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We have performed in the present work time-resolved experiments of8padygecyl-thiophene(P3DDT)
and poly2,5-dioctyloxyp-phenylene vinylene(OO-PPV films by directly probing the formation of charge
carriers responsible for the cw photoconductivity within the time domain of -10 ps to 1 ns. Laser light pulses
of 400 nm wavelength, 150 fs width, induced photoconductivity in a sample with a frequency 1 kHz. Red 800
nm light pulses delayed in respect to blue ones were revealed to affect the photoconductivity. The effect of the
second pulses increased with the delay time. Red light induced changes of the photoconductivity were positive
in OO-PPV, and negative in P3DDT. These results are rationalized as an evidence of delayed not immediate
formation of free charge carriers. The carriers seem to be formed within 10 ps after the pumping pulse. A
mechanism of formation of free polarons from polaron pair is suggested, which has permitted to explain main
feature of the results including different signs of the effect of the red light in different polymers.

[. INTRODUCTION polymers with nondegenerate ground-state like poly
(p-phenylenevinylene (PPV) a model developed for mo-
Photogeneration and recombination of free charge carriefiecular solids is believed to work? According to the model
are the processes, which are involved in many applicationthe next processes are involved in the photogeneration of
of w-conjugated polymers. That is why studying their free charge carriers: Light absorption leads to formation of
mechanism was considered to be very important. One of thmtrachain excitons (B,) and interchain charge-transfer
most interesting aspects of those studies concerns the questates; the latter can be transformed into distant polaron pair,
tion about the properties and very existence of any intermeke., into a pair of charge carriers of opposite sign free to
diate states between the light absorption and free charge canove but having a prominent probability of geminate recom-
rier formation in a photoconductivity-type experiments or bination due to mutual Coulomb attraction; dissociation of
between the light emission and free carrier injection into ahe polaron pair produces free polarons responsible for the
polymer film from electrodes in light-emitting diodes. For photoconductivity. Polaron pairs are considéréal be im-
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portant intermediate states able to control the quantum yieldarriers responsible for the cw photoconductivity within the
of free carrier formation at the photoexcitation and the yieldtime domain of -10 ps to 1 ns. Laser light pulses of 400 nm
of luminescence at the recombination of free charge carriergvavelength, 150 fs width induced photoconductivity in a
Polaron pairs show themselves in magnetic field effects ogample with a frequency 1 kHz. An average steady state
the luminescence and photoconducti¥ityand in transient Photocurrent was measured. Red 800 nm light pulses delayed
absorption(TA) experiment$;” though the TA requires ad- in respect to the blue ones were revealed to affect the pho-
ditional argument to be an evidence of polaron pairs. B anetoconductivity. The light of such a wavelength has been cho-

has argued that polarons pairs and non-correlated polaroS€n @s that showing a transient photoinduced absorption by
have different absorption spectra. charge carriers as it was shown in Refs. 6—-8,12. Effect of the

One can believe that spin-correlated polaron pairs ar§€c0nd pulses increased with the delay time, showing two

formed from electronically excited precursors in all casescritical delay times of about 10 ps and a few hundreds ps.
whether it is interchain or intrachain electron transfer. That ig¥€d light induced change of the photoconductivity was posi-

just a sequence of the momentum conservation law: two pdiv€ in OO-PPV, and negative in P3DDT. These results are
larons(positive and negative ongrmed remain in a spin-

rationalized here as an evidence of delayed not immediate
correlated state during the time shorter than the spin-lattic

formation of free charge carriers. The latter seems to be
relaxation time. Whether that correlated state disappears B\

rmed within 10 ps after the pumping pulse. A mechanism
geminate recombination depends on its properties and o f formation of free polarons from polaron pair is suggested
presence of other pairs near-by. For the interchain electro

Reing based on interpair interaction, which has permitted to

transfer, the pair recombines geminately in the case that a@(plgin main featgres of the photoconductivity rev'ealgd, in-
electron thermalization length is shorter than the Onsagefluding different signs of the effect of the red light in differ-

