
Electrodeless time-resolved microwave conductivity study of charge-carrier photogeneration
in regioregular poly(3-hexylthiophene) thin films

Gerald Dicker,* Matthijs P. de Haas, Laurens D.A. Siebbeles, and John M. Warman
Department of Radiation Chemistry, IRI, Delft University of Technology, Mekelweg 15, 2629 JB Delft, The Netherlands

(Received 19 February 2004; published 13 July 2004)

The electrodeless flash-photolysis time-resolved microwave conductivity technique(FP-TRMC) has been
used to study the photogeneration of charge carriers in spin-coated films of regioregular poly(3-
hexylthiophene) sP3HTd, over the photon energy range from 1.9 to 5.2 eV for incident light intensities from
1013 to 1016 photons/cm2 per s3 nsd pulse. The initial, single-photon quantum yield of photoionization,f, has
been estimated from the low-intensity limit to the photoconductivity based on a charge carrier mobility of
0.014 cm2/Vs (determined in separate pulse-radiolysis TRMC experiments on bulk P3HT). The value off is
constant ats1.7±0.4d% within the range 1.9–3.0 eV, which encompasses the first electronic absorption band
of P3HT. Above 3.0 eV,f increases, up to a value ofs7±2d% at 5.2 eV. The activation energy of the
photoconductivity was found to be approximately 50 meV at all photon energies. The high-intensity, sublinear
dependence of the photoconductivity can be described by the occurrence of either exciton-exciton annihilation
or diffusional charge recombination with rate coefficients of 2.3310−8 cm3/s and 1.1310−8 cm3/s.
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I. INTRODUCTION

Since the synthesis of the first soluble
poly(3-alkylthiophenes),1 considerable improvements have
been made in the chemical purity, molecular mass, and the
regularity of the position of the solubilizing side chains.2 It
has been found that the degree of HT-HT regioregularity in
the head-to-tail–head-to-tail(HT-HT) side-chain pattern(see
Fig. 1) has a significant influence on the ability of individual
chains to self-assemble into ordered domains at solution/
substrate interfaces3 and in solution-cast films.4 Stacking of
the planar backbones viap-electron interaction leads to the
formation of lamellae, in which quasidelocalized, two-
dimensional charge transport has been observed.4–6 The
field-effect charge-carrier mobility in such films is orders of
magnitude higher than in films of regiorandom P3HT.4,7,8

The high mobilitysup to 0.1 cm2/V sd,4 together with envi-
ronmental stability and ease of processing, have led to the
application of regioregular P3HT in “plastic electronics”
prototypes.7–9 Recently, it has been shown that the molecular
weight also has a dramatic influence on the field-effect
mobility.10

For optoelectronic applications, knowledge about the ef-
ficiency and mechanism of converting light into electricity is
of crucial importance. The fundamental processes respon-
sible for the photoconductivity inp-conjugated polymers are
not fully clarified yet.11 This originates mainly from the dif-
ficulties in interpreting the experimental photoconductivity
data. Using conventional dc techniques, this is due to the
following complications:(a) at the interface between the
polymer and the electrode deactivation of excitons can
occur.12 (b) Charges can be injected into the polymer upon
photon absorption by the electrode layers.(c) Electric fields
enhance the dissociation of excitons and geminate pairs.13

(d) The “internal filter effect” can give rise to an inverted
spectral photocurrent response.14–16 In addition, it has re-
cently been shown that electrons photoejected from the poly-

mer surface can make a large contribution to the measured
conductivity if no precautions are taken.17–19 Because of
these potential complications, considerable uncertainty exists
in the literature as to the spectral and light-intensity depen-
dence of the intrinsic photoconductivity of conjugated poly-
mers.

