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Signature of exciton annihilation in the photoconductance of regioregular poly(3-hexylthiophene)
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The transient photoconductance in drop-cast films of regioregulat3bkxylthiophenghas been studied
over the photon energy range from 1.7 to 2.8 eV for incident light intensities frdftd0'6 photons/crA
per 4 ns pulse. Charge carriers were detected using an electrodeless, time-resolved microwave conductivity
technique. The photon-energy dependence of the photoconductance fama thick, optically dense film was
found to be very different from that of a submicrometer thick film, which could not be explained by the
differences in light absorption alone. A model based on exciton-exciton annihilation, however, with a rate
coefficient 0f(0.9+0.8 X 1078 cm®/s, can reproduce the spectra as a function of film thickness and incident
intensity. From kinetic fits of the conductance transients, bimolecular charge recombination can be excluded as
the main origin of the nonlinear dependence of the photoconductance on the light intensity. The quantum yield
of photoionization,®, was found to be constant é.5+0.4% within the investigated photon energy range.
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. INTRODUCTION bilities up to 0.2 crd/V s have been reported.
Using the FP-TRMC technique, we have previously stud-
mr-conjugated polymers are not only of fundamental but alsded the phpton-energy and tgmperature depe_nde_nce of_the
of practical interest due to the potential applications of thes@uantum yield of chargg carrier photogeneration in a spin-
materials in(optoJelectronic device&:s Obtaining informa-  coated film of RR-P3HT The photoconductivity was found
tion about the intrinsic, zero-field photoconductive propertied® increase sublinearly with the intensity of the incident laser
of mr-conjugated polymers from experimental data is compli-Pulse. On basis of the available data, it could not be estab-
cated using conventional dc techniques because of the effedighed whether the sublinear intensity dependence was
caused by the electrode-polymer interface and the high elegaused by bimolecular recombination of charge carriers or by
tric fields®7 In addition, it has previously been shown that bimolecular exciton-exciton annihilation prior to dissociation
electrons photoejected from the polymer surface can make @f excitons into charge carrier pairs.
large contribution to the measured conductivity if no precau- The aim of the current study is to reveal the nature of the
tions are takef-1°Because of these potential complications, initial photoexcited states and the origin of the sublinear in-
considerable uncertainty exists in the literature as to theensity dependence of the photoconductivity. To this end, the
spectral dependence, the efficiency, and the limiting factorsneasurements are extended to thick, drop-cast films of RR-
of intrinsic charge carrier photogeneration in conjugatedP3HT, making it possible to study the decay kinetics of
polymers. charge carriers with 20-fold improved time resolution. In a
The aforementioned problems can be circumvented usinghick polymer layer, the photogeneration and decay of charge
the flash-photolysis time-resolved microwave conductivitycarriers can be studied at the optical absorption onset, where
(FP-TRMQ teCh”'_‘qué'l_lAWh'Ch operates at low electric- {he jnitial concentration of photoexcited species is suffi-
fields (<100 V cnT7). Charge carriers are detected by the cjengy |ow for bimolecular processes to be negligible.

absorption of microwaves and no electrodes or dc fields are ¢ higher photon energies, the optical penetration depth is

required. Because of the high frequency of the electric fielqmuch shorter and consequently bimolecular processes do

Eharng de rci:arruiar:s ar:f[er n(:tt r%quwer(]j dto ti‘\:/ri?sfngramr Or; dnc;mi lay a significant role. This causes a reduction in the yield of
oundaries, in contrast 1o dc concuctivity measureéments. harge carriers, which manifests itself in a thickness and

a result, the TRMC method is most sensitive to the photo. = . .
conductive properties of the ordered, high-mobility domains“ght"menSIty dependence of the photoconducta_nce aC.tIOI’l
in the film. spectrum. The shape of th.e spect(a can b(_a gxplamed using a
A very promising candidate for applications in elec- model of bimolecular egcﬂon—exmtgn gnn|h|lat|qn and not
tronic and opto-electronic  devices is regioregularb'mqlecmar c'har.ge carrier recombination. 'Ir! 'th|s way, th.e
poly(3-hexylthiopheng-+15-17 (RR-P3HT), which was first Prévious ambiguity about the nature of the initial photoexci-
synthesized by McCullough and Low.In this self- tations and the cause of the sublinear intensity dependence of
assembling polymer, stacking of the planar backbones vife photoconductivity is removed.
m-electron interaction leads to the formation of lamellae, in  Additionally, it is found that the overall quantum yield of
which quasi-delocalized, two-dimensional charge transporgéharge carrier photogeneration in drop-cast films is approxi-
has been observéd1920The field-effect charge carrier mo- mately a factor 1.5 higher than in spin-coated films, which
bility in such films is orders of magnitude higher than in indicates the importance of molecular order in the photoge-
films of regiorandom P3H$41521.22and charge carrier mo- neration of charges in RR-P3HT.

