting from toluene solution, by the first-pulse-chopped mod
tion technique.~a! Experimental dependencies of the modulat
average photocurrent, measured by a lock-in amplifier at the mo
lation frequency equal to 20 Hz, on the delay timeDt at different
light pulse intensities 13.7mJ/pulse, 6.3mJ/pulse, 4.1mJ/pulse, and
1.5 mJ/pulse for upper to lower curves, correspondingly. The g
between electrodes5 10 mm, andV518 V (E518 kV/cm). In-
set: The peak of the modulated average photocurrent atDt50 plot-
ted as a function of the light intensity.~b! The same as~a! but
computer calculated by Eqs.~4.1! and ~4.2!, see text for details.
07521
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account for the superlinear dependence of the photocon
tivity on the light intensity. We consider the following.

~1! Photons deal with intrachain excitonsA* and produce
free polaronsP1 andP2:

A* 1hn→P11P2.

~2! Intrachain excitonA* interacts with one charge of
polaron pairP1

•••P2 and causes dissociation of the pair

~P1
•••P2!1A* →P11P2.

A similar second-order reaction, which leads to the form
tion of a free polaron, is an interaction ofA* with a trapped
charge carrier

A* 1Ptrapped
1 ~or Ptrapped

2 !→P1~or P2!.

~3! Two intrachain excitons interact with each other acc
mulating in a sufficient single-site energy for the formati
of free charge carriers

A* 1A* →P11P2.

~4! A photon excites a charge carrier within the polar
pair that enables it to escape from the pair

y
-

u-

p

FIG. 5. Modulated average photocurrent in Fig. 4~a! for light
intensities of 4.1mJ/pulse and 13.7mJ/pulse redrawn in the normal
ized peak intensity and extended scale of the delay time. O
points are for experimental data, solid squares are for result
computer calculations based on Eqs.~4.1! and~4.2!. The half-width
of the curves at 1/e of the height equals 14 ps.

FIG. 6. Photoluminescence decay of an OO-PPV film excited
a 90 fs width laser pulse with the wavelength of 400 nm, an
weak light intensity of a few pJ. Initial decay gives the value of t
lifetime of intra-chain excitons in OO-PPV equal to'400 ps.
4-4
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~P1
•••P2!1hn→P11P2.

~5! Two photons acting together excite the system to
high sufficiently level

hn1hn→P11P2.

~6! Interpair recombination: It takes place when a new
generated pair appears near adjacent to a pair generate
lier. Two neighboring polarons recombine causing two oth
to be free:

~P1
•••P2!1~P1

•••P2!→P11P2.

The problem is how to choose a proper process on
basis of experimental results. The results yield the lifetime
species involved in the process. Intrachain excitons work
in process~1! can be excluded when they have the lifetim
texc much longer than a few ps, namely, about 400 ps
evident in Fig. 6. Special attention has to be paid to p
cesses~2! involving intrachain excitons because they, bei
formed initially, contain excess vibration energy and may
considered as having a much higher reactivity than the
laxed ones though only for a short time. One could assu
then that those highly reactive~‘‘hot’’ ! excitons show them-
selves in a second-order process producing free charge
riers either by causing dissociation of polaron pairs or just
detrapping charge carriers residing in some traps. Moreo
a probability remains that intra-chain excitons preserv
high activity for a longer time within a ps time domain du
ing their relaxation within the inhomogeneously broaden
density of states. So, formally, we may consider process~2!
as a candidate, responsible for at least a part of the sec
order processes observed. However, we remain scep
about the important role played by this process. This is
cause of our experience~see our paper3! that excitation of a
charge in a polaron pair results in a very small change of
probability of its dissociation~which may be positive or
negative! connected with an increased mobility of th
charge. This leads to increased rates of both dissociation,
geminate recombination of polaron pairs. One more po
concerns the reactivity of intrachain excitons after their
laxation. It is known that they retain the ability to react wi
charge carriers despite having an internal energy lower t
the initial one. Even triplet excitons having energy abou
eV lower are able to detrap charge carriers responsible
the well-known photoenhanced current. As long as Figs.
5 do not show the involvement of species with lifetimes
relaxed~400 ps! excitons we may assume that process~2! is
not important for the conditions considered by us.

