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A technique based on the action of pairs of correlated laser light p@s nm wavelengthwith 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 (@oB¢dioctyloxyp-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 nuniber78.47+p, 78.20—e, 71.35-y, 71.20.Rv

[. INTRODUCTION plains the temperature dependence of the cw photoconduc-

Photoconductivity of conjugated polymers is an importanttivity. The latter becomes smaller on lowering the
property that is useful in numerous applications of the matetemperature, a typical value of the activation energy being
rials. It is a complex physical phenomenon, depending ombout 0.2 eV.
various fundamental factors, and is worth studying via vari- Activated dissociation of polaron pairs does not appear to
ous techniques. To date, two main approaches exist for dése the only way for free carrier formation. Our recent results
scribing photoconductivity; one of them considers absorbedsee Ref. Bobtained on substituted polythiophene and poly
light induced interband transitions, as in inorganic semicon{p-phenylenevinylenehave shown that at laser pulse exci-
ductors, and the other treats the photoconductivity as a resutation, photoconductivity appears, which does not depend on
of reactions with the participation of excited species formedhe temperature. According to the model, primarily formed
under the light absorptiofsee review papers in Ref).1ln  charge carriers belong to polaron pairs, and they can take
this respect, the latter approach is similar to that in moleculapart in the photoconductivity only if geminate recombination
crystals where excitons are primarily formed, and then theiis prevented. These primarily formed polaron pairs contain
autoionization and electron-transfer reactions occur. Howpolarons with higherabout 0.2 cr&Vs) and temperature
ever, recent studies carried out by the pump-and-probe teclirdependent mobility.At low temperatures, the pairs cannot
nique have revealed that in contrast to molecular crystalglissociate, and it was conjectured that free polarons appear
charge carriers appear within picoseconds after lightis a result of inter-pair recombination. Two charges from
absorptior.~° In one work?® such a conclusion was arrived at neighboring pairs recombine leaving two remaining charges
by measurement of the time-resolved formation of polarorat a larger intercharge distance thus increasing their chance
pairs within the picosecond time domain by probing changeso lie outside the Onsager radius and become free.
of the cw photocurrent instead of the light absorption. In In the present work, we studied processes responsible for
connection with this fact, one has to note that the appearandbe formation of free polarongfree charge carrieysin
of charged species in the material is a necessary but nsamples of a typical conjugated polymer, [@lp-
sufficient condition for the cw photocurrent. The chargeddioctyloxy-p-phenylenevinylene (OO-PPV}, under laser
species must be free to drift under the action of an externdight (wavelength 400 npnexcitation by a new technique
electric field, and show a certain shift by the field duringbased on the correlated action of two 150 fs laser pulses with
their lifetime. However, positive and negative charge carriera controlled delay time between them. There is a feature in
in molecular solids, being formed in pairs, remain in thethe action which changes the yield of the products of the
mutual Coulomb field, and recombine geminafeyThis is  second-order processes as a function of the delay time under
a consequence of the low mobility of charge carriers or pothe condition of constant average intensity of laser excita-
larons. For geminately recombining polaron pairs, the netion. The technique is selectively sensitive to the second-
shift of charges is zero. Only some of the pairs manage terder processes with the participation of intermediate active
dissociate and contribute to the cw photocurrent. The therspecies having a lifetime within the range of the delay times
mally activated process of dissociation of polaron pairs exused. It enables detection of those species and determination
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of their properties. Measurement of average photoconductivthe case off(t) having an exponential view witk; as a
ity induced by a sequence of pulses havinl kHz repetition monomolecular decay rate constant, the integration term is
rate ensured taking into account free charge carriers only.
The technique enabled the attainment of direct evidence on
superlinear processes responsible for free polaron formation.
The lifetime of intermediate states taking part in these pro-
cesses is shown to be in the picosecond time domain. A =12+415+21,1 e kAL, (2.2
possible scenario of the processes is suggested, which in-

volves the primary formation of pretrapped po]aron pairs, In order to increase the Sensitivity of the technique, we
thermalization of the pairs, and interpair recombination. ~ modulated the sequence of the fitshdelayed pulses by a
chopper with a low frequency. A lock-in amplifier measured
the R vector and phase values of the modulated photocurrent
at a low modulation frequency while changing the delay
A. Photoconductivity measurements time. The modulated signal was proportional to the differ-
In order to ensure that we are dealing with free Chargeence between signals produced by two sequences of pulses:

carriers, it is necessary to measure the photoconductivity iHndeIayed and delayed pulses acting together and delayed