The intrinsic  (photoconductive  properties  of

1098-0121/2005/115)/1552048)/$23.00 155204-1 ©2005 The American Physical Society



DICKER, DE HAAS, AND SIEBBELES PHYSICAL REVIEW Br1, 155204(2005

Il. EXPERIMENTAL a stopcock and evacuated down to a pressure of less than
0“4 mbar. After evacuation, the cavity was filled to atmo-

. T ) ) . pheric pressure with an electron scavenging gas mixture of
regioregular pol{8-n-hexyithiopheng (RR-P3HT with a FOZ and Sk in the pressure ratio 10:1 in order to capture

! ) p . .
degree of regioregularity of 92%, synthesized in the group Oany highly mobile electrons which might be photoejected

Prof. R. A. J. Janssen at the Technical University of Elnd-from the polymer surfacé:10

hoven, The Netherlands. The weight-average molecular . . , .
. o . . The samples were irradiated with single 4 (BAVHM
weight, M,,, was 12.8 kg mof with a polydispersity of 1.4, =3 n9 pulses from a wavelength-tunable Coherent Infinity

corresponding to an average nE55 monomer units per . . .
chain P 9 9 P optical parametric oscillator pumped by a Nd:YAG laser. The
Films were prepared by spin-coating or drop-casting c)r§|gnal_-to-n0|se ratio was improved by averaging over up to
12X 25 mn?, 1 mm thick quartz substrates. To examine the100 single pulses. The wavelength could be varied continu-
' 9_usly over the range 700 to 420 nm. The pulse energy was

influence of oxygen on the measurements, we have also pe easured using a Coherent Labmaster power meter to moni
formed experiments on samples which were prepared, an- 9 P

nealed, and measured under an oxygen-free atmosphe ir a small fraction of the incident beam reflected by a quartz
These gave the same photoconductive response as sampP dte. The maximum pulse energy was ca. 7 mJ. The inten-

that were prepared under atmospheric conditions and werdY could be a_ttenuated using a series of neutral density fil-
not annealed. ters(Melles Griod. The cross section of the laser beam was

An opagque film was prepared by drop-casting a 504g | shaped to a rectangle with dimensions closely matching the

chloroform solution; a rather inhomogeneous transparen‘?”bsnate size. The intensity distribution over the cross sec-
film was produced ,by drop-casting a 0.5 khloroform tion of the beam was uniform and free of hot spots. Because

solution, and a homogeneous thin film was prepared by spinQf the_grating, the illuminated area of the film was only

coating with a 15 g1* chloroform solution. The thickness of 1.6T(I31f.photoinduced change in the conductance of the
the opaque film(L=15 um) and the thickness of the spin- ) .

coated film(L=110 nm were determined using a Veeco De- sa?gem?grg\?g\'/ﬁlcgﬂgzi?bWisﬂg?:étogsihaes c?asn)?naq[e
ktak 8 Stylus step-Profiler. Because of the inhomogeneity o*;n sonancéca. 9 GH2 using miérowave circuitry and detec-
the transparent drop-cast film, its thickness was determineﬁ%n equipmént which has been described elsewHeks
by comparison of the optical densit@)D) at the absorption The two paraméters are related by ‘
maximum (OD,,,,,=0.22 with the optical density at the ab-

sorption maximum of the spin-coated filk®D,,,=0.68). - AP/P=KAG, (4)
The comparison yields afapparent optical thickness of
35 nm for the transparent drop-cast film.

