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Formation of polaron pairs is studied in photoconducting conjugated polymers such as substituted poly-
thiophenes. The polaron pairs show themselves in the second order processes that were the main supplier of
free charge carrier at high excitation density provided by femtosecond laser pulses. Two-correlated-pulses
technique are used, and permitted to resolve kinetics of the free charge carrier formation within the picosecond
time domain. The external electrical field is shown to change a relative amount of free charge carriers formed
in the first and second order process$es., by dissociation of primarily formed polaron pairs and by disso-
ciation of the pairs formed as a result of recombination of primary pa#mnethod of estimation of intercharge
distances in the pairs based on the action of the electrical field is suggested and shows that polaron pairs of two
intercharge distancesbout 4 and 10 ninare formed at the photoexcitation of polythiophenes studied.

DOI: 10.1103/PhysRevB.66.155203 PACS nuni®er73.50.Pz, 72.80.Le, 71.35y, 78.47+p

[. INTRODUCTION conductivity measurements as real charge carriers, but they
subtract the contribution to the photocurrent later on when
Photoconductivity of conjugated polymers finds many ap+ecombining geminateR/.In order to be sure that one deals
plications. Understanding the mechanism of the photoconwith really free charge carrier one has to measure photocur-
ductivity is necessary for working under conditions of a highrent during the time interval longer than lifetime of the pairs.
quantum yield of charge carriers. Many works were devotedSuch approach was realized in wotk&where average laser-
to investigation of processes responsible for appearance @ulse-induced photoconductivity measured, and time resolu-
charged species under photoexcitatisee review papers in tion was achieved due to changing of parameters of the laser
Ref. 1. Most of them came to the conclusion that chargepulses.
carriers appear immediately as a result of the light absorp- Dissociation of the pairs does not appear to be the only
tion, though it remains uncertain whether the correspondingvay of formation of free charge carriers. They can be formed
process can be described as band-to-band transition, or asako as a result of interpair recombination: two charges from
fast electron-transfer process from primarily generated intraneighbor pairs recombine just leaving two remaining charges
chain excitons. Thus, for polymers studied in the presenat higher intercharge distance and thus increasing their
work that are substituted polythiophene the pump-and-probehance to be outside Onsager’s radius and get free. This idea
technique have revealed that transient absorption clearlwas considered in Ref. 11 in application to quasi-one-
shows appearance of charged species during time intervdimensional semiconductors such as polydiacetylene, and
shorter than 1 ps after the light absorptfohthough authors  permitted to rationalize a superlinear dependence of the laser
could not determine whether the charges belonged to polargpulse induced photocurrent in PPV on the light intensity in
pairs or free polarons. Appearance of charge carriers undehe work?®
photoexcitation is a necessary but not sufficient condition for In the present work, we studied processes responsible for
their taking part in the cw conductivity. For that they must bethe formation of free polarons in conjugated polymers under
free to drift under the action of an electric field, and belaser light(400 nm wavelengthexcitation by the new tech-
shifted by the field during their lifetime. However, positive nique based on the correlated action of two 150 fs laser
and negative charge carriers in molecular solids and polypulses with controlled delay time between them. There is a
mers being formed in pairs remain in the vicinity of eachfeature in the action, which changes the yield of the products
other during all their lifetime and feel an attractive action of of the second order processes as a function of the delay time
Coulomb field*~" That is a sequence of very fast energy lossunder conditions of the constant average intensity of the laser
by the charge carriers that is reflected in their low mobility excitation. The technique permitted to get direct evidence on
values. They remain within a sphere limited by so-calledrecombination processes responsible for free polaron forma-
Onsager’s radiuso,= e’/ ekT (typical value at room tem- tion and to measure the lifetime of the species involved. A
perature being about 15 nmand recombine geminately, scenario of the processes and equations describing them in-
leaving zero net contribution to the cw conductivity. A small volve primary formation of pretrapped polaron pairs, termal-
part of the pairs manages to dissociate and contribute to thigation of the pairs, dissociation, and interpair recombina-
conductivity. The pairs can show themselves in the transierntion.
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We have paid attention in the present work to the compe- %, , ——
tition in the free carrier formation between first- and second- = 2070
order processes. That competition is shown to be varied by g 1310
changing the strength of the electrical field, which affected 2 1215
the dissociation rate of polaron paitbe first order proces$s a Values of p/o are shown
The sensitivity of the processes involved to the external elec- £ 117 2
trical field serves as additional evidence of involvement of vg 101
polaron pairs into the play. A signal measured by a two- & 05
correlated-pulse technique versus the electrical field strength 8 09["
permitted us then to find out the changes of the free carrier 3 g [02
yield connected solely with the dissociation of the pairs, and ;5: 0 500 1000 1500 2000 2500 3000