The aforementioned problems can be circumvented using
the flash-photolysis time-resolved microwave conductivity
technique(FP-TRMC).20–23 This is free of electrodes and
operates at low electric fieldssø100 V/cmd. Because of the
high frequency of the electric fields9 GHzd, charge carriers
are not required to cross grain or domain boundaries, in con-
trast to dc conductivity measurements. As a result, the
TRMC method is most sensitive to the photoconductive
properties of the ordered, high-mobility domains in the film.
In addition, because of the electric-field polarization of the
microwaves, the in-plane anisotropy of the photoconductiv-
ity of aligned polymer layers can be measured.24

Charge carriers are usually detected by measuring the
photoinduced conductivity or the photoinduced optical ab-
sorption whereby in the latter case the nature of the detected
species has to be confirmed by spin resonance.25 Because of
the, in general, low mobilities and low quantum yields, high
laser intensities are usually necessary to obtain a sufficient
signal-to-noise ratio. At high laser intensities, the charge-
carrier photogeneration is affected by exciton-exciton anni-
hilation and sequential excitation.26 At the same time, ground
state bleaching and stimulated emission can occur. Addition-
ally, charge carriers can undergo rapid bimolecular
recombination.27 These phenomena complicate the interpre-
tation of the results such that usually only an approximate
estimate of the quantum yield of charge carrier photogenera-
tion can be given.

In this paper we report the measurement and analysis of
the photon energy, laser intensity, and temperature depen-
dence of charge-carrier photogeneration in a spin-coated
layer of regioregular P3HT. From these findings, the photon
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energy dependence of the low-field single-photon quantum
yield of bulk charge carrier photogeneration,f, has been
obtained from close to the absorption onset at 1.8 eV up to
5.2 eV. The findings provide insight into the mechanism of
charge-carrier photogeneration in regioregular P3HT.

II. EXPERIMENTAL

We have used two different batches of head-to-
tail–head-to-tail (HT-HT) coupled regioregular poly(3-
n-hexylthiophene) (P3HT, Fig 1), both of which showed
very similar photoconductive properties. One sample was
synthesized in the group of Professor R. A. J. Janssen at the
Technical University of Eindhoven, The Netherlands. The
degree of HT-HT regioregularity was 92% and the weight-
average molecular weight,Mw, was 12.8 kg/mol with a
polydispersity of 1.4, corresponding to an average ofn=55
monomer units per chain. The other sample[Mw
=40 kg/mol, HT-HT=96%] was a commercial sample ob-
tained from Merck, which was donated to us by Dr. B.-H.
Huisman of Philips Research Eindhoven.

Films of thicknessL of 100–150 nm were prepared by
spin coating a 15 g/ l chloroform solution on a 12
325 mm2, 1-mm-thick quartz substrate in air at room tem-
perature. The thickness of the films was determined using a
Veeco Dektak 8 Stylus step-Profiler. To check the influence
of oxygen on the measurements, films were also prepared
and handled exclusively under inert atmosphere in a nitrogen
glovebox.

A Perkin-Elmerl -900 spectrophotometer equipped with
an integrating sphere was used to measure the fraction of
incident light reflected and transmitted by the sample,FR and
FT, respectively. The optical density,OD, defined by

FT = s1 − FRd10−OD, s1d

was derived from these measurements. The fraction of inci-
dent photons absorbed by the polymer film,FA, is

FA = IA/I0 = 1 −FR − FT. s2d

.
The polymer-coated quartz plate was placed in a micro-

wave resonant cavity at a position of maximum electric field
strength, as illustrated in Fig. 2. The electric-field strength at
the position of the sample was 100 V/cm or less and the
electric-field vector was parallel to the surface of the sample.
The response time of the cavity was approximately 40 ns. An
additional configuration of the microwave cell was equipped

with heating wires, which allowedin situ annealing of the
film (at 373 K for 90 min in a vacuum of 10−4 mbar). A
grating in the back wall of the cavity was covered and
vacuum-sealed with a quartz window. The cavity was
vacuum sealed with aramide foil at the position of the iris
coupling hole and was attached to a vacuum line via a stop-
cock and evacuated down to a pressure of less than
10−4 mbar. After evacuation, the cavity was filled to atmo-
spheric pressure with an electron scavenging gas mixture of
CO2 and SF6 in the pressure ratio 10:1 in order to capture
any highly mobile electrons that might be photoejected from
the polymer surface.17–19