. CoET . . ulses acting alone. The first sequence acts when the chopper
the electrical circuit with arRC value that is much higher P
than the lifetime of possible polarizable species formed un-(that quulates one beam onig open, and the secqnd acts
(\?Nhen it is closed. One can show by simple calculations simi-
deterred by the displacement current of polarization naturear to thosg n Fq.(Z.ﬁ), ;:Vhlcﬂ mcluoll_e :jntegfrart]lon OL aIII d
which may be responsible for the transient current measureC arge carriers formed, that the amplitude of the moduate
ate of formation of free charge carriers, caused by bimolecu-

in a lowRC circuit.” In the present experiments, we mea ?r annihilation upon excitation by the sequence of two
sured the average photocurrent of OO-PPV excited by the ! .
epulsesll and |,, when the sequence of the first pulses is

kHz sequence of 150 fs laser pulses or pairs of the puls ,
with the wavelength of 400 nm. dc voltage was applied to'%OdUIated’ can be written as
electrodes during the photoconductivity measurements.

At °
Uocf (Ile*klt)deJ (1,67 Kat=20 4| _e—kit)2qy
0 At

II. METHOD AND EXPERIMENT

|
U0<1+2|—2exr(—k1At). 2.3
1

B. Two-pulse-correlation technique
. . Formulas(2.1) to (2.3) does not take into account the pos-
For studying the second-order processes responsible for . ;

X . .~ Sible formation of products that are not connected with
the formation of free charge carriers, we suggested using a

two-pulse-correlation laser techniqtieA pretext for looking second-order reactions. The yield of those products will be

for second-order processes was an observation of the supéP-OdUIated as well and therefore the ratiR=U(At

. =0)/U(At—») measured experimentally may be smaller
linear dependence of the prompt component of the photocon); :
ductivity on the intensity of the laser pulsen Ref. 11, we Than that resulting from formula®.1) to (2.3). A more exact

- . description of the processes involved requires solving of the
suggested splitting the pulses generated by the laser mc%netic equation of the type used in this paper in Sec. IV.

pairs of pulses with controlled delay time between them an Of course, second-order processes are revealed at a suffi-
illuminating the sample by these correlated pulses. AIthough.entl hiah i;'ltensit of the I? ht which can be achieved b
the total intensity of the pairs remained the same at any dela | yl 9 liah y ol gnt, h hni y
time, the yield of any second order processes would depe se laser light excitation. HO"Ve"eF’ the technique permits
on the density of species taking part in the processes. The® o obtgm ewdgnce on t_he very existence and propertles of
Iftermediate active species that work at any intensity of

density itself depends on the superposition of the specie X . T
produc):/ed by theairst pulses of theppaFi)rs and survivingpup ¢ ight, being precursors of the final products in first-order pro-
cesses.

the moment of action of the second pulses. The rate of for-
mationU of products of a second-order process is believed to

depend on the delay tim&t and the intensity of light of C. Experimental setup
two equal light pulses as In the present work, we studied a semiconducting poly-
mer poly2,5-dioctyloxyp-phenylenevinyleng(OO-PPV. It
Uecl?[1+f(AD)]. (21  was synthesized and purified by methods previously

reported'? Films of polymers were prepared by two tech-
Here, f(At) is the function normalized to unity and de- niques:(i) spin coating from chloroform solutiotat a rota-