estimate initial interpolaron distances in the pairs. Delay time (width of the pulse)

Il. METHODICAL FIG. 1. Total yield of products of model procesg8s-(5) as a

function of delay time between pulses. The curves were calculated

For studying second order processes responsible for thg, computer for the system of differential equati¢isfor different
formation of free charge carriers we applied a two-ratios of parametera and 8.

correlated-pulse laser technigt?e? A pretext for it was the

observation of superlinear dependence of the prompt comp@imolecular annihilation processate constank,) and for-
nent of the photoconductivity on the intensity of the lasermation of a product Rrwith a probability 8

pulses’ We suggested to split the pulses generated by the

laser into pairs of pulses with controlled delay time between M* +M*=Pr,. (4
them and illuminate the sample by these correlated pifses. .
Though the total intensity of the light remained the same a{\/lonomoleculgr decaﬁrate_ (_:onstankl) and formation of a
any delay time, the yield of any products of second ordelprOdUCtPrl with a probability o

processes would depend on the density of species taking part
in the processes. The density itself depends on superposition
of the species produced by the first pulses of the pairs an@ne can monitor just the sum of the products Pr if &nd
survived up to the moment of action of the second pulsesPr, are of the same nature. It is just the case when the prod-
The rate of formatiorlJ of products of a second order pro- ucts are charge carriers.

M*=M; M*=Pr. (5)

cess is expected to depend on the delay tivteand the Kinetics of the above processes can be described by the

intensity of equal light pulsekas next equations, the first of them dealing with a process of
5 formation of specieM* initiated by two-pulse excitation

Uecl[1+f(A1)]. (1) and their decay; the last equation corresponds to accumula-

) ) ) ) tion of the products Rrand Py, formed in the processdd)
Here f(At) is the function normalized to unity and de- 4 (5) with probabilities and B:

scribing the decay of species taking part in the second order
process. This formula appears as the result of integration of dMm*

the products of a bimolecular reaction between intermediate T=g(t,At)— kiM* —k,M*2,
species generated by two short pulses with intenslitiesnd

I, the second one being delayed by in respect to the first dPr

one. In the case df(t) having exponential view witk, as a —=ak;M* + Bk,M*2, (6)
monomolecular decay rate constant the integration looks dt
similar to Here g(t,At) =grexd — (t—A) 2]+ g, exp(t2) is the
At o rate of formation of primary specied* by two pulses hav-
U‘Xf (|1e_k1t)2dt+f (e~ alt=A0 1 ekt 2t ing durationty; g; andg, are maximum rates of formation
0 At by the delayed and undelayed pulsas; is a delay time
=12+154 21,10 kAL, (2)  between the pulse&; andk, are first and second order rate

constants. Figure 1 shows dependencies of the total amount
The technique can be applied as to second order processekproducts Pr, which can be monitored in an experiment, on
responsible for formation of products, and to recombinatiorthe delay timeAt. The curves were calculated for different
processes that lead to disappearance of final products. Nesatios of parameters and 8. Falling curves indicate the
scheme may serve as an example of possibilities of the tecfpimolecular process of the formation of products fr pre-
nique. vail, while the rising curves do for the monomolecular pro-
Let us consider as an example formation and recombinacess to be responsible mainly for the products. When the
tion of speciesM* in the next sequence of processes. pri-ratio of the product formation rates becomes equal to that of
mary excitation termsk;M* andk,M*? (it means thaix= ), the yield of
products does not depend on the delay time. The curves were
hv+M=M*. (3)  calculated for the conditional values of parametgys 1,
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go=1, k;=10"3, k,=103. Integration was carried out up _. 0.16
to timest=10%,, which were much longer than lifetime of € omaf
M* (1/Kk,). £ 012t