It has been much emphasized that processes involving
participation of intrachain excitons can take part in the f
mation of free polarons. The work in Ref. 13 suggests p
cess~3! is partially responsible for the formation of polaro
pairs and charge carriers. However, they are not visible
delay times within the picosecond time domain as long as
excitons have a longer lifetime. Process~4! deals with exci-
tation of charge carriers within a pair, and it can be expec
that their behavior is similar to that previously reported
the action of red light pulses on photocurrent,3 i.e., the in-
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crease or decrease of the photocurrent depending on th
tensity of the light. The narrow peaks in Figs. 3, 4, and
require that both species involved in the second-order p
cess should be short lived. Process~4! is assumed to be ef
fective for thermalized polaron pairs. And if the lifetime o
those pairs is sufficiently short and polarons are able to
sorb the light of 400 nm wavelength then process~4! might
be considered favorably though its effectiveness is expe
to be low.3 Moreover, a fast decay during the delay times
the order of the laser pulse width~150 fs! would be expected
for this process. However, it is absent. Process~5! may occur
if only two laser pulses overlap, and a peak can be expe
in the dependence of the photocurrent on the delay time w
the peak width of a few hundreds of fs. The observed pe
are broader. Thus, we arrive at the conclusion that proc
~6! may be responsible for the formation of free polaro
from polaron pairs. Recently, we succeeded in observing
effect of the electrical field~within the range up to 2
3105 V/cm) on the dissociation of the species involved
the second-order processes.16 These latter results support th
conclusion.

The results obtained previously3 have permitted us to as
sume the existence of two types of polaron pairs. Primar
polaron pairsP1 are produced in a highly mobile state@mo-
bility of primarily formed polarons was estimated as 0
cm2/V s ~Ref. 14!#. However, after fast thermalization, th
pairs become trapped pairsP2, i.e., polarons become loca
ized on conjugated segments of polymer molecules and t
mobility drops by 3 to 4 orders of magnitude. At a hig
intensity of light excitation, inter-pair recombination can b
expected as one method of forming free charge carriers
though it occurs at the expense of a loss of the partners in
pairs.

In the present work, the measurements within the rang
time delay up to 1 ns show two values of peak width, whi
certainly originated from second-order processes of exc
states with different lifetimes. The lifetime of pretrapped p
laron pairs estimated in Refs. 3 and 15 is expected to
about a few ps, and that of thermalized polaron pairs is
pected to be of a higher value. Two values of the lifetim
seen in Fig. 3 may be connected with those pairs. But
can assume that polaron pairs that show themselves in m
detailed experiments conducted on the OO-PPV samples
tained by a casting technique~Figs. 4 and 5! correspond to
thermalized polaron pairs.

It should be noted that the width of the peak appeared
be dependent on the method of preparation of the sampl
was much narrower for the samples prepared by a spin c
ing technique. One can assume that it is a sequence of
ferent structures of the polymer film, which affects the th
malization rate or /and mobility of polarons in the pairs. Th
feature deserves to be studied in more detail. In the pre
work we paid more attention to samples prepared by
casting technique.

The kinetic equation that would be able to describe
formation and recombination of polaron pairsP2 can be
written as
4-5
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dP2

dt
5g~ t !2~kg21kth!P22k22P2

2 , ~4.1!

where att50 P250. Here,g(t) is the rate of formation of
polaron pairs. In the two-correlated-pulse regime,g(t)
5g1e2[( t2Dt)/t0] 2

1g2e2(t/t0)2
, where t0 is the width of the

pulse,Dt is the delay time, andP2 is the density of thermal-
ized polaron pairs. The constantkg2 is the rate constant fo
geminate recombination,k22 is the rate constant for random
recombination~interpair recombination!, and kth is the rate
constant for the dissociation of polaron pairs and the form
tion of free polarons. Here, we assumed that the pairs
peared immediately under the action of the light or they w
formed as a result of sufficiently fast thermalization of p
trapped polaron pairs. However, we also examined how
inclusion of delayed formation of the pairs from intracha
excitons affects the final results.