The sample was irradiated with single 3 ns full width at
half maximum(FWHM) pulses from a wavelength-tunable
Coherent Infinity optical parametric oscillator pumped by a
Nd:YAG laser. The signal-to-noise ratio was improved by
averaging up to 100 single pulses. The wavelength could be
varied continuously over the ranges 700–420 nm and
310–240 nm using a second harmonic generator. The third
harmonic of the pump beam at 355 nm could also be used.
The pulse energy was measured using a Coherent Labmaster
power meter to monitor a small fraction of the incident beam
reflected by a quartz plate. The maximum pulse energy was
approximately 7 mJ in the visible, and approximately 1 mJ
in the UV. The intensity could be attenuated using a series of
neutral density filters(Melles Griot). The cross section of the
laser beam was shaped to a rectangle with dimensions
closely matching the substrate size. The intensity distribution
over the cross section of the beam was uniform and free of
hot spots. Because of the grating, the illuminated area of the
film was only 1.6 cm2.

The photoinduced change in the conductance of the
sample on flash photolysis,DG, was monitored as a change
in the microwave power,DP/P, reflected by the cavity at
resonances,9 GHzd using microwave circuitry and detec-
tion equipment, which has been described elsewhere.20–23

The two parameters are related by

− DP/P = KDG, s3d

where K is a sensitivity factor that was derived from the
resonance characteristics of the cavity and the dielectric
properties of the medium.

FIG. 1. Chemical structure of head-to-tail–head-to-tail coupled
regioregular poly(3-n-hexylthiophene).

FIG. 2. Schematic representation of the microwave resonant
cavity containing a thin-layer sample(not to scale). The sinusoi-
dally varying dashed lines represent the standing-wave pattern of
the microwave electric field.
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The change in conductance is related to the concentration
of charge-carrier pairs,np, and the sum of the mobilities of
the positive and the negative charge carrier,Sm s=m++m−d,
by

DG = beSmE
0

L

npszd dz, s4d

wherenpszd is the concentration at a depthz within the pho-
toactive layer of thicknessL, e is the elementary charge, and
b s=2.30d is the ratio between long and short internal dimen-
sions of the waveguide. The microwave electric field vector
is parallel to the short side.

The quantum yield of charge-carrier photogeneration,f,
is the fraction of primary photo-excitations that eventually
lead to the formation of charge-carrier pairs,

f =E
0

L

npszd dz/IA, s5d

whereIA s=I0FAd is the number of photons absorbed per unit
area. If recombination and/or immobilization of the charge
carriers is slow with respect to the pulse duration and the
time resolution of detection, then the maximum conductance,
reached after the laser pulse, is related to the product of the
quantum yield and the mobility sum by

DGmax= beFAI0ffSmg. s6d

III. RESULTS AND DISCUSSION

On pulsed photoexcitation at 2.48 eVs500 nmd, i.e., close
to the maximum of the first absorption band of P3HT, a
readily observable transient change in the conductance of the
film is observed, as shown in Fig. 3. The transient conduc-
tance reaches a maximum,DGmax, at approximately 40 ns
after the start of the 3 ns FWHM laser pulse due to the rela-
tively slow response time of the microwave cavity. The sub-
sequent decay is nonmonoexponential and occurs over a time
scale of tens to hundreds of nanoseconds. The decay time is
determined by both the decrease in the conductance of the

film and, in the early stages, by the response time of the
cavity.

The value ofDGmax increases sublinearly with laser inten-
sity, as shown in Fig. 4(a), whereDGmax is plotted against
the number of photons absorbed per unit area,I0FA, for pho-
ton energies in the range 1.9 to 2.9 eV, i.e., encompassing
the region of the first absorption band. As can be seen, the
magnitude and functional dependence ofDGmax on I0FA is
closely similar for all photon energies within this photon
energy range. From this we conclude that the quantum yield
for the formation of mobile charge carriers is close to con-
stant, i.e., independent of wavelength, on excitation within
the first absorption band of P3HT.