In the present work we changed the values of parameters 5 4ol
a and g artificially by external electrical field. As far as we § 0.08 L
assume that we are dealing with recombination of polaron &
pairs, then one can considbt* as a polaron pair, and pa- 2 oos
rametersa and 8 as those connected with probabilities of 5 004t
dissociation of primarily formed polaron pairs, and the pairs 2 0027
formed as a result of recombination. g 0.0

-0.02— ' ' : ' ' :
0 50 100 150 200 250 300
Ill. EXPERIMENTAL Delay time (ps)

In the present work, we studied alkyl-substituted poly- g, 2. Dependence of the average modulated photocurrent
thiophenes, polB-octylthiopheng (PAT8), and poly3-  measured in the two-correlated-pulse regime on the delay time be-
dodecylthiophene(PAT12). The polymers were synthesized tween the pulses. Sample PAT8 of the sandwich type between ITO
and purified by the methods already reportéd. and Al electrodes; light intensity is 2,4J/pulse per 4 m# Solid

Films of polymers were prepared by casting from toluenecurve is a fitting of experimental points by computer calculation of
solution on the quartz substrates with comblike patterneghe system of equation3).
interdigital Au/Cr electrodes of 1@ m width separated by a

distance of 5um. Sandwich type samples were prepared as /e estimated the value of the average photocurrent that
well between ITO and Al electrodes. The thickness of poly_could be expected at the excitation of our sample by the laser

mer film was about a feywm. The experimental setup was I|gf|1t deposmngi an er(l)grgy of about 2B)/cnt per a 150 ;S
the same as used in the wdfkElectrical part was able to pulse (1xJ pulses 10" times per second. Assuming a free

charge carrier quantum yiej=10" 2, extinction coefficient
measure the modulated average photocurréptqE 20 to k=5x10' cm 1, mobiiity of free charge carriersy

100 H2 by the lock-in amplifier(Stanford Res_earch System =105 cm?/Vs, which correponds to the rate constant for
SR830 (RC=50.01 s). The sample was put in the vacuuMg e charge carrier recombinatip=6x 10”12 cm¥/s, tak-
chamber (10> Torr) at room temperature. ing into account recombination of free charge carriers, and
~ For excitation source, a Ti:sapphire laser based regenergsing geometry parameters of the samples we arrived at the
tive amplifier system was used. The pulse width, wavelengtholiowing estimations.
and pulse repetition rate of the output laser beam were 150 Average density of charge carriens, =8 10 1/cn?;
fs, 800 nm, and 1 kHz, respectively. The beam were frephotocurrent averaged for the pulse repetition perigg
quency doubled by a 1-mm thick BBO crystal to obtain a~1071° A at the field strengttE=2x10* V/cm. This coin-
laser beam with the wavelength of 400 nm. The beam wasides with the photocurrent observed experimantally within
then divided into two parts by a beam splitter. Both partsan order of magnitude.
were focused into the sample. One beam was delayed by We have shown in the methodical part that the relative
using a computer controlled delay line. Delay time can bemagnitude of the delay-time-dependent photocurrent is very
variably changed between 0.03 ps to 1 ns. Pulse energiggnsitive to relative values of coefficients before first- and
were measured, and the light intensity at the sample positiogecond-order termso{ and 8). As far as we assume those
can be varied within the range from 1 to 1 per pulse. terms are related to polaron pairs the coefficients must be
In order to increase the sensitivity of the technique, wend to study an effect of electrical field strengtfon disso-
modulated the sequence of the fitahdelayed pulses by a ciation rate of pola}ron‘ pairs we measured dependenc&s on
chopper with a low frequency. A lock-in amplifier measured©' the val_ueR, which is the ratlo_of the average photocu_r-
the amplitude of the modulated photocurrent and its phasENtS registered at zero delay time, and at the delay time
shift at low modulation frequency while changing the delayMuch higher than the width of the decaying curve shown in
time. The modulated signal was proportional to the differ-F19: 2: R=ipn(At=0)/i 5(At=500 ps).
ence between signals produced by two sequences of puIses:The ratioR depends on the laser light power and tends to