scribes the decay of species taking part in the second-ordépn speed of 300 rpinand (ii) casting from toluene solution
process. A prompt component of the transient photoconduan the quartz substrates with comblike patterned interdigital
tivity recorded at a relatively high value &C or average Au/Cr electrodes of 1gm width separated by a distance of
photoconductivity may serve as a measure of the valué. of 10 or 100um. The thickness of the polymer film was about
This formula appears as the result of integration of the proda few um. The experimental setup is shown in Fig. 1. The
ucts of a bimolecular reaction between intermediate specieslectrical part was able to measure the modulated average
generated by two short pulses with intensitigaandl,, the  photocurrent {,,,=20 to 40 Hz by the lock-in amplifier
second one being delayed Ay in respect to the first one. In (Stanford Research System SR88RC=0.01 s). The tran-
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. chopper | 1.2+
Ti:sapphire beam splitter =
regenerative ﬂ 1 i 1.0} At=0
amplifier laser, 400 nm V - =
iliggnt;sr’l — It-l 1 DC voltage k=1 0.8 /
P ke, . supply 2 At> 10
%rg%) sample with e 5 0.6} t ps
electrodes 2
N s 04t
= £
delay line 0.2}
0.0 L
to vacuum pump 0 5 10 15
O d Time (us)
oscilloscopeJ- | R FIG. 2. Photocurrent induced by pairs of correlated light pulses
| measured by an oscilloscopet>10 ps(lower curve, and when
the pulses overlapped At =0 (upper curveé The sample is a film
1 of OO-PPV prepared by spin coating from chloroform solution. The
lock-in amplifier light pulse power is uJ/pulse;RC=1 us; the gap between elec-

) trodes= 100 um, andV=300 V (E=30 kV/cm).
FIG. 1. Scheme of experimental setup. See the text for a de-

scription.

P addition to this 1.6 ps half-width narrow peak, a broader one
sient photocurrent was measured by the oscillosddeé- with.a half width of about 5 ps that is much weaker in in-
tronix TDS 360-200 MHz (RC about 1us, 256 pulses were NSty was also observed.. .
accumulatel The sample was placed in the vacuum cham- Figure 4a) presents similar results obtained for an OO-
ber (10°° Torr) at room temperature PPV sample measured by the lock-in amplifier with the first

As the excitation source, a Ti:sapphire laser based reger‘?—lJlse modulanoq. The results were optamed for a sample
erative amplifier system was used. The pulse width, Waveprepareq by casting from toluene solution and have allowed
length and pulse repetition rate of the output laser beam wergS to gain more information. The modulated average photo-

150 fs, 800 nm, and 1 kHz, respectively. The beam Weré:_urrent was measured from zero delay time up to a delay

] it . -time At=1 ns at different intensities of the light pulses as
frequency-doubled by a 1-mm-thick BBO crystal to obtain a. dicated in the figure. The inset of Fig(al shows the de-

laser beam with the wavelength of 400 nm. The beam wal! q f th X hot np q
then divided into two parts by a beam splitter. Both partspen ence of the maximum average photocur(anero de-

were focused onto the sample. One beam was delayed usi time) on the intensity of the light pulses that becomes

a computer controlled delay line. The delay time could be> perlinear at a rate higher thapud/pulse. Figure 5 presents

varied between 0.03 ps and 1 ns. Pulse energies were megas correspondi_ng p_eaks within a shorter delay time range,
P g §t=150 ps. It is evident that the width of the peaks does

sured, and the light intensity at the sample position could b i . . !
varied within a rgnge from i/to 20J per I;ulspe. The illumi- ot depend on.the m'gensny of.the light, and the half-width at
nation area on the sample was about 0.04.cm Ve of the maximum Intensity 1s apout 14 ps.
The ratioR of the photocurrents,, at At=0 ps andAt
=500 ps was measured to be about 1.5 which shows that
1. EXPERIMENTAL RESULTS bimolecular processes are the main providers of free charge
carriers at the intensities used.