Two terms in Eq.~4.1! may be considered as being r
sponsible for the appearance of free charge carriers. The
~i! the termk22P2

2 ~interpair random recombination of tw
charges from different pairs leaves two other charges
greater intercharge distance and gives them a chance to
free! and ~ii ! the term kthP2 describing thermal- and
electrical-field-assisted dissociation of polaron pairs.

The next kinetic equation, which works for the accum
lation of free polaronsp after the action of two correlate
pulses, can be written as

dp

dt
5b1k22P2

21kthP2 , ~4.2!

where att50 p50; b1,1 is the yield of free charge carri
ers formed per interpair recombination event. The solution
the system of Eqs.~4.1! and ~4.2!, which involves the inte-
gration of Eq.~4.2! over the period much longer than life
times of the species taking part in the second order p
cesses, enables us to obtain the yield of free charge car
formed under photoexcitation that is directly proportional
the value ofp obtained in that way. We assume that t
photocurrent measured experimentally is directly prop
tional to p.

It should be noted that the kinetic equation on for polar
pairs in the form of Eq.~4.1! contains a few approximations
We treat polaron pairs here as quasiparticles able to inte
with each other as if they were movable. This permits us
introduce a kinetic rate constant for interpair recombinati
However, it is quite possible that polaron pairs interact w
each other not due to their random motion but because o
accidental mutual superposition at the instant of their form
tion. Formally it means that rate constantk22 is connected
with the effective volume occupied by a pairDV0 and the
light pulse width t0, rather than with the diffusion of the
pairs (k22'DV0 /t056.731029 cm3/s at a reasonable
value ofDV0510221 cm3 and t05150 fs). By describing
the polaron pair as quasiparticles we are making one m
simplification: geminate recombination though being a fir
order process obeys the kinetics that differs from exponen
decay. Polaron pairs survive for the time interval required
polarons to cross the intercharge distance, and only after
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do they disappear. Thus, the lifetimes of polaron pairs m
sured here describe, within the framework of this model,
the disappearance of polaron pairs but, rather, the kinetic
decrease of the intercharge distance in the pairs, whic
responsible for the values ofDV0 andk22.

We solved the system of Eqs.~4.1! and~4.2! by computer
simulation and arrived at the dependencies shown in F
4~b! and 5. The values of the rate constants were regulate
order to fit the general features of experimental curves. T
most important parameters in the experimental curves, wh
appeared to be important for choosing the rate consta
were ~a! the half width of the peak connected with the life
time of the species taking part in a second-order process
~b! the maximum relative change of the photocurrent t
corresponds to an increase of the delay time from zero
much longer value. The last change was equal to 1.5 as
be seen in Fig. 4~a!. The values of the rate constants we
calculated on the basis of these parameterskg21kth51/tp
56.731010 s21 @it is the experimental value obtained from
the half-width of the peak in Fig. 4~a!#, k2254
31029 cm3/s ~but it was revealed that the results were n
sensitive to values ofk22 if the latter are smaller than th
indicated value!. The maximum relative change of the ph
tocurrent with the delay time was revealed to be very criti
for choosing the ratioS of probabilities of formation of free
carriers from a recombination event and from the dissoc
tion of polaron pairsS5b1 /kthtp . The ratio was calculated
asS520, and on the basis of this we have taken arbitra
b150.1 and kth53.33108 s21. Calculations were per-
formed for polaron pair generation ratesg15g2 from 4.8
31030 to 4.431031 cm23 s21 corresponding to light pulse
power from 1.5 to 13.7mJ/pulse under the assumption of th
quantum yield of polaron pair formation to be 0.2 and e
tinction coefficient to be 53104 cm21. Figure 4~b! shows
the dependencies of the free carrier formation rate on de
time calculated for the same light intensity as measured
the experimental work. The calculated changes of photo
rent as a function of light intensity satisfactorily fit the e
perimental result as shown in Fig. 4~a!. The peak having the
half-width of about 14 ps corresponds to that observed in
experimental work as well, which is shown by solid squa
in Fig. 5 together with the normalized experimental resul