A Perkin-Elmer\-900 spectrophotometer equipped with
an integrating sphere was used to measure the fraction
incident light reflected and transmitted by the samplgs,
and F1, respectively. The linear absorption coefficient,
defined by

The polymer used was head-to-tail-head-to-tail couple

whereK is a sensitivity factor, which was derived from the
resonance characteristics of the cavity and the dielectric
properties of the medium.

The change in conductance is related to the concentration
of charge carrier pairs),, and the sum of the mobilities of
the positive and the negative charge car®u(=u,+u_),
by

Fr=(1-Fpe ™ =(1-Fg10°P, (1) .
was determined from measurements on the spin-coated film. AG= Bezﬂf ny(2) dz, (5)
The photon penetration depth,,,, is the reciprocal of the 0

absorption coefficient. wheren,(2) is the concentration at a depiwithin the pho-
Ap, = e, (2) toactive layere is the elementary charge, atl(=2.30 is
the ratio between long and short internal dimensions of the
The fraction of incident photons absorbed by the polymefyayeguide(The microwave electric field vector is parallel to
film, Fp, is the short side.
— —1_r_ _ The quantum yield of charge carrier photogeneration,
FaZlallo=1-Fr-Fr ® s the fraction of primary photoexcitations which lead to the
The polymer-coated quartz plate was placed in a microformation of charge carrier pairs,
wave cavity at a position of maximum electric field
strength?® The electric-field strength at the position of the _ f - (2) dz! 6)
sample was 100 V ci or less and the electric-field vector ¢= o Motz A
was parallel to the surface of the sample. The response time
of the cavity was ca. 40 ns when an iris was ugesonant wherel, (=lgF,) is the number of photons absorbed per unit
cell). When no iris was useg@pen cell, the response time of area. If recombination and/or immobilization of the charge
detection was 2 ns. A grating in the back wall of the cavitycarriers is slow with respect to the pulse duration and the
was covered and vacuum sealed with a quartz window. Th&me resolution of detection, then the maximum conductance,
cavity was vacuum sealed with aramide foil at the position ofreached after the laser pulse, is related to the product of the
the iris coupling hole and was attached to a vacuum line vigiuantum yield and the mobility sum by
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FIG. 1. The optical attenuation spectrui,, of the 15.m FIG. 2. The laser-induced conductanaes, of a 15um thick

thick drop-cast film(solid line, left axig and the photon penetration
depth spectrumy, (dashed line, right axjswhich was determined 100 |aser pulses with an incident intensity equal ftg=8

from the same film foh»<1.9 eV and from a 110 nm thick spin- s 1415 photons/cré/pulse. The full, smooth lines are fits according
coated film forhy>1.9 eV. to Eq. (11) with Eq. (13).

film at different photon energies. The transients are averages over

AGpax= BeloFal pZ ] (7)  low, bimolecular interactions between photoexcitations begin

For optically dense films, a useful quantity is the averagéo play a role at much lower incident photon intensities.
conductivity in the illuminated region of the filmAo),
which we define here as B. Charge carrier kinetics

(Ao = AG/Ad, (8) The photoconductance transients obtained for excitation
. _ at 1.8, 1.9, and 2.5 eV are shown in Fig. 2 for the same

wherebyd equals the optical penetration depthy,, (at the incident light intensity, |, The maximum conductance,
respective photon energyor the layer thicknessl., for  AG,,, reached at the end of the laser pulse, is highest for

weakly absorbed lightat the absorption onset excitation at 1.9 eV, and the after-pulse half-life is ca. 30 ns.
A lower value forAG,,, is found for excitation at 1.8 eV,
Il. RESULTS AND DISCUSSION with an after-pulse half-life of ca. 40 ns, while the lowest
value forAG,, is obtained for excitation at 2.5 eV, with an
A. Optical characterization after-pulse half-life of only 7 ns.
The optical attenuation spectruff,, of the 15um thick, The ca. twofold increase ofAGy. in going from