We measured the photocurrent induced in the electric cir- We al d the Kineti . d ¢
cuit under excitation of a sample by laser pulses in vacuum € also measured the kinetics ot fluorescence decay ot an

at room temperature. Typical transient photocurrent decays

of an OO-PPV sample are presented in Fig. 2. We used OO- 12k "

PPV samples prepared by spin coating from chloroform so- — - \_

lution. The decay has a prompt component at the point of § Lo B ﬂ \R

application of excitation pulses, a decaying part that is due to = 08F ULy -

the finalRC value of the electrical circuitabout 1us), and g 06k -f?hfh‘ﬂ "'M"ﬂ" ‘-""H‘./' ""‘n_ﬂIh.
a delayed part at longer time periods. A superlinear depen- g L

dence of the amplitude of the photocurrenttat0 on the _‘g 04

light intensity was detected previously as reported in Ref. 3. R 0.2 N

Measurements in the two-correlated-pulse regime have L

shown that the prompt component changed when excited at 00 ————t 1 1 I

—
W

-10 -5 0 5 10 15

the delay timeAt greater than zero. This can be seen in Fig. Delay Time (ps)

2, where higher and lower curves were measured at the same

intensity of excitation light aAt=0 andAt>10 ps, respec- FIG. 3. Amplitude of the photocurrent measured by an oscillo-
tively. Figure 3 shows the dependence of the peak of th@cope as a function of delay tintet for the same sample as in Fig.
transient curves of the photocurrent on the delay time. 2. The light pulse power is J/pulse, an&/=300 V(30 kV/cm).
peak centered at zero delay time was observed with the halffhe curve seems to be composed of two components with half
width of about 1.6 ps at & of the maximum intensity. In  widths at 1¢ of a height of about 1.6 and 5 ps.
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< 0.6 =
g . . 10f g%
= L —o— 137 @ 8o S5
g 051 & ER £
a] =] o= 8

S 04 Lo R R PR i 52
£ 04 5 W e Sk 2505 K ES
= 5% =~ A A 9
[ £ 1k = H ¢ AP Ay A @

N £ AN\ /8' 3 AAD wr 8
5930 oow L 2 L, faad NEUl
5] —A—d41u) 2E,, B 0py 0Ed Y 5
8021 o 15w g g &
ks « E © T Y &
501 a4 " E oor . -150 <100 50 0 50 100 1500
'8 R \s/-\\\'s'\”é"\\'{'(l"‘\'{’\l‘/‘\“\‘(:'\\0 I}ight intensityI?pJ) Delay time (ps)

0.0 : : . s . o .

= 200 0 200 400 600 800 1000 1200 FIG. 5. Modulated average photocurrent in Figa)4for light

Delay time At (ps) intensities of 4.1uJ/pulse and 13.4J/pulse redrawn in the normal-
ized peak intensity and extended scale of the delay time. Open
points are for experimental data, solid squares are for results of

g 10t E‘; (b) computer calculations based on E¢k1) and(4.2). The half-width
—g I g9 of the curves at ¥ of the height equals 14 ps.

~ 0.8+ é %

8 o Ooo O =] a .

g i account for the superlinear dependence of the photoconduc-
§ 0.6+ tivity on the light intensity. We consider the following.

g I (1) Photons deal with intrachain excitoA$ and produce
S 04r free polaronsP™ andP~:

= L

o

g 0.2 oonﬁf&hnmooo o o o A*+hy—Pt+pP—.

g L AM%AAA A A A

= L OConpormimssoo 00 L

L“: 0.0 © o o

(2) Intrachain excitorA* interacts with one charge of a

-100 0 100200 300 400 500 polaron pairP* - - - P~ and causes dissociation of the pair

Delay time (ps)

+ “ e - * + -
FIG. 4. Investigation of the samples of OO-PPV, prepared by (P PT)+A =P 4P

casting from toluene solution, by the first-pulse-chopped modula- - 5 gimilar second-order reaction, which leads to the forma-
tion technique.(a) Experimental dependen_mes of_t.he modulated,[ion of a free polaron, is an interaction AF with a trapped
average photocurrent, measured by a lock-in amplifier at the modu-

lation frequency equal to 20 Hz, on the delay tithe at different charge carrier

light pulse intensities 13.4J/pulse, 6.3.J/pulse, 4.1uJ/pulse, and A* + P+
1.5 uJd/pulse for upper to lower curves, correspondingly. The gap trappe
between electrodes 10 um, andV=18 V (E=18 kV/cm). In-
set: The peak of the modulated average photocurreftat0 plot-
ted as a function of the light intensityp) The same aga) but
computer calculated by Egét.1) and(4.2), see text for details.