radiusr o=k T. It is always the case for low mobility €Nt Polymers.
carriers such as those formed in organic materials. An esti-
mate of the mobility,u. corresponding Fo a free path of the Il EXPERIMENT
order of Onsager radius,,=10 nm gives the value of.
about 18 cn?/V s, which required for escaping a Coulomb ~ Two semiconducting polymers were studied: 8ty
well. Such a high mobility was never seen in organic poly-dodecyl-thiophene (P3DDT) and poly2,5-dioctyloxy-
mers. p-phenylene vinylene(OO-PP\j. They were prepared and
In the case of intrachain electron transfer when one capurified by methods already report€tFilms of P3DDT and
believe Coulomb attraction to be screened, polaron pair ca@O-PPV with a thickness of about 0.2m were spin coated
recombine geminately as well because of one dimensionalitagt 1000 rpm from chloroform solution on the quartz sub-
of the charge motion. Being in the spin-correlated pair statestrates with comblike patterned interdigital Au/Cr electrodes
and being able to recombine geminately polarons have to bef 100 xm width separated by a distance of 1@0m. Such
treated as a special intermediate state. Their features weie-plane electrode geometry allows to diminish the effect of
considered in Ref. 4. Polaron pairs are not free charge carrphotoinjection from electrodes. Work was done on the ex-
ers, and their contribution to cw photoconductivity is zero,perimental setup permitting to illuminate the samples in the
though they can show themselves in the transient photocorvacuum chamber (I® Torr) at room and liquid nitrogen
ductivity as a displacement current due to their hightemperature. Electrical part was able to measure a cw aver-
polarizability® age and 20 Hz modulated average photocurrent, and transient
One has to stress, however, that there are points of viewhotocurrent. Time resolution of the electrical circuit was not
and experimental works that claim formation of free chargebetter than about 40 ns.
carriers to occur as a result of a band-to-band transition General scheme of the experimental setup is presented in
caused by the light absorptidf! or as a result of dissocia- Fig. 1. The following devices were used in the work.
tion of intrachain excitons directly into free carriers without In the optical part.A Ti:sapphire laser based regenerative
any intermediate staté$.A book devoted to the discussion amplifier system was used for our measurements. The pulse
of different approaches related to photoprocesses ton-  duration, wavelength and pulse energy from the laser were
jugated polymers has appeared recehtly. 150 fs, 800 nm, and 0.8 mJ, respectively. Output pulses were
In an attempt to resolve the matter we have used in théivided into two parts by a beam splitter. One of them was
present work a modification of the pump-and-probe techfrequency-doubled400 nm by a 1 mmthick BBO crystal
nique where instead of the transient photoinduced absorptioand used as a pump. Residual 800 hm component was re-
we monitored changes of a quasi-steady-state photocondunioved by an appropriate filter. The other part was modulated
tivity induced in the polymer sample by probe pulses. Thewith a chopper at 20 Hz and was focused into the sample
technique of that type but without time resolution was firstafter being delayed by the delay line. Delay time can be
introduced by Yakovlev and Lukifi for studying transient variably changed between -10 ps to 1 ns. The light spot at the
cation-electron pairs in photoexcited liquid solutions of an-sample place was about 1 énfPulse energies of pump and
thracene. The same idea was applied later on by Braun amatobe beams were measured at the sample position.
Scott® for time-resolved study of geminate cation-electron In the electrical partWe have used an amplifier and high
pairs in liquids under UV irradiation. voltage power supply Keithley 237DC for measurement of
This technique is applied to semiconducting polymer. Weaverage photocurrent, lock-in amplifier and current amplifi-
have performed in the present work time-resolved experiers NF Electronic Instruments LI-572B for measurement of
ments on substituted pdipiophenég and poly-phenylene 20 Hz modulated component of the photocurrent, and oscil-
vinylene films by directly probing the formation of charge loscope Tektronix TDS360, 200 MHz bandwidth, with pulse



PRB 62 FORMATION OF POLARON PAIRS AND TIME.. .. 2507

Oscilloscope

Lock-in Electrometrid PC
amplifier

[ —— = = FIG. 1. General scheme of ex-
perimental setup. Optical part per-
mitted to illuminate the sample in
/7 the vacuum chamber by 150 fs

pulses, 1 kHz repetition rate, 400
nm wavelength, and by similar
pulses of 800 nm light delayed in
ﬂple respect to the first ones within the
5 E,Flk time domain of -10 ps to 1 ns.

Ti:Sapphire laser]
150 fs, 1 kHz

4
Delay line

Chopper

Red 800 nm Electrical part was able to mea-

sure a cw average and 20 Hz
—— — modulated average photocurrent,
Filter and transient photocurrent.

Optical crystal
BBO

Hv

Qy Blue 400 nm

shape averaging over 256 pulses for measurements of tranhanged the mobility of polarons and their ability of recom-
sient signals. Kinetics of the transient photocurrent measurekination. Excitation spectrum of the photocurrent induced by
as a voltage drop on the resistaitas a function of th&@C  the second pulses after the first ones was expected to follow
value of the electrical circuit. We have used valueRdfom  photoinduced absorption spectrum of charge carriers with
500 K to 100 Q, which corresponded to the next values of maximum at about 1.5 e¥’ If the charge carriers were
the time constanRC from 2x10 % to 4x 1078 s, respec- trapped they could get mobile again by the action of the
tively. The value ofC was 400 pF. second pulse. A delay in the accumulation of trapped carriers
The following values of parameters were used during thecould be expected if they were produced from short living
work. VoltageV from 0 to 700 V; wavelengths of the light precursors. The lifetime of trapped carriers was expected to
A =400 and 800 nm; pulse width 150 fs, repetition rate be longer than 1 ns. It follows from the typical value of
=1 kHz; energy per pulse from 1 to 130J corresponding mobility x=10"% cm?/V s assuming the hopping distance
to the blue light intensity from &10% to 3 tobe equal %¥10 ' cm. The results were hoped to be seen
X 10" quantum/crh per pulse; red light intensity about by changes of average photoconductivity, which would de-
20 uJ/pulse; temperature of the samfle-300 and 77 K. pend on the time delay between the pulses. Low frequency
modulation of the sequence of second pulses and lock-in