drop-cast film is shown as the full line in Fig. 1. As expected,1.8 to 1.9 eV is roughly in agreement with the 2.5-fold in-
the film is optically opaque above ca. 1.9 eV, close to thecrease in the absorbed intensity-,. Based upon the simi-
onset of the first absorption band of RR-P3HT. The residualdrity in the F5 values,AGy,, at 2.5 eV is expected to be
ca. 10% of incident light not absorbed by the sample is alclose to the value found at 1.9 eV. The decreadé,.,
most entirely due to reflection, with the contribution from value at 2.5 eV must therefore be due to a more efficient
transmitted light,F, being negligible. Because of this, the decay of photoexcitations during the pulse. Another explana-
Spectra] dependence of the absorption coefficientand tion would involve a decreased quantum yleld at 2.5 eV, but
hence the penetration depthy,, could not be determined this can be ruled out, as will be shown later.
accurate|y from these data for energies of 1.9 eV and above. It is interesting to note that, for the conductance transients
For photon energies above 1.9 eN,, was therefore deter- shown in Fig. 2, the density of pulse-generated photoexcita-
mined using an optically transparent, 110 nm thick, spintions, given asloFa/d, differs by orders of magnitude. At
coated film. The full range of the optical penetration depth2.5 €V, this is ca. 500 times higher than at 1.8 eV, though
spectrum, shown as the dashed line in F|g 1, was obtaine"@e after-pulse half-life is only different by ca. a factor of 5.
by putting together the data from the two films. We will first analyze the charge carrier decay kinetics after
It is important to note that at 1.8 eV onlj,=35% of the pulse using second-order rate equations and then apply
incident photons are absorbed in the A% thick film. Since  these models to calculate the expected end-of-pulse conduc-
at this photon energy,,, =30 um, relatively uniform photo- tance,AGy,.
excitation over the full thickness of the film will occur. Of ~ We start with the most basic form of the bimolecular
importance in the subsequent discussion of the photocondugharge carrier recombination model,
tivity measurements is that the penetration depths of 3.5 and
0.08 um found for photon energies of 1.9 and 2.5 eV are one
and two orders of magnitude smaller than that for 1.8 eV. As
a result, for the higher photon energies, the density of pho-
toexcitations, characterized by the paraméten/ Ay, will with n, being the concentration of charge carriers aadhe
be correspondingly much higher and, as will be shown bebimolecular recombination rate coefficient. The solution is

== ’YRné ’ (9)

o
=3 L;»
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n,(0)

1+ 7, (O}t (19

np(t) =

and can be related thG via Eq.(5), which is well approxi-
mated by

AG(t) = pden()Z i, (11

whered is the thickness of the photoactive layer at the re-
spective photon energy, as explained in the experimental se

tion. A rather poor fit to the transientsot shown yielded
yr=3%X10"cm?st. However, with the addition of a
monomolecular decay term, accounting for geminate reco
bination and trapping or recombination at impurities,

dn
EIE =~ yanj — kny, (12

yielding

k
(KIng(0) + YR = &’

np(t) = (13)

reasonably good fits to the transients could be prodysee
full, smooth lines in Fig. 2 The fit yielded yg=8.85
X102 cmPs ™t and k=1.43x 10’ s, describing simulta-
neously all three transients.

Assuming that Eq(12) is appropriate to describe the ki-

netics of the photoinduced charge carriers on a nanosecor
time scale, we will now apply it to the kinetics of the charge
carriers during the pulse and calculate the expected end-o

pulse conductancedG,,. Under the assumptiofsee be-
low) that the quantum vyieldg, of dissociation of the exci-

tons into charge carriers is the same for the three photo

energies, we rewrite Eq12) for the kinetics during the laser
pulse,

dt a4

wherebyg is the generation term.
Two approximations have been made fpin this and all

m_
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| l I
Np(At) =1+ 4gyrplK? tanl‘(EAt\"k2 +4gyro

+ arctanil + 4gyR¢/k2)‘1’2) KI2yr

Using ¢=0.025 (see below and =x=0.014 cn3 (V s)™*
(see belowy, and the values forg andk obtained from the
inetic fits, we calculate\G,5,=3.3, 8.9, and 7.2107" S
or 1.8, 1.9, and 2.5 eV, respectively. These values should be
compared with theAG,,,, values in Fig. 2. As can be ob-
served, the calculated value af5,,,, is close to the experi-
mental value at 1.8 eV. However, for 1.9 and 2.5 eV, the
calculated values of the photoconductance at the end of the
laser pulse are considerably higher than the measured values.
Hence, the end-of-pulse photoconductance at these photon
energies cannot be described on the basis of the model out-
lined above and an additional bimolecular process, operative
during the pulse, determines the photoconductance. This will
be further discussed in the next subsection.