40T Piagped— P (0r P7).

(3) Two intrachain excitons interact with each other accu-
mulating in a sufficient single-site energy for the formation
of free charge carriers

- : A*+A* -PT+P",
OO-PPV film using a streak camera. The measurement, how-
ever, was performed using low-intensity light excitation, (4) A photon excites a charge carrier within the polaron

namely, a 90 fs pulse laser with an energy of a few pJ/pulséyair that enables it to escape from the pair
The laser wavelength was 400 nm. The decay is shown in

Fig. 6, indicating the lifetime of singlet exciton,. of about

400 ps. 71000
5
O

IV. DISCUSSION & 100

2 [

The present results demonstrate that second-order pro- 'g ]

cesses are responsible for the generation of free polarons at £ 10

high intensity light excitation within the range of 1.5 to 13.7 = I
ud/pulse, which corresponds to the range of photon absorp- 1 LI

tion rates from 3.6 10'®to 3.3x 10'° photon/cri per pulse

(if the extinction coefficient =5x 10% is applied. The half-

width of the peaks in Figs. 3, 4, and 5, which lie within the  F|G. 6. Photoluminescence decay of an OO-PPV film excited by

ps time domain, yields the lifetimes of excited species takings 90 fs width laser pulse with the wavelength of 400 nm, and a

part in the second order processes. weak light intensity of a few pJ. Initial decay gives the value of the
One can think of a few processes that are formally able tdifetime of intra-chain excitons in OO-PPV equal 46400 ps.

Time (ns)
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(P" . .P)+hyv—P"+P". crease or decrease of the photocurrent depending on the in-
tensity of the light. The narrow peaks in Figs. 3, 4, and 5
(5) Two photons acting together excite the system to aequire that both species involved in the second-order pro-
high sufficiently level cess should be short lived. Procéds is assumed to be ef-
fective for thermalized polaron pairs. And if the lifetime of
those pairs is sufficiently short and polarons are able to ab-

(6) Interpair recombination: It takes place when a newlySO™P the light of 400 nm wavelength then procégsmight

generated pair appears near adjacent to a pair generated &3¢ considered favorably though its effectiveness is expected

lier. Two neighboring polarons recombine causing two otherd® be low?’ Moreover, a fast decay during the delay times of
to be free: the order of the laser pulse wid(i50 fs would be expected

for this process. However, it is absent. Prod@gsnay occur
(Pt .P)+ (Pt .. P )=P"+P". if only two laser pulses overlap, and a peak can be expected
in the dependence of the photocurrent on the delay time with
The problem is how to choose a proper process on théne peak width of a few hundreds of fs. The observed peaks
basis of experimental results. The results yield the lifetime ofye proader. Thus, we arrive at the conclusion that process
§pecies involved in the process. Intrachain excitons \'/vorkin%) may be responsible for the formation of free polarons
in process(1) can be excluded when they have the lifetime . holaron pairs. Recently, we succeeded in observing an
Texc Much longer than a few ps, namely, about 400 ps a%ffect of the electrical field(within the range up to 2

evident in Fig. 6. Special attention has to be paid to Pro~ 1 V/cm) on the dissociation of the species involved in

cessed?) involving intrachain excitons because they, beingthe second-order processég hese latter results support the

formed initially, contain excess vibration energy and may be .
conclusion.