Il METHOD monitoring of the photocurrent was considered to be useful
' for seeing a contribution of the second pulses to the photo-
Two types of experiments were planned. conductivity. Figure 2 shows schematically the processes ex-

(1) Time-resolved photocurrent through the sample willpected to be involved into play.
be measured when a sample is being excited periodically by
single pulses of 400 nm wavelength. An analysis of the ki- U
netic of the transient photocurrent at differéd€ values of
the measuring electric circuit may permit us to find out the
nature of charge carriers responsible on the photocurrent.
Measurements with higRC values were used to guarantee
that the photocurrent was induced by free charge carriers
rather than being a displacement current caused by polariza-
tion of polaron pairs. As long as the lifetime of polaron

U=efer

&

pairs does not exceed 10 s?° using anRC much higher R :

than that value permits us to deal with the photocurrent in- Py+hvi=> 1P + Py => P

duced by free charge carriers only. Of course it is assumed 7O
that electrodes are ohmic and polarons are able to discharge ' f

and be injected at the electrodes. singlet state of the pair

. (2) Steady state average photocurr_ent_through the sample FIG. 2. Schematic explanation of a change of the photoconduc-
will be measured being excited by penodmally repeated Setﬁvity under the action of the second light pulses. H&g is a
of two laser pulses of 150 fs width, with different delay grqung state polymer molecul®,* andP~ are polarons. Vertical
times between pulses in pairs. It was expected that the firgfyo shows excitation of polardh™ by the second pulse. Photons
pulse of the pair set with the quantum energy of 3.1(480 o 4 first light pulsehw, produce excited state¥*, and polaron
nm) produced a singlet excited state of a conjugated parts qfairsp* - . . P~ are formed in a charge-transfer reaction. Photons of
polymer molecules with following formation of polaron the second pulsesy, excite separated charge carriers within the
pairs. The second pulse of the red lig800 nm with quanta  polaron pair and make the polaron pair recombine or dissociate thus
of 1.54 eV would excite a polaron within the pair and shortening the lifetime of the pair.
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FIG. 4. (a) Transient signals for excitation of the photocurrent in
P3DDT sample by 5.5uJ/pulses at room temperatu@pper
IV. EXPERIMENTAL RESULTS curve and by 27 uJ/pulse at 77 K(lower curve; V=200 V.

. . .. Dashed curve is a fitting curve corresponding to BEg.with two
Figure 3 shows absorption spectra, fluorescence EMISSIQfts of free charge carriers with life times 505 and<1 us and

spectra, and photoconductivity excitation spectra of the polyrc—0.2 ms(b) Transient signal for excitation of the photocurrent

mers investigated in the present work. in OO-PPV sample; light intensity 13@J/pulse, V=500 V, T

=77 K,R=10 kQ (RC=4 us); the amplitude gives an integral

of the prompt component of the photocurrent; the inset shows the

tail of the curve that represents the delayed component of the pho-
Figure 4a) shows kinetic curves for transient signals ex- tocurrent.

cited by 400 nm light pulses in P3DDT sample and measured

as a voltage drop on the resistarige 500 K (integration thiopheng described in Refs. 11,17. Measurements of tran-

re_gime atv=200 V, 5 ,uJ/puIse. Analyfsis of the data ob- sient signals at different light intensities Bt 300 and 77 K
tained shows that the laser light pulses induce photocondu or P3DDT and OO-PPV within the range from 1 to

tivity in the sample, and the transient signals measured hav,
Y p'e, g e530 nJd/pulse have revealed an important feature. Depen-

at least two components, fast, and delayed ones. Delay f th litude of the fast i the liaht
component is seen clearly at room temperature in the inte2€NC€ Of the ampiitude ot the fast component on the lig

gration regime with a lifetime estimated as about /8, but intensityG was Iinear' at low intensities but becam(_a 'quadratic
the fast component is responsible for about a half of thét G>50uJ/pulse(Fig. 5. Under the same conditions the
amplitude. The fast component dominated in the signal megdépendence of the average photocurreqg, on the light
sured atR<50 k() and was shown to be connected with intensity was linear.

charge carriers having a lifetime shorter than the time reso- General shape of transient signal was similar both for
lution of the circuit(40 n9. Lowering the temperature from P3DDT and OO-PPV samples. Though absolute values of
300 to 77 K resulted in an amplitude of the prompt compo-parameters differed: Average photocurrégt, in OO-PPV
nent remained about the same, and delayed component deamples was one order of magnitude lower than in P3DDT
creased many times, but still was visible as a tail when measamples(1 and 10 nA at roomT; 0.12 and 1.4 nA afl
sured atR=10 k(). It can be seen in the inset to Figh4 =77 K; at the voltageV=500 V, 5 uJ/pulse); prompt
for the transient signal taken on OO-PPV sample. Theseomponent measured BR=500 K2 and shown in Fig. @)
findings are very similar to properties of subnanosecondor P3DDT was relatively lower in OO-PPV, being about 1/4
transient photoconductivity in PPV and p@yhexyl- of the magnitude of the pulse.