undelayed and delayed pulses acting together and delay&jzl at low intensities. Changing the light intensity led to a
pulses acting alone. related change of thR value, but did not affected the life-

times of polaron pairs, thus showing that the pairs dissa-
peared mainly in the first order processes.
IV. RESULTS Figures 3—5 show the results obtained. One can see that
ectrical field really affects thR value, and typicallyR(E)

We measured an average photocurrent vs. delay time §l: .
pPlots have two maximums.

different bias voltages covering the electrical field strengt
from 10° to 4x10° V/icm. A typical curve obtained on a
PAT8 regiorandom sample in the first-pulse-chopped regime
is presented in Fig. 2. A sandwich-type sample was used in For description of the processes responsible for the pho-
this experiment. toconductivity we have used a systdi#) of kinetic equa-

V. DISCUSSION
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Electrical field strength (kV/cm)
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0.90

Ratio in(At
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FIG. 3. Dependence of the ratiR=i,(At=0)/i (At
=500 ps) on the electrical field strendi PAT8 sample, interdigi-

tal electrodes, light power is gJ/pulse. Solid line is fitting by Eqg.

(12).

tions, corresponding to formation of pretrapped,;) and
trapped P,) polaron pairs, and free charge carriegp3.(The
existence of pretrapped pairs was substantiated edrlier:

dpP, )

at - g(t,At) —kq1P1—Kp1PT—K215P1 P2,

dpP, )

gt KiocP1—=K1oP2—=KpoP5—Kp15P1 Py, (7)
dp

a = a1k11P1+ a2k12P2+ Blk21P§+ ﬁ2k22P§

+ B3k21P1P5.

Hereg(t,At) is the rate of formation of polaron paif;.
In the two-pulses-correlation regimg(t,At)=go[exp{—(t
— At/ +exp{—(t/to)?}], wheret, is the light pulse width,
P, andP, are densities of primargpretrappegland thermal-
ized polaron pairs, respectively;; andk,, are their mono-

molecular rate constan{for geminate recombination, disso-

ciation, and localization k1, kyip, and k,, are rate
constants for random interpair recombination, &pdis the

thermalization rate constant for pretrapped polaron pairs. Th

1.10 .
)
[\

* 4
1.05

N
.\
L]
N
0 50 100 150 200 250 300
Electrical field strength (kV/em)

1.00

0.95

Ratio ipn(At =0 ps)/ ipn(At = 500 ps)

FIG. 4. Dependence of the ratiR=i,(At=0)/i (At
=500 ps) on the electrical field strength PAT12 sample, inter-
digital electrodes, light power is gJ/pulse. Solid line is fitting by
Eqg. (12.
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0
10 =10 nm

r, =6 nm

\

Probability of dissociation of a pair

rL=4nm

\

107

L=3nm

o =2nm

10°

107
1.0x10*

1.0x10°
Electric field strength (V/cm)

1.0x10°

FIG. 5. Probability of dissociation as a function of electrical
field strength for polaron pairs with different intercharge distances.
Curves are calculated by the formuy) at e=3 andT=300 K.