According to a recent studon bulk RR-P3HT in which
excess charges were generated by irradiation with a 3 MeV
electron pulse, it was found that the rate coefficieptsand
k are time dependent, according to a power law. This obser-
vation was attributed to disperse charge transport as a con-
sequence of the hindrance of diffusion of charge carriers by
disorder in the sample. The introduction of a time depen-
dence was necessary because of the long time scale of ob-
rvation(up to 0.1 m$. However, on the time scale of 45 ns
of the current experiments, the rate coefficients can be well
gpproximated by an average, time-independent value. To in-
vestigate the possible effect of a time dependence of the rate
coefficients, we have also performed kinetic fits to the data in
Fig. 2 with rate coefficients that decay according to a power
Paw. While these fits yielded some improvement in the de-
scription of the after-pulse decay kinetics, the end-of-pulse
values(as found by numerical analygisvere close to the
ones obtained using the time-independent parameters above.

C. Exciton kinetics

It has previously been argued on the basis of picosecond
photoinduced absorption experimeit® that exciton-

other equations. Firsgy was assumed to be rectangular in exciton annihilation is an important decay mechanism in RR-
time, with lengthAt=4 ns, serving as an approximation for P3HT at photon fluxes above cax1L0" cm 2. We will fol-
the actual 3 ns FWHM Gaussian pulse. Second, the expdew this argument to explain the reduced end-of-pulse yield
nential decay ofy with penetration depthz (due to absorp- of charge carriers at high photoexcitation densities.
tion), was approximated as follows: We assume that light is Thorough analysis of the end-of-pulse conductance re-
absorbed uniformly within a layer of thicknegs,,, whose quires measurements over a wide range of laser intensities.
photon energy dependence is shown in Fig. 1. We have con®ince the maximum laser output was already used to obtain
pared the fitting results using this approximation with thethe relatively noisy transients in Fig. 2, an improvement of
fitting results in whichz-integration of the kinetic equation the signal-to-noise ratio of the apparatus was necessary. This
over the exponential absorption profile over the whole filmcould be increased by two orders of magnitude when using a
thickness was carried out. We found that, within the givenresonant cavitysee Sec. )land the results of these measure-
error limits, the approximated absorption profile yielded thements are being discussed in this subsection.
same results as the real absorption profile. In Fig. 3, theF -normalized values oAG,,, are shown

By integration, the end-of-pulse charge carrier pair con-as a function of the incident intensitly, for the previously
centration is found to be investigated photon energies. As can be seen, at 1.8 eV a
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4.0 energies in the range 1.7 to 2.8 dWot shown, in agree-
351 ment with previous results for &pin-coated RR-P3HT
~ 30- film.23
2 »sl The intensity dependences shown in Figs. 3 and 4 can be
= described using a model in which the dissociation of excitons
;‘: 20 into charge carriers is in competition with exciton-exciton
5 1St annihilation. The reaction kinetics can be described as fol-
QE Lok lows. The gxciton concgntrationE, is stgady during the la-
ser pulse since the lifetime of the excitdhss an order of
05F magnitude shorter than the pulse, hence
00 0z o7 os oz 1o iz q 1
lo(10"em® =9 yanE- Tne=0, (17)
T

FIG. 3. The dependence &G, ,/eBFx on the incident laser
intensity, lo. The dashed line is a straight-line fit to the 1.8 eV where y, denotes the exciton bimolecular annihilation rate

points. The full lines are fits to the data points using E£§). coefficient. The steady-state solution is
linear dependence is obtained. The dashed line is a straight- _ 297 18
line fit to the data points. According to Eq7), the slope Ng = 14\l +49ve72 (18)
. - v 49ya
equals the product of the quantum yield and the mobility
sum, ¢S u. We obtain ¢S u=(3.5+0.2 X 10 cn? (V s)™%. In a recent stud$? it has been found that exciton-exciton