In our calculations, we assumed that polaron pairs w
formed without any delay under the action of light. Such
viewpoint was supported by the results of the works p
formed using the pump-and-probe technique2,4,5and by those
of our experiments.3,15 We tried, nevertheless, to add a ne
term to Eq. ~4.1! of the type g exp(2t/texc), with texc
5400 ps, which would correspond to the delayed format
of polaron pairs from relaxed intra-chain excitons. The eff
of the delay timeDt on the formation of the excitons wa
taken into account. In performing the calculations, we ma
tained the total amount of polaron pairs formed from dis
ciation of excitonsNfrom exciton and formed directlyNdirect:
N from exciton1Ndirect5const, but varied the ratio
Nfrom exciton/Ndirect from 0 to 10. An addition of the terms
describing the generation of polaron pairs from excitons
sulted in appearance of a noticeable tail in the calcula
dependence of the photocurrent vs delay time atDt up to
4-6
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about 400 ps atNfrom excitons/Ndirect.1, as is shown in Fig. 7
The curves were calculated by using parameters corresp
ing to the upper curves in Figs. 4~a! and 4~b!. The tail is not
visible in the experiment as can be seen from the compar
of experimental~open circles! and calculated dependenc
presented in Fig. 7. Moreover, inclusion of the delayed g
eration of polaron pairs led to a decrease of the ratioR
5 i ph(Dt50)/i ph(Dt5450 ps) calculated, as is shown in th

FIG. 7. Effect of addition of an assumed process of the pola
pair formation by dissociation of molecular excitons. Solid lin
were calculated by solving the system of Eqs.~4.1! and ~4.2! with
the addition of the delayed generation term to Eqs.~4.1!. Total
amount of the polaron pairs was kept constant, but the r
Nfrom excitons/Ndirect was varied from 0 to 10. The higher to lowe
curves shown correspond to the ratios equal to 4, 2, 1, 0.5, an
respectively. The inset in the figure shows the calculated ratioR of
maximal photocurrent~at Dt50) to the minimal one~at Dt
5500 ps) as a function of the relative amount of pairs formed
exciton dissociation. Open circles are normalized experimental
taken from Fig. 4~a!, upper curve. One can see that experimen
ratio R51.5 and a reasonable tail can be obtained under the co
tion that the main part of the pairs is formed immediately under
action of the light pulseNfrom excitons/Ndirect<1.
lar

er

S.

G.

-

07521
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inset of Fig. 7. Satisfactory fitting of experimental data w
R51.5 could be preserved if it was considered that not l
than one half of polaron pairs were formed directly under
action of the light or, possibly, as a result of a fast reaction
primarily formed ‘‘hot’’ intrachain excitons. The rest may b
considered to be produced as a result of a charge tran
from intrachain excitons during their total lifetime.

V. CONCLUSION

The technique based on the action of pairs of correla
light pulses with a controlled delay time between them w
applied successfully to studying second-order processes
sponsible for the formation of free charge carriers in con
gated polymers. We worked with poly~2,5-dioctyloxy-
p-phenylenevinylene!, performed time-resolved experimen
within the picosecond time domain, and obtained direct e
dence on the existence of intermediate states preceding
charge carriers at the photo excitation of conjugated po
mers. They are shown to take part in second-order proce
responsible for the generation of free charge carriers in c
jugated polymers at a high excitation density. The short li
time of species involved in the processes permitted us
speculate that those are primarily formed polaron pairs, th
main part being generated without any delay in the abso
tion of light.
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