considered as having a much higher reactivity than the re= Th its obtained ioUdl itted
laxed ones though only for a short time. One could assume | "€ results obtained previoustave permitted us to as-

then that those highly reactiv&hot” ) excitons show them- SUmMe the gxistence of two types of_polaron p.airs. Primarily,
selves in a second-order process producing free charge c40laron pairsP; are produced in a highly mobile steteo-

riers either by causing dissociation of polaron pairs or just byPility of primarily formed polarons was estimated as 0.2
detrapping charge carriers residing in some traps. Moreovef/V's (Ref. 14]. However, after fast thermalization, the

a probability remains that intra-chain excitons preserve #airs become trapped paiPy, i.e., polarons become local-
high activity for a longer time within a ps time domain dur- ized on conjugated segments of polymer molecules and their
ing their relaxation within the inhomogeneously broadenednobility drops by 3 to 4 orders of magnitude. At a high
density of states. So, formally, we may consider pro¢@ss intensity of light excitation, inter-pair recombination can be
as a candidate, responsible for at least a part of the seconéxpected as one method of forming free charge carriers al-
order processes observed. However, we remain scepticéilough it occurs at the expense of a loss of the partners in the
about the important role played by this process. This is bepairs.

cause of our experiendsee our papéy that excitation of a In the present work, the measurements within the range of
charge in a polaron pair results in a very small change of th@me delay up to 1 ns show two values of peak width, which
proba_blhty of its dlssoc_:latlon(w_hlch may be P_O_Slthe O certainly originated from second-order processes of excited
negativg connected with an increased mobility of the giates with different lifetimes. The lifetime of pretrapped po-
charge. This Ieads_ to |_ncreased rates of .both dissociation, ,"’“?Qron pairs estimated in Refs. 3 and 15 is expected to be
geminate recomblr?a.tlon O.f poIaro_n pairs. One more POINLout a few ps, and that of thermalized polaron pairs is ex-
concerns the reactivity of intrachain excitons after their re'pected to be of a higher value. Two values of the lifetime

laxation. It is known that they retain the ability to react with seen in Fig. 3 may be connected with those pairs. But one

charge carriers despite having an internal energy lower thacr:1an assume that polaron pairs that show themselves in more

the initial one. Even triplet excitons having energy about 1 . .
eV lower are able to detrap charge carriers responsible fo(lje.ta"e‘j experiments conducted on the OO-PPV samples ob-

the well-known photoenhanced current. As long as Figs. 3 t¢&ined by a casting techniqugigs. 4 and 5 correspond to

5 do not show the involvement of species with lifetimes of thermalized polaron pairs. _

relaxed(400 ps excitons we may assume that procéasis It should be noted that the width of thg peak appeared to

not important for the conditions considered by us. be dependent on the method of preparation of the sample. It
It has been much emphasized that processes involving tH&as much narrower for the samples prepared by a spin coat-

participation of intrachain excitons can take part in the for-ing technique. One can assume that it is a sequence of dif-

mation of free polarons. The work in Ref. 13 suggests proferent structures of the polymer film, which affects the ther-

cess(3) is partially responsible for the formation of polaron malization rate or /and mobility of polarons in the pairs. This

pairs and charge carriers. However, they are not visible dfieature deserves to be studied in more detail. In the present

delay times within the picosecond time domain as long as thevork we paid more attention to samples prepared by the

excitons have a longer lifetime. Procdd$ deals with exci-  casting technique.

tation of charge carriers within a pair, and it can be expected The kinetic equation that would be able to describe the

that their behavior is similar to that previously reported forformation and recombination of polaron pais, can be