last equation of the syste(#) describes accumulation of free
polarons originated from five sources, namdily, and (ii)
field-assisted dissociation of thermalized polaron pdiiis,

to (v) recombination of pretrapped pairs, thermalized pairs,
and recombination between two different kinds of pairs. Val-
uesa; and B; are probabilities of free polaron formation in
those processes. We integrated the system of equdfibbyg
computer over the time interval much longer than the life-
time of any species taking part in the procedsgsto 1.5 n§

and have got the dependencies of amount of free charge car-
riers accumulate@ on the delay time\t. The average pho-
tocurrent measured is believed to be proportional to that
amount, though possible bulk recombination of free charge
carrier can distort this proportionality a little bit. Though a
big number of parameters in the system do not permit to
insist on the values chosen to be unique, there is no big
choice of the main parameters within the general scheme
chosen that are able to describe general features of the ex-
perimental curves. While fitting the experimental curve
shown in Fig. 2 we neglected by recombination betwBen
and P, and have used the following valueg,=3.3
X100 cm 3571, ky;=2.9x10" 57!, k=10 7" cm’s
Kioe=1.3x 10t 571, ky,=3.3x10°0s71, ky,=6.7
&10 8 cmPs !, B,=B,=10"%, and @y;=a,=10"2. The
fitting shows that the lifetimes of the species involved in the
processes are about 3 (fer pretrapped polaron pajrgnd

30 ps(for thermalized polaron pairsThe same lifetimes can
be obtained by fittindg ,,(At) curve by a sum of two expo-
nents.

The ratioR depends on the laser light power and tends to
R=1 at low intensities. We were working at the laser pulse
intensity when values of the first- and second-order terms in
the last Eqs(7) were comparable with each other that was
reflected by crossing the lifre=1 at low and high electrical
fields (Figs. 3 and 4

The technique supplies a unique possibility to check our
assumption about involvement of polaron pairs into the first
and second order processes studied. It is based on the depen-
dence of the magnitude of the ratie=p(At=0)/p(At
>0 ps) on the relative value of the coefficientsand 8, as
was shown in the methodical part of this paper. It is possible
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for polaron pairs only to vary these coefficients just changing 1.2
the electrical field strengtlit not going to very high field et
strengths. . @]
It is known as well that electrical field can induce disso- 0 e M~

ciation of primarily formed singlet excitons, as it is shown in
the papet* by studying the electrical field induced quenching
of the fluorescence. Polaron pairs, however, require for their
dissociation a field strength much lower than that needed for
singlet exciton dissociation. Effective dissociation of singlet S
excitons starts at the electrical field strength higher than t
10° Vicm (10% fluorescence quenching at that field 50 100 150 200 250 300 350
strengthh?), while an order of magnitude lower strength Electrical field strength (kV/cm)
causes about complete dissociation of polaron pairs.

Let us consider what one can expect within the frame, F'f_' 6. T?]ependenl‘:i?R(E? f(l’rttv(\;o tmt?]dds of fret_e p(::]arto?s
work of two different models. ormation. e CUrVd ) IS CalCulated a € assumpton atl Tree

(1) Free polaronsp are produced from two sources charge carriers are formed at the interpairs recombination indepen-

. - - - - ly of the electrical fiel h. Th kes i -
namely, by dissociation of thermalized polaron pairs, wh|chdenty of the electrical field strengt e curi® takes into ac

h . h di d di v b bi count formation of new polaron pairs at the inter-recombination of
.ave an interc arge 'Stancﬁ' and directly by recombina- primarily formed polaron pairs. See text for details.
tion of these pairs. This means that= ¢(ry;,E) and 8

e

0.8

ion(At = 0 ps) / ipn(At = 500 ps)

R=
(=)

=const. _ 0 _ 11
(2) The value of theR depends on the ratio of dissociation Lhe_plaginl%tlelr:gl— 3.3% 1ng 15:?33?(’ 1‘8%_5_2 i9>< 10 Sk :
. . . _ loc— +- ' 12— ©9- ’ 21
rate of a primarily formed polaron paifgc= ¢(ro;,E)] and 107 cnPs L, andky,=6.710 & cPs L.