According to Eq.(6), in the absence of secondary reac-
tions, a plot ofDGmax againstI0FA should be a straight line
of slopebeffSmg, from which the product of the quantum
yield for charge-carrier formation and the sum of the mobili-
ties can be determined, sinceb ande are known constants.
The sublinearity actually observed is attributed to the occur-
rence of secondary processes at elevated intensities, which
result in a reduction of the charge-carrier pair yield below its
initial value, f0. The possible secondary processes respon-
sible for the nonlinear intensity dependence(e.g., charge re-

FIG. 3. The change in conductance,DG, of a 110-nm-thick film
of P3HT on 3 ns FWHM pulsed photoexcitation at
500 nms2.48 eVd with I0=4.331015 photons/cm2/pulse.

FIG. 4. (a) The dependence of the maximum photoconductance,
DGmax, for a 110-nm film on the product of the incident intensity,
I0, and the fraction of photons absorbed in the sample,FA, for
photon energies below 3 eV. The data forI0FA values lower than
indicated by the vertical dashed line are expanded in(b). (b) The
full line was calculated using Eq.(7) (see text) and the dashed
straight line corresponds to the limiting,low-intensity linear
dependence.
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combination, exciton-exciton annihilation, and/or product fil-
tering) will be discussed in detail at the end of this section.

We have found that the results can be fitted quite well
using an empirical expression of the form

DGmax= AI0FA/s1 +ÎBI0FAd. s7d

The data follow, in other words, a linear dependence with
slopeA s=beffomgd at the lowest intensities, changing to a
square root dependence at elevated intensities. The full,
curved line in Fig. 4 was calculated using Eq.(7) with A
=8.8310−23 S cm2 (where S5Siemens51/V=A/Vd and B
=3.3310−14 cm2. The straight, dashed line in the figure cor-
responds to the limiting, low-intensity linear behavior with
slope A. From the value of A, an estimate of 2.4
310−4 cm2/V s can be derived forfSm. Since a fraction of
the initially formed charge carriers may have decayed within
the response time of detection, even at the lowest intensities,
this value offSm represents a lower limit to the “initial”
value,fSm.

In Fig.5 the data points are shown for photon energies in
excess of 3 eV. The lowest(dotted) line in the figure corre-
sponds to the best fit line drawn through the sub 3 eV data
points in Fig. 4(b). As can be seen, the values ofDGmax for a
given value ofI0FA are significantly higher for the higher
photon energies, by a factor of approximately 2 at 3.5 eV
and approximately 4 above 4 eV. The sublinear nature of the
DGmax versus theI0FA dependence is, however, still observed
at the higher photon energies and can also be reasonably well
fitted with Eq.(7), as shown by the full lines in Fig. 5, which
were calculated usingA=1.9310−22 S cm2 and 3.2
310−22 S cm2 and B=3.3310−14 cm2 and 4.6310−14 cm2

for the lower and upper full curves, respectively. The value
of fSm derived from theA value for the upper calculated
curve is 8.7310−4 cm2/V s, i.e., a factor of 3.6 larger than
the value estimated from the best fit to the sub 3 eV data. If
the mobility of the charge carriers is taken to be independent
of the energy of photoexcitation, then the increase by a factor

of approximately 4 inA in going from the visible to the UV
must reflect a substantial increase in the quantum yield of
charge-carrier formation.

Relationship(7) has been used to obtain best fits for each
individual photon energy from 1.9 to 5.2 eV. In these fits, the
B parameter was found to bes3.3±0.5d310−14 cm2 and
s4.6±0.5d310−14 cm2 for photon energies up to and above
3.5 eV, respectively. The low-intensity, limiting values of
fSm derived from theA factors are plotted as a function of
photon energy in Fig. 6. The uncertainty in the absolute
value offSm is ±20%, as indicated in Fig. 6.

Comparison with the optical density spectrum, also shown
in Fig. 6, clearly demonstrates the constancy of the charge-
carrier yield on excitation to the first,S1, exciton level and
the increase in yield on excitation to higher,Sn, levels within
the singlet manifold. The constancy of the quantum yield in
the 1.9–3.0 eV energy range indicates that dissociation of
the S1 exciton is not facilitated by an excess vibrational en-
ergy. This is different from the previously observed increase
of the quantum yield due to dissociation of hot excitons in a
ladder-type poly(para-phenylene) (MeLPPP).28 We ascribe
the lower energy plateau in Fig. 6 to the dissociation of the
vibrationally relaxedS1 exciton. The increased yield at
higher photon energies can be due to autoionization29 of the
Sn states in competition with internal conversion.