A. Experiments with a sequence of single pulses
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It is quite possible that delayed component originates
from the same amount of charge carriers as the prompt one,
but drifting with lower mobility. In such a case,= 6, and
w1l up>10%. For OO-PPV parameters extracted from the
prompt component were about the same as those for P3DDT.
/B/ For delayed component of the transient photoconductivity
g Theeo= 150 us, and O,u,~10"8 cn?/Vs. One has to re-

10 . J/ member that the values &, for both samples followed
EI/ superlinear dependence on the light intensity similar to that
OO-PPV, 77K, 10k - squares shown in F|g 5.

OO-PPV, 300K, 10 kg - circles

Amplitude of the prompt component (V)

1 10 100 B. Experiments with a sequence of two-pulses, blugt00 nm)
Light intensity L/Lmax (%) and red (800 nm)

We modulated the beam of red pulses by a chopper with
102 the frequency 20 Hz, and measured the signal by lock-in
© amplifier and chart recorded it at different delay times, blue
P3DDT, 77 K, 10 ka - Iriangles / light beam being switched on and off periodically. One has
e to note that the redB00 nm light was able to excite a small
87V/ photocurrent even in the case when it was acting alone. It is
V/ because of inevitable existence of a low-energy tail in the
e Gl absorption spectra of polymers. So, we measured just
changes of the signal at the exit of lock-in amplifigrhen
red and blue pulses were poaused by changing the delay
time between pulses. These changes were believed to belong
10 100 to an alternative component of blue-light-induced photocon-
Light intensity L/L_, (%) ductivity, which appeared due to an action of modulated red
light on short-lived intermediates in the sample. The depen-
FIG. 5. Dependence of the amplitude of the prompt componenfjancies obtained are shown in Fid.(8)—(d)]. We measured
of the transient signal on the light intensityat temperature 300 (o values of the changes of modulated signal amplitude
and 77 K, for OO-PPMupper ploj and P3DDT(lower plof, V' o5 ,sed by switching on and off the blue light pulses while
=500 V. 100% correspond 0= L g, =130 '“_‘]/DU|Se‘ The dotted o pulses were on. We related those changes to the modu-
line shows a linear dependence for comparison. lated signal generated by the red pulses only and plotted the
ratio (in %) as a function of the delay time. One can see that
the magnitude of the modulated photocurrent, measured by
fock-in amplifier at the frequency of modulation of the se-
at[i'uence of red light pulses, under the action of blue and red
pulses, changes with the delay time for both kind of samples
as at room temperature, and at liquid nitrogen temperature.
An interesting feature was revealed, however. While for OO-
PPV an action of the red light pulses increased the photocur-
rent, excited by blue light, similar action of the red light
exp(—t/RC) — expl(— t/ Tyree) (1)  bulses on P3D)I5T sampgl|e led to a decrease of the pho'?ocur-
Utiee— 1RC ' rent. We formally fitted experimental curves in Fig. 6 by an
equation Ag+ A [ 1—exp(—t/t)]+A[1—exp(-t/t,)] corre-
sponding to trapping and accumulation of species during

P3DDT, 3D0 K, 10 kQ - diamonds

Amplitude of the prompt component (V)

Measurement of the signalauf..= voltage drop onR)
permitted us to make an estimation of the parameters of th
photoconductivity induced by laser pulses. Parameters ¢
be obtained by fitting experimental curves by the En,
valid for photocurrent caused by the drift Nf,.. free charge
carriers during the lifetimer,ee in the circuit with finiteRC
value

ufree(t):A

where A=1.6X 10" N uV/12C and 74, are parameters

of fitting an experimental curve by the above functidn(a  time intervals of about, andt,. Term A, is the relative

gap between electrodes-itting of the delayed components ,npjitde of the modulated photocurrent at zero and nega-

by Eq.(1) gives a rough estimation of parameters only as fakj e gelay timegwhen blue and red pulses are)dhat does

as the decay kinetics seems not to be an exponential one bk jepend on the delay time. All the dependencies on the

rather hyperbolic. delay time obtained have shown two component; short lived
By measuring the prompt component of P3DDT at they o t,), about 10 to 12 ps for both P3DDT and OO-PPV

energy 5 pJ/pulse one can get the next valuegee;<4  gamples: and longer lived oné,), about 270 to 400 ps for

x10 © s, and Nyeest: reer=0.188 cnf/V. For the de-  p3ppT and about 350 to 500 ps for OO-PPV.
layed component 7qeeo=50 uS, and NyeeotoTieer

=0.51 cnf/V. Ngee1= Napd1=2.9X 106, whereN . is a

number of photons absorbed, afigis a quantum yield of V. DISCUSSION

free charge carriers. It means thaf;uThee;=6.5 The most essential findings that require discussion and
X101 cm?/V, or 6,u,>6.5x10"° cn?/Vs for the rationalization follow.
prompt component, ané,u,7xeer~1.8X 10712 cn?/V, or (1) Existence of prompt and delayed components in the

O,u,~4x 1078 cn?/Vs, for the delayed component of the transient photoconductivity.
transient photoconductivity. (2) Quadratic dependence of the magnitude of the prompt
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=270 ps.(b) P3DDT, 77 K; solid curve is a fitting curve &,=0%, A;=10%, A,=10%,t,=12 ps,t,=400 ps.(c) OO-PPV, 300 K;
solid curve is a fitting curve & ,=0.395%,A;=0.015%,A,=0.065%,t,=10 ps,t,=350 ps.(d) OO-PPV, 77 K; solid curve is a fitting
curve atAy=49%, A1=4%, A,=6%, t;=12 ps,t,=500 ps.

photoconductivity component on the exciting light intensity. from a primary photoexcitation of a conducting polymer.