the action of red light pulses on photocurrérnite., the in-  written as

hv+hr—PT+P~,
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dpP, ) do they disappear. Thus, the lifetimes of polaron pairs mea-
gt =0(t) = (kg2 + kin) P2 — kP53, (4.1)  sured here describe, within the framework of this model, not
the disappearance of polaron pairs but, rather, the kinetics of
where att=0 P,=0. Here,g(t) is the rate of formation of decrease of the intercharge distance in the pairs, which is
polaron pairs. In the two-correlated-pulse reging) responsible for the values &V, andk,.
— g e (20 L g o= (U10)® \wheret, is the width of the e solved the system of Eqel.1) and(4.2) by computer
pulse,At is the delay time, an@, is the density of thermal- Simulation and arrived at the dependencies shown in Figs.
ized polaron pairs. The constakys is the rate constant for 4(b) and 5. The values of the rate constants were regulated in
geminate recombinatiorky, is the rate constant for random order to fit the general features of experimental curves. The
recombination(interpair recombination and ky, is the rate ~ MOSt important parameters in the experimental curves, which
constant for the dissociation of polaron pairs and the forma2PPeared to be important for choosing the rate constants,
tion of free polarons. Here, we assumed that the pairs ap¥ere (@ the half width of the peak connected with the life-
peared immediately under the action of the light or they werdime of the species taking part in a second-order process and
formed as a result of sufficiently fast thermalization of pre-(P) the maximum relative change of the photocurrent that
trapped polaron pairs. However, we also examined how th€0rrésponds to an increase of the delay time from zero to a
inclusion of delayed formation of the pairs from intrachain Much longer value. The last change was equal to 1.5 as can
excitons affects the final results. be seen in Fig. @). The values of the rate constants were
Two terms in Eq.(4.1) may be considered as being re- calculated on the basis of these paramelggst k,=1/7,

sponsible for the appearance of free charge carriers. They afe6-7X10'° s™* [itis the experimental value obtained from
(i) the termky,P? (interpair random recombination of two € jgalf-WIdth of the peak in Fig. (@], kp=4
charges from different pairs leaves two other charges at & 19 cnr’/s (but it was revealed that the results were not
greater intercharge distance and gives them a chance to g%qnsmve to values ok,, if the latter are smaller than the

free) and (ii) the term k4P, describing thermal- and indicated valug The maximum relative change of the pho-
electrical-field-assisted dissociation of polaron pairs. tocurrent with the delay time was revealed to be very critical

The next kinetic equation, which works for the accumu-for choosing the ratics of probabilities of formation of free
lation of free polarong after the action of two correlated carriers from a recombination event and from the dissocia-

pulses, can be written as tion of polaron pairsS= 8, /ky7,. The ratio was calculated
asS=20, and on the basis of this we have taken arbitrarily
dp i B1=0.1 and k,=3.3x10° s 1. Calculations were per-
gt~ PikaPet kP2, (4.2 formed for polaron pair generation ratgs=g, from 4.8

x10% to 4.4x10° cm 3s ! corresponding to light pulse
where att=0 p=0; ;<1 is the yield of free charge carri- power from 1.5 to 13.%J/pulse under the assumption of the
ers formed per interpair recombination event. The solution ofjuantum yield of polaron pair formation to be 0.2 and ex-
the system of Eqg4.1) and (4.2), which involves the inte- tinction coefficient to be %10* cm™!. Figure 4b) shows
gration of Eq.(4.2) over the period much longer than life- the dependencies of the free carrier formation rate on delay
times of the species taking part in the second order protime calculated for the same light intensity as measured in
cesses, enables us to obtain the yield of free charge carrietise experimental work. The calculated changes of photocur-
formed under photoexcitation that is directly proportional torent as a function of light intensity satisfactorily fit the ex-
the value ofp obtained in that way. We assume that the perimental result as shown in Fig@ The peak having the
photocurrent measured experimentally is directly proporhalf-width of about 14 ps corresponds to that observed in the

tional to p. experimental work as well, which is shown by solid squares
It should be noted that the kinetic equation on for polaronin Fig. 5 together with the normalized experimental results.
pairs in the form of Eq(4.1) contains a few approximations. In our calculations, we assumed that polaron pairs were