dissociation rate of new polaron pairs that appear as a result We changed the coefficients and 3 in the last equation

of Interpair recombmatlo_n of primary pairs. Interchgrge Olls'of the systen(7) as a function of the field strength according
tancer o, in these new pairs may happen to be not big enough

for immediate dissociation. One can expect the distagge to Eq. (8). Intercharge distances were chosem gs-4 nm

being about twice as big as initial separation of charges irigdégizrnzc:r%towc])isresgcl:t: o;fc?lég:;?itéoinnsCh:sv;(tlr)\a;nodnincan
primarily formed pairs is still shorter or comparable with P y

Onsager’s radius. In such a case the dissociation of new pai%’upnia:;agi? Zc(tjlf ac;nnixér:tz:jnvl/?tr(:ei(r?érlca:r?:r“zn dci)sft;hne n;?])g'
will be electrical field sensitive as well, though obeying to a ectly 9 6F
different low: B ¢(f gy, E). can be estimated by the formul@), where parametesis the

One needs to choose a proper function describing th&&0, S=ro2/Tor. Thus, atre;=4 nm and S=2 Epac=7

probability of dissociation of polaron pairs. That was done 10" viem.
first by Onsaget® and applied later on to dissociation of
L ; ; Y and pol 48 InS
polaron pairs in organic semiconduc and polymers: Emax V/cm) = —- X300 9)
For the purpose of estimations we are using here a model m Ergl ($°—1) '

based on the dissociation of pairs by overcoming a potential

barrierAU=e?/ er o, wherer is an average inter-charge dis-  One can see in Figs. 3—5 that experimentally the value of
tance in a pair. This barrier becomes lower at higher eIectriR:iph(At:o ps)fH(At=500 ps) depends ofE nonmo-

cal field and disappears &ter,>AU. We suggest describ- notonously, thus indicating that dissociation of both types of
ing the probability of dissociation as a function of the polaron pairs, primarily formed and born as a result of inter-
electrical field strengtfie and intercharge distaneg by the  pair recombination, depends on the electrical field strength,

formula as in the mode{2). However, a feature of the curves consists
5 in having two maximums. We believe that this fact is a se-
E)oc _ e B Eerg ®) quence of formation of two types of polaron pairs with dif-

¢(ro.E)=ex Grok_l_ex e ) ferent intercharge distances.

We tried modeling the situation, which might result in
This formula gives the dependengry,E), which is  appearance of two maximums in tRE€E) curve. For that we
shown in the Fig. 6, and it coincides exactly with that calcu-have used a system of equations such as those shown above
lated in Ref. 18 by the Onsager’s formula for dissociation of(7) for trapped polaron pairs, but with addition of new pairs
geminate pairs? but is much more convenient for analytical and terms describing second order recombination, between
treatment. A similar formula is believed to be valid for dis- pairs having different interpair distances.
sociation of the pairs, which appear as a result of interpair The system of equation§) considered second order pro-
recombination. The difference is because an increased valuwesses as a reaction between movable species interacting
of interpolaron distanceg,= Sry(S>1) is inserted. with a rate constark,. However, one can imagine that even
The results of computer calculation of tReratio accord-  immovable species having a finite volumecan take part in
ing to models(1) and(2), based on the system of equationsthe second order processes during their accumulation just
(7), are presented in Fig. 6. The curves were computer caldue to superposition of the volumes. Effective rate constant
culated from the kinetic equation3) at the next values of in such a case has a vallkg= v/t; and works only during
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the action of the light pulse. We suspect that the situation iface-to-face arrangement does not strongly depend on the
respect to polaron pairs in conjugated polymers looks similachain length up to 12 CH groups. One can believe that ef-
to that where a polaron pair can diffuse very slowly as arfective conjugation length may be slightly larger than 10
individual species. If so, one can construct an equation dethiophene ringgabout 7 nm. Results of the present paper
scribing an amount of free charge carrier produced by thghow that the difference of intercharge distances for two

pairs of two sizes from five sources. _ types of thiophenes is relatively small, though the side chain
Dissociation of two types of primarily formed pairs lengths are much more different. It corresponds probably to

pL(At=500 ps=Gall-2Gra—2Gu(1—a)} ;t:r;]eaigzarge-transfer occurring mainly between face-to-face
X p(r,E)+G(1—a) Thus, our estimation shows that primarily formed polaron