(3) Effect of the red light on the photoconductivity. Electrons escaping from their parent holes and the holes be-

(4) Dependence of the sign of the effect of the red light oncome polarons very rapidly and these latter may assume to
properties of the sample. have an enhanced mobilify, that permits them to drift in

(5) Two values of the delay time describing the effect of an external electric field during the lifetime limited by gemi-
the red light. nate recombination rate and trapping rate. Polarons probably

In an attempt to rationalize the results one can assume thatve initially additional kinetic energy and are hopping be-
the prompt component of the transient photoconductivity sigiween conjugated parts of the polymers more often. That is
nal belongs to a photocurrent caused by charge carriemsquivalent to thermalization through a high density of states
formed from the primary photoexcited states. The prompto the tail region and the mobility edge. Thermalization of
component corresponds to a similar feature observed earli@rimary charge carriers means effectively a trapping. It is
in PPV (Ref. 1)) in picosecond time domain. Our observa- quite possible that the trap density in such a case is one trap
tion made in the integration reginfat RC higher than life-  per conjugated segment for conducting polymé&rSubse-
times of polarizable specigshows that these primary carri- quent hoppingor detrapping-trappingprocesses of the car-
ers work as free charge carriers. How can it happen for theiers cause the mobilityt, of polarons to be much lower
carriers formed in pairs and recombining geminately? Wehan the primary mobilityx;. One can believe that a typical
suggest the following. value of the mobility before trapping,; in PPV is about

Let us consider the fate of an electron and hole formed.2 cnf/Vs!® while hopping mobility «, being about
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10~ * cm?/V's. Moving with lower mobility, charge carriers

have a prolonged lifetime,,; in respect to geminate recom-

bination. Even when such a motion occurs within the Cou-
lomb field of the polaron pair and finishes by a geminate
recombination, it can be seen as a displacement current c
transient photoconductivity. A contribution of the drift of

primary charge carriers to cw photoconductivity can be ex-
pected, however, only if a geminate recombination of the @
polaron pair does not occur. Otherwise no total charge trans @
fer takes place in the external field. Whether the contribution 2
of the primary drift to cw photoconductivity remains or not
depends on the possibility that the random recombination3
competes successfully with the geminate one. Random inter @ .

n Ity IF‘reduced

d: ced

pair recombination can happen if new pairs appear near eac 10'5. et 10 Tgm "
other at high enough excitation rates. Then positive and A 0 1 2
negative polarons of neighbor pairs can recombine, and twc 10 10 10 10

residual polarons get a big chance to escape geminate recon
bination and then recombine randomly. Interpair recombina-

tion means effectively that charge carriers belonging to po- G, 7. pependencies of different components of charge carrier
laron pairs become free carriers. Being unable to recombingensity on charge carrier generation rate. Reduced values of the
geminately they cannot s_ubtract_the contrl_butl_on to thg Phodensity Nreduced™ My TpaiKrec @Nd reduced generation ratgediced
tocurrent they made during their thermalization. A S|m|lar:4T§aig K,ec are plotted. Uppefsolid) curve is for the total density
behavior of the polaron pair can be expected at any temperaf trapped charge carriera,=n; middle (dotted curve is for the
ture. All depends on geminate recombination réigich  carrier density originated from interpair recombination= Nyeey;
may be low enough as a result of the trappiagd a rate of lowest (dashedl curve is for the density of primarily formed pre-
recombination with carriers formed in other pairs. It would trapped charge carriems, = nscs, the curve calculated for the ratio
be just the case when recombination becomes effectively af 74/7p,=0.01. The inset shows a similar dependence for the
source of free carriers, as far as it prevents geminate recondensity of charge carriers formed by thermal excitation of polaron
bination. Similar effect of interpair recombination was re- pairs,n,= Neees the curve calculated for the value of thermal exci-
ported in Ref. 5 for quasi-one-dimensional single crystal oftation ratek=0.01/rpy;.

polydiacetylene.

Experimental evidence for that mechanism of free carriegeneration ratek, is a trapping rate constari{, is a density
formation obtained in the present work is the proportionalityof traps, andry is a life time of the pair before geminate
of the magnitude of the prompt component to the square ofecombination (M) or trapping &N): 1/7g=1/7y
thg light int_ensity and its inde_pendence on the temperaturg. kiN; 7pq is the increased lifetime of the trapped péig,
(Fig. 5. Being followed by bimolecular recombination, it js g pimolecular recombination rate constant, governed by

explains the linear dependence of the average photocurreg{e |ow mobility 4,. Under steady state conditions the den-
on the light intensity at the same conditions. Simple esnmagity of charge carriers is

tion shows that at the light intensities used a probability of

formation of two polaron pairs at distances shorter than On- 1 ~

sager radius is high enough. We will take into account the n= W(V1+4kre(g7-pair_ 1).