We have performed experiments on samples which were
prepared, annealed, and measured under an oxygen-free at-
mosphere. These gave the same photoconductive response as
samples that were prepared under atmospheric conditions
and were not annealed. This leads us to the conclusion that
oxygen doping contributes negligibly to the efficiency of the
photogeneration of charge carriers.

An absolute value for the quantum yield,f, can be esti-
mated if the mobility sum,om, is known. In a pulse-
radiolysisTRMC study,53 we have measured the mobility of
the charge carriers in a bulk sample of the same batch of
P3HT as used in the present experiments and foundSm
=0.014 cm2/V s. Using this value, we obtain for the quan-
tum yield of dissociation of theS1 excitonf=0.017. In the

FIG. 5. The dependence of the maximum photoconductance,
DGmax, for a 110-nm film on the product of the incident intensity,
I0, and the fraction of photons absorbed in the sample,FA, for
photon energies above 3 eV. All lines were calculated using Eq.(7)
(see text), with the lower dotted curve the best fit to the sub 3 eV
data shown in Fig. 4(b).

FIG. 6. The photon energy dependence of the product of the
quantum yield and the mobility sum of the charge carriers,fSm
(points, left scale) for the spin-coated film of regioregular P3HT.
The line through the data points is a guide to the eye. The optical
absorption spectrum(right scale) is included for comparison.
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literature, values for the field-effect hole mobility,mFE, up to
0.1 cm2/V s have been reported.4,8 However, these mobility
values were obtained at high dc fields whereas the pulse
radiolysis value is a low fieldsE,102 V/cmd, high-
frequency value, which should be more applicable to the
present FP-TRMC experiment. If, however, we take the
maximum field-effect hole mobility,then we derive a lower-
limit estimate off of 2.4310−3. As pointed out above, be-
cause of the limited time response of the measurements, the
value of f represents a lower limit to the initial yield,f0.
Experiments are underway using thicker, drop-cast films,
which allow the use of a faster time-response cell configura-
tion.

The lower-limit estimate off0 given above is still sub-
stantially higher than the quantum yield for the field-assisted
dissociation of theS1 exciton in otherp-conjugated poly-
mers reported in the literature. In dc photoconductivity mea-
surements in which the influence of the electrode contacts on
the dissociation of the excitons could be excluded by using
blocking layers, the following values have been reported: for
a poly(phenylenevinylene)-ether(PPV-ether) f=2310−5 (at
E=23105 V/cm),12,30 for a ladder-type poly(para-
phenylene) (MeLPPP) f=1310−3 (at E=13105 V/cm).13

In a time-of-flight study,31 where no blocking layer was used,
the quantum yield for regiorandom P3HT was found to be
f<2310−4 (at E=13105 V/cm).

In an attempt to shed more light on the dissociation
mechanism of the excitons in regioregular P3HT, we have
measured the temperature dependence of the efficiency of
charge-carrier photogeneration. The values forfSm at
2.5 eV are shown as open squares in the Arrhenius-type plot
in Fig. 7. The straight line is a least-squares fit to the data
using X0exps−Ea/kBTd. From the slope, the activation en-
ergy, Ea, is found to be 53 meV. In the same figure is
shown, as filled circles, the data for excitation at 5.0 eV,
which yields a similar activation energy,Ea=52 meV. The
temperature dependence offSm was measured for several
other photon energies between 2−5 eV, and the activation
energy was found to be independent of the photon energy.

Using the pulse-radiolysis TRMC technique, we have de-
termined the activation energy of the mobility of charge car-
riers in regioregular P3HT to be 28 meV. Subtracting this
value from the value found for the productfSm given above
results in an estimate of the activation energy for charge-
carrier pair formation,Ea

f of 25 meV. On the basis of a
simple model of the thermal dissociation of a bound exciton
into free charge carriers, this value ofEa

f would correspond
to an S1 exciton binding energy,Eb, of only 25−50 meV,
depending on the order(first or second) of the charge-carrier
decay process during the pulse. Even the upper limit,Eb
=50 meV, seems unreasonably low.32–36 However, a recent
theoretical study on crystalline polythiophene has yielded
values ofEb as low as 150 and 110 meV for the on-chain and
charge-transfer exciton, respectively.37