pairs have inter-polaron distances about 4 and 10 nm, and the
X{1-2Gy(1-a)—2Graj¢(rz,E). pairs formed as a result of interpair recombination of po-
(100 larons have an interpolaron distance about 8 and 20 nm.
. . . . These values have to be compared with Onsager’s radius
HereG is the density of primary pairs formed per a pulae, | = _ 2/ kT=18.5 nm ate=3 and room temperature. The
Is & part of the primary pairs W'th an intercharge d|s.tanlce comparison shows that polarons surviving interpair recombi-
and the terms in brackets take into account reduction of thﬂation remain inside of Coulomb well, though their chances
amount OT primary pairs due to their superposition. to get free increase, and a moderate electrical field helps
Dissociation of three types of secondary pairs formed as g0 15 overcome the potential barrier. One has to note that
result of interpair recombination, which occurs during thejnierholaron distances are quite comparable with an electron
action of the light pulse delocalization length in conjugated polymers. The length was
estimated in Ref. 20 for polphenylenevinylens by using
temperature dependence of the magnetic field effect on pho-
+G2vs(1—a)?¢(2r,,E) toconductivity, and values from 3 to 7 nm were obtained. It
means that an electron escaping from an excited site gets
+G?vas(1-a)¢(ri+r,E). (1)  over one or two intermoleculafor interconjugatiop dis-
, ) ) . tances before reaching a final site in the electron transfer
Heresis a parameter showing a maximum probability of ,.5cess One can speculate about the reason of existence of
formation of free polarons in result of interpair recombina-y, 4 gistinct sizes of polaron pairs. Possibly that fact reflects
tion. We neglected here by diminishing of amount of primaryy, possibilities of a charge-transfer process initiated by the

polaron pairs caused by their dissociation that may be imporﬁght absorption: along and across the conjugated segments
tant at highest electrical field strength. The sum of correy ihe polymer chain. Though polaron pairs with longer in-
sponding amounts of free polaroms +p, formed from tercharge distance are formed in a much smaller amount,
these sources is considered as the value proportional o thgeir role in photoconductivity in moderate electrical field

photocurrent measureig. _ can be more noticeable.
An amount of free polarons formed in second order pro-

cesses att=0 is known to be twice as big as that At
=500 ps[see Eq.(1)], amounts from first order processes
remaining the samep,(At=0)=2p,(At=500 ps), p;(At

Po(At=500 ps=G2vase¢(2r,,E)

VI. CONCLUSION

=0)=p1(At=500 ps). Thus the value of the rafR{ E) can We performed ps time-resolved experiments by a two-
be expressed as correlated-pulse technique on alkyl substituted poly-
thiophene samples. The technique permits studying selec-
R(E) p1(At=0)+py(At=0) 12 tively second order processes between intermediate short-

~ p(At=500 pg+p,(At=500 ps" living species generated by the laser light absorption, which
are related to free charge carrier formation. An effect of elec-

We made fitting of experimental curv&E) by Eq.(12)  trical field applied to a sample have permitted to get evi-
by choosing values of parameters, r,, a, s and the yield dence on involvment of polaron pairs into the recombination
of primary polaron pairs. Positions of maximum depend orprocess. It is shown that at high enough excitation power
values ofr, andr,; the amplitudes are sensitive to the value (>25 uJ/cnt per a pulsgof the 150 fs, 400 nm laser pulses
of a ands. The yield of primarily formed pairs was taken as free charge carriers appear as a result of recombination of
0.2. One can see the results of fitting in Figs. 3 an@eld  primarily formed polaron pairs. That process competes with
curves and below: PAT 8r;=4.1nm, r,=11nm; a the process of electrical field induced dissociation of polaron
=0.937, 1a=0.063, s=0.33, PAT 12r,=3.4nm, r, pairs. Secondary polaron pairs are shown to be produced in
=9 nm; a=0.886, 1a=0.114,s=0.4. the recombination process, and these pairs, having higher