interpair recombination for the pairs, at least one of which pairrec

contain two trapped carriers only, and neglect by a smalllhe dependence of the total densityf charge carriers on

probability of interpair recombination for the pairs with no or the carrier generation ratgis shown in Fig. 7.

one charge carrier trapped. Only those recombining randomly are free charge carriers
Let us estimate a part of the total density of charge carribetween all charge carriers. One can describe apafithe

ers, which belongs to free carriers and to geminately recomtotal density of charge carriers, which belongs to free carriers

bining carriers. We consider here a simplified case with@s that proportional to the rate of random recombination

equal dynamic properties of positive and negative charge

Reduced generation rate g eguced

()

carriers, and the geminate recombination as a first order pro- 5 kied?? V14 4Ke@Tpa 1 @

cess. Strictly speaking what is below is valid for continuous N/ Tpairt Krod? J1+4K,eg Tgaﬁ 1

excitation. But we hope it permits also to understand main

features of average photoconductivity excited by pulsesand

Rate equation for formation and recombination of trapped

charge carriers may be written as Niree2=NO. )

Mechanism of free carrier formation based on interpair re-

dn 1 o2 combination may happen to be a main one in polymeric
E_g_?airn_ red " @ semiconductors particularly at low temperature and high

light intensity.
Hereg is a rate of generation of carriers belonging to polaron Figure 7, dotted curve, shows a dependence of the carrier
pairs that becomes trappegt=gokiN 7y, g is the total pair  density componenty.., connected with inter-pair recombi-
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nation on the rate of generation of charge carrigrsThe electrode one of charges belonging to a pair has a real chance
dependence is quadratic at lagy becoming linear at high to get to the electrode being unable to recombine geminately
excitation intensities. One has to stress that the rate of fowith his partner and subtract a contribution of the charge
mation of free charge carriers by the mechanism of interpaicarriers to cw photoconductivity. Of course the photocon-
recombination remains a second order one in respect to thductivity of such a kind can show itself only in thin films
intensity within all the range of values. Making the experi- where the thickness becomes commensurable with the sepa-
ment with short pulse excitation, we were able to see theation of charges within polaron pair.
guadratic intensity dependence of the magnitude of the tran- As we have mentioned above, charge carriers can provide
sient signal, time resolved from the recombination of freea contribution to the photoconductivity during their primary
carriers. While measuring the average photocurrent we werérift to traps. Whether the contribution of the primary drift to
working in the regime of quasicontinuous excitation, just av-cw photoconductivity remains or not depends on possibility
eraging all the events, formation of free carriers and theithat the random recombination will compete successfully
recombination. That resulted in being within approximatelywith the geminate one. It means again that only a paof
linear portion of the dotted curve in the Fig. 7. high mobility charge carriers can be considered as free ones:
It would be useful to estimate the probabiljtyof absorp-
tion of a photon in a vicinity of a polaron pair. It could be
also the estimation of inter-pair recombination probability if Niree1=JoTgo. (6)
the quantum yield of polaron pair was high enough. Starting
from the value of a mobility of thermalized polaroiwe  Because of very short lifetime of primary charge carriers,
takeu=10"* cn?/V s), one can estimate a residence timetheir contribution to cw photoconductivity is expected to be
of the polaron on a single site as.—=1%e/ukT=3 ns(at small. However it can show itself as a current peak at the
room temperature and a hop lendth 10~ 7 cm), and take beginning of the excitation in time-resolved experiments.
that value as a lifetime of the polaron pair; it is certainly This kind of photoconductivity is responsible for the prompt
longer than the pulse widtiAt but shorter than the time component in our transient photoconductivity experiments.
interval between pulses. Then, one can estimate the probabBehavior ofng.e; as a function of charge carrier generation
ity p of the photon absorption within the Onsager radiusrate geduced:47-Sai,gkrec is shown in Fig. 7, dashed curve. It
from the conditionpwnab;%ns, whereng,sis the density of corresponds to superlinear behavior of the prompt compo-
photon absorption per pulse. At the energy of the lightnent of our transient signal shown in Figh# But we have
pulse 5 wJ/pulse the value ofngs is about 5 seen experimentally that at low light intensities the depen-
X 10'" photon/pulse cfhand thenp can be estimated g8 dence of the amplitude of the prompt component on the light
~0.5 (we have taken here a small value for Onsager radiugtensity was linea(Fig. 5. This means that an additional
rons=10 nm). The estimation shows that the probability offirst order mechanism exists at low light intensities making
inter-pair recombination is high under conditions used in thepolarons of pairs to behave as free polarons that works
present work. equally at room and low temperature. We suggest as such a
One has to add that the paper appeared recémifythe  mechanism the recombination of polarons of pairs with
experimental observation of a temperature-independent pheharge carriers responsible for the dark conductivity of the
toconductivity in thin films of semiconducting polymers. Au- samples. The latter was comparable with the average photo-
thors claimed that it belonged to primarily formed free conductivity excited by low intensity light. This mechanism
charge carriers. The authors really observed that such a kinglas not included in Eq(3) but it permits us to understand
of cw photoconductivity appears but only in the sandwichedthe nature of linear dependence of the prompt component at
thin films with a thickness of about 100 nm. It equals tolow light intensities.
about 10% of the total photocurrent, which remains tempera- The third kind of contribution to the cw photoconductivity
ture dependent. Authors explained its origin as a sweep-ous expected from the free carriers that are formed as a result
of primary produced charge carriers prior to deep trappingof thermal activated dissociation of carrigvsith a rate con-
According to the results of the present paper one can believetantky,) belonging originally to those recombining gemi-
that the temperature-independent photocurrent is the result ofately:
a reaction of primary produced polaron pair with electrodes.
We have shown that formation of polaron pairs from primary dn
photoexcitation is a temperature-independent process. It free3 _ s _
means that primary charge carriers are fast enough to cross a dt (N7 0~ Mecalkin™ KredMiees. @
certain distance within an Onsager radiug,{=e*/ekT
=10 to 20 nm. Within the bulk of material it results in The last equation gives for a steady state excitation an addi-
formation of a polaron pair. However, in a vicinity of an tional density of free carrierBees:

kin(V1+4Keg ng)air_ 1)

KrecTpail \/1 +4Kred 7'gair_l_ 1)[Ken+ 1/27pg \/1 +4Kied ngjair_ 1] .

®

Nfree3™
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______________________ g -
Single_t excited state & 0
of conjugated segment Pretrapped -
of polymer molecule «———— polaron pair «—
A FIG. 8. Scheme of the pro-
cesses and transitions used in the
hy model. Boxes show main elec-
luor L tronic states involved into the
thlue,/ play. Circles correspond to two
Ve important processes: random and
vl -~ geminate recombination. Param-
eters related to the states are
Ground state shown within the boxes and circle.
of polymer molecule Dashed line indicates a possible
Dark charge carriers / Thermdl direct way of formation of pre-
j dissoctation 3\ trapped polaron pairs. See Sec. V
v v 3 for details.
O =Npeeild 1€ O Neet b O3 =Npppsllp \;
Prompt component Delayed component Prevails at 5~0
Photoconductivity Displacement
current

The last contribution is expected to prevail at low excitationan increase of the mobility changes with the reduced excita-
intensities when no cross-recombination of polaron pairgion rate. The change takes place near the valug,&ficed
takes place §~0). Dependence ofi;ee3 ON the excitation =10 within the intensity range where the dependeng)

rate at the value dfy,=0.01/r,;, is shown in the inset to Fig. is about linear. Physical reason for this change is clear. Most
7. The curve levels off and then goes down because of a higtritical condition at low excitation intensities for making free
rate of interpair recombination at high intensity. Figure 8charge carriers from those belonging to polaron pairs is the
gives a scheme illustrating the main processes assumed to lifetime of the pair. Increasing., (by detrapping charge car-
important for the photoconductivity studied in the presentriers by the red light makes the lifetime shorter, and de-
work. Total cw photoconductivity can be expressed as a surareases a chance of inter-pair recombination. That means ef-

of componentsr,= o1+ 0, + o3, where fectively a smaller rate of free carrier formation from polaron
pairs. At high enough excitation intensity the interpair re-
01= H1Nfreer®, combination does not depend critically on the lifetime of
pairs, and a normal dependence of photoconductivity on mo-
027 M2Nfree®s bility (o~ u,) is observed.
The feature under discussion just can be used for expla-
3= U2Nfreed® (9 nation of the different sign of the red light effect on the

In experimental conditions of the present work we dealtPhotoconductivity observed in the present work. Remember

mainly with componentsr; and o,. The first component

showed itself as the prompt component, while the second 10

component did as a delayed one. ]
In the present work we used additional excitation of

charge carriers by the red light. It is reasonable to assume

that such an excitation results in temporary detrapping of

carriers and in an increase of their mobily= o+ Sw. It 1

would be useful to see how different components of the pho-

toconductivity are expected to react on such an excitation.

For that purpose one must take into account dependencies of

all the rate constants involved on the charge carrier mobility. ¢

We assume that the next connection of parameters on the 0.1

mobility of thermalized charge carriers is valid being based ]

on the known dependencies of kinetic parameters of the mo-

bility

reduced2

Tpair™~ Uy, Kiee~m2, K~ iz, (10) 9 reduced

Values ofo and o increase withdu, as it follows from  £1G 9. pependence of the photoconductivity component, con-
Egs.(6) and (8). Interesting feature is expected however iNpected with inter-pair recombination of polaron paitsegyceds
behavior ofa, in connection with an increase of the mobility = 0 TpaiKrec/ €02 ON the excitation intenSityerucef4T§air9krec-