The 1.9 eV data points are close to the 1.8 eV data points @&nnihilation does not lead to the formation of charge carriers.
low intensities but bend off at higher intensities. The 2.5 evHence, the formation of electron-hole pairs with concentra-
data exhibit a clear sublinear, close to square-root-like intention, N, occurs by a first-order process with a probabiliy,
sity dependence. These results clearly show the importandven by

of second-order recombination processes occurring in the

pulse at 1.9 and 2.5 eV. dn, _ én (19
Because of the occurrence of second-order processes, t

comparison of the photoconductivity at different photon en-
ergies should be done at the same average photoexcitatiefsing g=1,F,/dAt and AG=pden,3 u, we get for the end-
density, given by of-pulse conductance
<nhv> = IOFA/d (16) 2e,6’( ¢E,u) | OFA
AGpax= , . (20)
1+ V1 + 4yp7?lgF pldAL

with d=A,,, for photon energies at which the film is opaque
or d=L otherwise(see also Sec. )l The average conductiv-
ity, (Ao), is given by Eq(8). In Fig. 4, we have plotted the and for the end-of-pulse conductivity, usigg(ny,)/At and
(A0)max Values versusny,) for the photon energies 1.8, 1.9, Ao=en3pu,

and 2.5 eV. Interestingly, all data points obey the same func-

tional dependence, falling on a “universal” line, which im- 2e(p> )Ny,
mediately establishes the constancy of the quantum yield on (Ao)max= L+ Vltdy. 2 AL
photon energy. We found that this was true for all photon v AT (Mh)

(21)

Equation(21) was used to fit the data in Fig. 4, shown
102 g as the full line. The adjustable fit parameters were found
F 4 25ev E to be ¢Su=(3.5+0.2x10%cn?(Vs)™t and 7
0L o sy =(0.840.2 X 10°?” cnm?® s. Equation(20) was used in Fig. 3

F ] to produce the full lines using the same parameters. We ob-
serve that the exciton-exciton annihilation model is capable
of describing the dependence of the photoconductivity on
photoexcitation density. We therefore conclude that exciton-
exciton annihilation is the most important mechanism lead-
ing to the sublinearity of the photoconductivity.

Note that in the model described in this subsection, we
have excluded any charge carrier decay during the pulse.
This is an approximation and we will therefore also discuss
the full model, which includes both exciton-exciton annihi-

FIG. 4. The dependence of the maximum conductivityr)ma,  1ation as well as charge recombination during the pulse. For
on the average concentration of absorbed phottms). The full  this purpose, Eq(19) has to be extended to include charge
line is a fit to the data using E¢21). carrier decay,

10'7; L

1l Ll il P al L .
l016 1017 1018 l019 1020
{0y, (cm™)
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dn d) wavelength (nm)
bk S
i Ne = yrNG = knp. (22) 45 J50 700 650 600 550 500 450
This equation is of the same form as Efj4) and has as its 30
solution Eg. (15 with the replacemeng— ng/7=2g/(1 5 23
+y1+4gy,7). Using the values folyz andk determined in S 20
the previous subsection, we have fitted the data in Fig. 4 £ s
using the full model(not shown because indistinguish- g
able. Within the uncertainty range, we found the same val- 10
ues for ¢ u and y,7 as above, where we have excluded 0.5
charge carrier decay in the pulse. This similarity is due to the 00— T
much smaller rate of charge recombinatiqrpz=8.85 16 18 2-?1 22 34 26 28
X102 cm*s™t) as compared to the rate of exciton annihi- photon energy (V)
lation (y4=0.9x 10°% cnP® s, see next subsectipn FIG. 5. The photoconductance action spectrum for the.ib

In summary, bimolecular charge recombination Fioes OCthick film measured at two different incident intensitieb,
cur during the laser pulse. However, the effect of it on thepnhotons cri?, with 1,=3.1x 104 cni 2. The full lines are calcu-
end-of-pulse conductivity is negligible as compared to theated spectra using E¢R0).
role of exciton-exciton annihilation. As already discussed in
the previous subsectidibelow Eq.(15)], the dependence of From the productyy”=(0.820.2 X 10727 cn®® s found in
the egd-of;jplglse condgctanﬁe on the phott)pn e_nergylcar%not l?ﬁe previous subsection, an absolute value for the annihila-
reproduced by assuming charge recom Ination only. T0 I&5q 1 rate coefficient,y,, can be obtained by using a previ-
produce the dependence of the magn_nude of the photoco%—usly published valié for the lifetime of the excitonsy
ductance on the photon enerfglata in Fig. 2 and the inten- =300+100 ps. We obtain foy,=(0.9+0.8 X 1078 cnP s L
sity (data in Figs. 3 and)4exciton-exciton annihilation must hich is about a factor of 2 lower than the previously ’sug-
be included as the main decay process of the photo-excite\éliested value of 2.3 10 cn® s in a spin-coated RR-P3HT
Species. film of the same batck The lower value in the drop-cast

film could reflect the higher degree of structuring, resulting

D. The absolute values of the quantum yield¢, and the in more, well-separated lamellar domains.
annihilation rate coefficient, y,