The structure of polythiopenes studied in the present worlintercharge distances, dissociate into free charge carriers
was investigated previously for crystalline sampfédhe  with a high probability. It was revealed that primary polaron
results have shown that the interchain distance in the plangairs are formed with two distinct intercharge distances, of
of thiophene rings increases with the length of alkyl chain,about 4 and 10 nm, and relative amounts of the pairs were
but separation between chain®.75 nm, which have determinedabout 0.9 and 0.1, respectivily

155203-6



TIME-RESOLVED STUDY OF POLARON PAIRS IN . .. PHYSICAL REVIEW B6, 155203 (2002

ACKNOWLEDGMENTS 00-03-32253. This work was partly supported by a
Grant-in-Aid for Scientific Research from the Ministry
E.L.F. is indebted to Osaka University, Departmentof Culture, Sports, Science and Technology and from the
of Electronic Engineering, for hospitality and acknowledgesJapan Society for the Promotion of Scien@@rant No.
the support by Grants No. INTAS 97-0992 and RFFI11694156.

Iprimary Photoexcitations in Conjugated Polymers: Molecular — Soc. Electrical Mat. Engd, 109 (2000.
Excitons vs. Semiconductor Band Madedited by N.S. Saric- E.L. Frankevich, A.A. Lymarev, and |.A. Sokolik, Chem. Phys.

iftci (World Scientific, Singapore, 1997 Lett. 159 113(1989.

2G. Cerullo, S. Stagirs, M. Nisoli, S. De Silvestri, G. Lanzani, G. 12R. Hidayat, Y. Nishihara, A. Fujii, M. Ozaki, K. Yoshino, and E.
Kranzelbinder, W. Graupner, and G. Leising, Phys. Re\67B Frankevich, Phys. Rev. B6, 075214(2002.
12 806(1998. 3R, Sugimoto, S. Takeda, H.B. Gu, and K. Yoshino, Chem. Ex-

SW. Graupner, G. Cerullo, G. Lanzani, M. Nisoli, E.J.W. List, G. pressl, 635(1986.
Leising, and S. De Silvestri, Phys. Rev. L&, 3259(1998. 1R, Kersting, U. Lemmer, M. Deussen, H.J. Bakker, R.F. Mahrt, H.
4E.L. Frankevich, A.A. Lymarev, |. Sokolik, F.E. Karasz, S. Blum- Kurz, V.I. Arkhipov, H. Bassler, and E.O. Guel, Phys. Rev.
stengel, R.H. Baughman, and H.H. Horhold, Phys. Rev6B Lett '73 1440(1994; ’ ’
9320(1992. 15, Onsager, Phys. Re®4, 554 (1938.

5 .
E.M. Conwell and H.A. Mizes, Phys. Rev. &1, 6953(1995. 16 .
6S. Barth and H. Baessler, Phys. Rev. L@@, 4445(1997). R('fg' BBaatt’ C.L. Braun, and J.F. Hornig, J. Chem. P8. 667

M. Yan, L.J. Rothberg, F. Papadimitrakopoulos, M.E. Galvin, and
9 P P 7R R. Chance and C.L. Braun, J. Chem. PI§4.3573(1976).

T.M. Miller, Phys. Rev. Lett72, 1104(1994.
y (1994 18p M. Borsenberger and A.l. Ateya, J. Appl. Ph¥8, 4035(1978.

8E. Frankevich, Chem. Phys. Refiz, 2069(1999. 1 . . !
9E. Frankevich, H. Ishii, Y. Hamanaka, T. Yokoyama, A. Fujii, . = 1- Kawai, M. Nakazono, R. Sugimoto, and K. Yoshino, J. Phys.

Li, K. Yoshino, A. Nakamura, and K. Seki, Phys. Rev.62, Soc. Jpn61, 3400(1992.
2505 (2000. 20E L. Frankevich and A.A. Lymarev, Mol. Cryst. Lig. Cryst18

10, Frankevich, R. Hidayat, A. Fuijii, M. Ozaki, and K. Yoshino, J.  103(1992.

155203-7