We treat polaron pairs here as quasiparticles able to interafbrmed without any delay under the action of light. Such a
with each other as if they were movable. This permits us toziewpoint was supported by the results of the works per-
introduce a kinetic rate constant for interpair recombinationformed using the pump-and-probe technitftgand by those
However, it is quite possible that polaron pairs interact withof our experimenté:!® We tried, nevertheless, to add a new
each other not due to their random motion but because of alerm to Eq. (4.1) of the type gexp(—t/7ed, With 7eu
accidental mutual superposition at the instant of their forma=400 ps, which would correspond to the delayed formation
tion. Formally it means that rate constdgb is connected of polaron pairs from relaxed intra-chain excitons. The effect
with the effective volume occupied by a paiV, and the of the delay timeAt on the formation of the excitons was
light pulse widthtg, rather than with the diffusion of the taken into account. In performing the calculations, we main-
pairs (K,y~AV,/t,=6.7X10"° cm’/s at a reasonable tained the total amount of polaron pairs formed from disso-
value of AVy=10"2! cn?® andt,=150 fs). By describing ciation of excitonSNom excion @Nd formed directiyN girec::

the polaron pair as quasiparticles we are making one mord ¢om excitori™ Ndirece=CONSt,  but  varied the  ratio
simplification: geminate recombination though being a first-N¢om exciton/ Ndirect ffom 0 to 10. An addition of the terms
order process obeys the kinetics that differs from exponentialescribing the generation of polaron pairs from excitons re-
decay. Polaron pairs survive for the time interval required forsulted in appearance of a noticeable tail in the calculated
polarons to cross the intercharge distance, and only after thaependence of the photocurrent vs delay time\atup to
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inset of Fig. 7. Satisfactory fitting of experimental data with

= L 2 1.5F
gg Lo VIR R=1.5 could be preserved if it was considered that not less
gE 08¢ 313 \-\ than one half of polaron pairs were formed directly under the
‘g@ 0.6 ?fif e action of the light or, possibly, as a result of a fast reaction of
g§ Siro primarily formed “hot” intrachain excitons. The rest may be
87 041 g 09h considered to be produced as a result of a charge transfer
§ 02} Ratio meemms/Nm; from intrachain excitons during their total lifetime.
< o
gn 0.0} S A <[
O 02l O 9 0 . V. CONCLUSION
0 100 200 300 400 500
Delay time (ps) The technique based on the action of pairs of correlated

N light pulses with a controlled delay time between them was

FIG. 7. Effect of addition of an assumed process of the polarompplied successfully to studying second-order processes re-
pair formation by dissociation of molecular excitons. Solid lines Sponsib|e for the formation of free Charge carriers in COﬂjU-
were ca!c_ulated by solving the system of E¢k1) and(4.2) with gated polymers. We worked with pdB;5-dioctyloxy-
the addition of the delayed_ generation term to E@sl). Total _p-phenylenevinyleng performed time-resolved experiments
amount of the polaron pairs was kept constant, but the rafiQyiihin the picosecond time domain, and obtained direct evi-
Nirom excitond Nairect Was varied from 0 to 10. The higher to lower gonce o the existence of intermediate states preceding free
curves shown correspond to the ratios equal to 4, 2, 1, 0.5, and Qy\5146 carriers at the photo excitation of conjugated poly-
reSp.eCt'Vely' The inset in the figure shows th_e_ calculated R mers. They are shown to take part in second-order processes
maximal_photocurrentat At=0) fo the minimal one(at At responsible for the generation of free charge carriers in con-

=500 ps) as a function of the relative amount of pairs formed by. - o : ;
exciton dissociation. Open circles are normalized experimental datléJgated polymers at a high excitation density. The short life-

taken from Fig. 4a), upper curve. One can see that experimentaltIme of species involved i_n th? processes permittgd us t_o
ratio R=1.5 and a reasonable tail can be obtained under the condﬁpe,CUIate that those are pr'm‘jir'ly formed p0|ar,0n pairs, their
tion that the main part of the pairs is formed immediately under thd"@in part being generated without any delay in the absorp-

action of the light puls&Nom excitond Ndirecrs 1 - tion of light.

about 400 ps atsom excitons/NdirecP_l, as is shown in Fig. 7. ACKNOWLEDGMENTS
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