The product of the quantum yield and the charge carriefE. Signature of exciton-exciton annihilation in the photoaction
mobility sum was found above to be3u=(3.5+0.2 spectrum
X 10 cn? (V's)™ between 1.7 and 2.8 eV. This is higher | this subsection, we will examine the implications of
than the valug2.4+0.5 X 10 cn¥ (V )~ found for aspin-  exciton-exciton annihilation on the spectral dependence of
coated film produced from the same bat€h.The higher the photoconductance. As discussed in what follows, the
value, reported here, could be due to a higher charge carrighape of the photoaction spectrum does not necessarily re-
mobility sum, %, or a higher quantum yieldp, in the drop-  semble the optical attenuation spectrum but depends on the
cast film. light intensity and the film thickness.

In field-effect transistor studig$§;?12228the field-effect The spectral dependence of the photoconductane,
hole mobility, urg, in P3HT was shown to vary greatly, from for the 15um thick film is shown in Fig. 5. The filled circles
10°to 0.2 cnt (V's)™*, depending on the degree of regio- represent the data obtained for an incident intensityl ,of
regularity, the molecular mass, and the structural order neat3.1x 10 cm2. The spectrum exhibits a relatively sharp
the polymer-gate interface. Howevenllse-radiolysistime-  peak at ca. 1.9 eV. The spectrum was close to identical for
resolved microwave conductivity measurements on P3HTllumination from the front(polyme side or the backsub-
varying in molecular mass, degree of regioregularity, andstraté side. This rules out any possible light-filtering effects
chemical purity have yielded mobilitysx, values in the observed in device structures containing a thick polymer
much smaller rangé0.6—-1.4 <102 cn?(Vs)™ in going  |ayer32-3*When the laser intensity was reduced to 10%0f
from a completely random to a highly regioregular the spectrum shown as the empty squares in Fig. 5 was ob-
polymer?429-31For RR-P3HT of an HT-HT content ranging tained. The FWHM of the peak is found to be much smaller
from 80% to 100%, virtually no difference in theu value in the latter case.
could be found. This is attributed to the high frequency of The spectra in Fig. 5 are fully consistent with the exciton-
detection, which preferentially measures the mobility of theexciton annihilation model: The action spectra calculated us-
charge carriers in the highly ordered domains. ing Eq. (20) with the values forgX u and y,7 determined

We therefore conclude that the ca. 50% increaseé®f.  above and the spectral dependencégfandd taken from
in the drop-cast film relative to the spin-coated film is due toFig. 1 are plotted as the full lines in Fig. 5. Excellent agree-
a higher quantum yield$. An absolute value fop can be  ment between measured and calculated spectra is observed.

obtained usingSu=1.4x1072cn?(Vs)™ from the pulse Equation (200 was used to calculate the expected
radiolysis measuremeftt,yielding ¢=(2.5+0.9% between intensity-normalized action spectra for a series of light inten-
1.7 and 2.8 eV. sities in Fig. 6. At decreasing intensities, the quenching of
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FIG. 6. Left axis, full lines: Calculated intensity-normalized )
photoconductance action spectra for theyis film parametric in FIG. 7. The photoconductance action spectrum of guf
intensity, I, with 1,=3.1x 10" cm™2 using Eq. (20). Right axis, (filled circles and a 35 nm(open squargsdrop-cast film atl,
dashed line: The measured optical attenuation specfymof the ~ =3-1X 10 cm™2. The full lines are calculated spectra for films of
film (taken from Fig. 1 different thicknesses as indicated in the figure using (2.
the photoconductance at photon energie§—2.8 eV with The thickness dependence of the action spectrum, as