2. Figure 9 shows how that photoconductivity componentcurves are shown corresponding to basic mobjlity (o= o2,

is expected to react on the red-light induced increase of theolid curvé and to two times increased mobilityug= 205,
value of u,. One can see that the sign of the effect caused bylashed curve
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that the effect was negative for P3DDT and positive for OO-transient absorptiofiTA) reported earlier. Conclusion of the
PPV. It means the value Ofcquced™ 47§aig kcwas lower for ~ paper of Yaret al® indicated that TA observed in PPV origi-
P3DDT than for OO-PPV. The first worked at the left side of nated from “spatially indirect” excitons that is another name
the crossing point in Fig. 9, while the second did at the rightof polaron pairs. They saw, however, maximum TA at zero
side of the crossing point. Accepting thag,~ 1/u, and delay time, and decreasing of TA within the time domain of
K.ec~ 12 ONE can come to the conclusion that P3DDT con-2 hundred ps. Measurements of TA in polythiophene deriva-

tains more mobile charge carriers than OO-PPV does. Thaﬂves in Ref.IZO also. indicated on the maximur_n absorp_tion at
correlates with known properties of these two polymersZE'© delay time as in Ref. 6. These observations are in con-
poly(3-alkyl-thiophengs have more strong inter-chain inter- trast with our results Wlt'h probing the phqtoconductwny in-

action, lower photoluminescence quantum yield, and higheptéad of absorption, which show a delay in accumulation of

photoconductivity than OO-PPV has. Thus, all the thingsred-light-sensitive species related to photoconductivity and

considered show that the model suggested being based on t1f2 like a mirror image of the TA vs delay time curve. One

polaron pair concept is able to explain main features obSan SPeculate what was seen by TA in Refs. 6, 20 at zero

served experimentally. According to the model, the depend€l@y time belongs to pretrapped polaron pairs, and absorp-

dence of the red light induced changes of the photocurrentLOn of the light by those intermediate species does not affect
provides data on the accumulation of polaron paivsich the photoconductivity. TA is sensitive only to the number of

are a source of free polaronsithin the picosecond to nano- polarons and cannot resolve whether they are pretrapped and

second time domain. Two characteristic lifetimes seen in th&h0Pile or trapped. " _
dependence may be prescribed to lifetimes of precursors of A récent paper of Graupnet al.™* was devoted to inves-
polaron pairs. One can suggest the next intermediate specifgation of electric field-induced photogeneration of charge
as candidates for the precursors: a pretrapped polaron p&fTers in polyp-phenyleng by field-assisted pump-and-
(for the lifetime about 10—12 ps in both polymgrand sin- probe technlque.. Here the authors have got evidences on the
glet excited state of conjugated part of polymer moleculd€l@yed generation of polarons on the time scale of 10 ps.
(270—400 ps for P3DDT and 350-500 ps for OO-PARfe- They believed those were free polarons in contrast to our

trapped polaron pairs themselves seem to be formed in conclusion, as far as they relied on the transient absorption

much shorter than picosecond time scale. One can assurgBectrum only, which can be similar for free polarons and
that the lifetime 10 ps is the lifetime of pretrapped polaronpOIaron pairs
pairs (rg). It corresponds as well to the value obtained in
Ref. 6 for species responsible for the photoinduced absorp- VI. CONCLUSION
tion and identified as polaron pairs. First prompt component
in the kinetics of accumulation of trapped pairs can be We have performed time-resolved experiments on the
readily rationalized as originating from trapping of these pre-Photoconductivity of two types of conducting polymers, sub-
cursors if they are formed during the laser pulse or at leasttituted polythiopheng (P3DDT) and polyphenylene vi-
during the time interval shorter than 1 ps. Sharp increase diyleng (OO-PPVj, within the time domain of-10 to 1000
the amplitude of the signal at zero delay time in the curves oPS- Pulse-and-probe technique was applied, but photocon-
Fig. 6 and absence of the second derivative permit us tguctivity changes induced by the probing 1.5 eV light were
make such an assumption. It remains unclear whether thamonitored instead of transient absorption. Laser light pulses
fast formation of pretrapped polaron pairs originates fromof 400 nm wavelength, 150 fs width, induced photoconduc-
very fast electron transfer from intrachain exciton or doedivity in a sample with a frequency 1 kHz. Red 800 nm light
directly in the primary process of the light absorption. As toPulses delayed in respect to the blue ones were revealed to
the second Component in accumulation of trapped po|ar0ﬁffect the phOtOCOﬂdUCtiVity at 300 and 77 K. Effect of the
pairs, it is comparable with similar components in the kinet-second pulses increased with increasing the delay time. Red
ics of the luminescence intensity decay. That permits us tdght induced changes of the photoconductivity were positive
speculate that formation of polaron pairs does not stop aftdp OO-PPV, and negative in P3DDT. These results are ratio-
1 ps but proceeds during all the lifetime of intrachain exci-nalized as an evidence of delayed not immediate formation
tons. The ratio of amplitudeB=A, /A, of two components Of charge carriers from trapped polaron pairs. The latter
in the kinetic curves in Fig. 6 may be considered as a meas€ems to be formed within 10 ps after the pumping pulse. A
sure of importance of these two processes for formation oftechanism of formation of free polarons by inter-pair re-
polaron pairgand for photoconductivity itself We have ob-  combination was suggested, which has permitted us to ex-
tained the next valueB=0.23 and 0.67 for OO-PPVB plain the main feature of the results including different signs
=3 and 1 for P3DDT, for room temperature and 77 K, re_of the effect of the red I|ght in different polymel’S.
spectively.
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