a small penetration depth gradually disappears and, at a sughown in Fig. 7, can be undgrstood gualitatively as follows.
ficiently low intensity, the action spectrum converges to the=Or & film whose thickness is smaller than the optical pen-
optical attenuation spectrutahown as the dashed lindhis etration erth at gll photon energies, .the thickness of the
is to be expected based on the constancy of the quantupfotoactive layer, is equal to the film thickness and, due to
yield in this photon energy range. exmton_—excnon ﬂ]mhllatlon, the spectrum is app_roxn_nately
It is equally instructive to analyze the action spectrum agroportional tovF, [see Eq(20)]. However, in a thick film
a function of the film thickness,, at a given light intensity. whose thickness is larger than the optical penetration depth,
To do so, a modified version of Eq20) is necessary, by the photor! energy dependence of the penetration depth ha; to
introducing anL dependence in the optical attenuation spec-be taken into_account gnd the spectrum is given approxi-
trum F,. According to the experimental sectioR, is given ~ Mately byVFaAy,, according to Eq(20). SinceF, increases,

as whereasAy, decreases, with photon energgee Fig. 1,
VFaAy, will go through a maximumwhich is observed at
Fa=1-Fr-Fg. (23)  19eV.

InsertingF+ from Eq. (1) yields
IV. CONCLUSION
Fa=(1-Fpi(1-e™h). (24) . o :
The transient photoconductivity of drop-cast films of RR-

Solving for Fg, we obtain for the 15:m thick film (denoted ~P3HT was investigated as a function of light intensity and

by the subscript “Of film thickness on a nanosecond time scale in the photon en-
ergy range of 1.7 to 2.8 eV using the FP-TRMC technique.

Fao The decay kinetics of the charge carriers depended on the

Fro=1 T1-galo’ (25 photoexcitation density and was governed by monomolecu-

lar and bimolecular recombination processes, with the mono-
Assuming thafFg is independent of thicknesBg=Fg, We molecular being more important than the bimolecular pro-

can insert this expression in E@4), giving cesses. The rate coefficients were taken to be time
independent in view of the short time scdkb n9 of the
_(1-e*Fap0 measurements. The bimolecular recombination rate coeffi-
Fa= 1 -gko (26)  cient, Y= Was found to be in the rang€0.9-3
X 107 cm®s™! on a nanosecond time scale.
This expression foF, can be inserted into E§20) and the Based upon the after-pulse decay kinetics, the sublinear
spectra can be calculated withas the parameter. dependence of the end-of-pulse conductance at elevated in-

Using ¢=u and y,7 from above, the calculated spectra tensities could not be accounted for by bimolecular charge
are shown for several selected thicknesses in Fig. 7. Theecombination. A model of exciton-exciton annihilation,
experimental data points for the }bn film are also in- however, was capable of describing the end-of-pulse conduc-
cluded(from Fig. 5. The open squares are experimental datdance as a function of laser intensity, photon energy, and film
points obtained from the 35 nm thick film. As can be seenthickness. The exciton-exciton annihilation rate coefficent
the model can reproduce the action spectrum of both filmgvas found to bey,=(0.9%£0.8 X 108 cm®s™L. Exciton-
and shows how the peak at the absorption onset evolves asaciton annihilation has a pronounced nonlinear effect on the
function of the film thickness. shape of the photoconductance action spectra, resulting in
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photoconductance quenching at photon energies with a shditm. This result stresses the importance of control over mo-
penetration depth. At the absorption onset, however, wherkecular order in this self-assembling polymer for the devel-
light is uniformly absorbed in the sample, a linear photocon-opment of highly efficient light-to-electricity converting de-
ductance response is found due to the absence of excitomices.
exciton annihilation.

The quantum yield of intrinsic charge carrier photoge-
neration, ¢, in drop-cast films of RR-P3HT was found to
have the constant val{2.5+0.49% between 1.7 and 2.8 eV, We gratefully acknowledge Professor R. A. J. Janssen of
i.e., for excitation in the first electronic absorption band. Thisthe Technical University of Eindhoven for providing the
value is approximately a factor of 1.5 higher than what hagpolymer sample. This work is part of the research program of
been found in a spin-coated film of the same batch and ithe Stichting voor Fundamenteel Onderzoek der Materie
attributed to the increased molecular order in the drop-cadt~OM, financially supported by NWand Philips Research.
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