We emphasize that the maximum(microwave) electric
field strength in the present experiments is only approxi-
mately 100 V/cms10−5 V/nmd so that field-induced exciton
dissociation can be excluded. In addition, no electrode inter-
faces are present that could lead to charge-carrier generation
via interfacial electron transfer to or from excitons. It has
recently been suggested that dissociation of relaxed excitons
could occur via encounter with an impurity charge-transfer
center.38 However, since the exciton diffusion length in re-
gioregular P3HT (Ref. 39) and other polythiophene
derivatives40,41 has been estimated to be only approximately
5 nm, an unrealistically large impurity concentration would
be required. This mechanism would also seem to be excluded
on the basis of the close similarity of the results for the two,
independently synthesized samples used.

In view of the above, we conclude that the generation of
charge carriers observed on photoexcitation in the first ab-
sorption band of P3HT is an intrinsic property of the poly-
mer itself. The relatively high value off and its low activa-
tion energy may be related to the lamellar nature of the
morphology of the solid.4,7 In a previous publication,42 we
have shown that the photoconductivity in P3HT increases by
one order of magnitude in going from an 81% HT-HT spin-
coated to a greater than 95% HT-HT drop-cast film. This
enhancement is clearly due to the increased nanoscale order-
ing, which could result in a relatively high efficiency of di-
rect optical interchain transitions, forming charge-transfer
type excitons, leading to the electron and hole on separate
polymer chains with, as a consequence, a higher probability
of mutual escape. Evidence has recently been presented that
indicates the interchain order in P3HT decreases with in-
creasing temperature.43 This negative effect could possibly
partially counteract a thermally induced increase in the es-
cape probability of charge-carrier pairs, thus resulting in a
lower effective activation energy off.

As shown in Figs. 4 and 5, the intensity dependence of the
conductance can be quite well described using the empirical
equation(7), in which the paramterB is a measure of the
sublinearity. ForI0FA=1/B, the conductance is reduced to
half of the value expected for a linear response of slopeA.
For the first absorption band,B is 3.3310−14 cm2, which
corresponds to an average photoexcitation density of 1/BL
=2.831018 cm−3. This is a factor of more than 1000 lower
than the thiophene monomer unit concentration of,4
31021 cm−3 and, therefore, too low to explain the sublinear-

FIG. 7. Arrhenius-type plots of the product of the quantum yield
and the sum of the charge-carrier mobility,fSm, for two different
photon energies. The straight lines are fits to the data points, the
slopes of which correspond to an activation energy of 52 meV and
53 meV for the 5.0 eV and the 2.5 eV data, respectively.
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ity in terms of bleaching of the ground state absorption or
filtering due to absorption by photoproducts, which would
also be expected to be spectrally separated from the ground
state absorption.25 We, therefore, attribute the sublinearity in
the intensity dependence to bimolecular interactions between
neutral or charged photoexcitations.

The bimolecular interaction of the photoexcitations could
be exciton-exciton annihilation. It has previously been dem-
onstrated that exciton-exciton annihilation is indeed an im-
portant decay mechanism in P3HT at photon fluxes above
,131014 cm−2 using subpicosecond laser pulses.25,44 The
annihilation reaction is stated as29

S1 + S1→
gA

Sn + S0. s8d

If this were to lead to a higher excited state in the singlet
manifold thanS1 [i.e., n.1 in (8)] then a superlinear depen-
dence on light intensity would have been expected since our
results indicate that the efficiency of charge separation is
more than a factor of 2 larger for higher excited states(see
Fig.6). However, forn=1 in (8) a sublinear dependence, as
found, would result, and we consider the consequence of this
for the form of the intensity dependence in what follows.

The exciton concentration,nE, will reach a steady-state
value during the laser pulse since the lifetime of the
excitons,45 t=k−1=300 ps, is an order of magnitude shorter
than the pulse length. Hence, the continuity equations stated
as follows:

dnE

dt
= g − gAnE

2 − knE = 0, s9d

where g= I0FA/LDt denotes the average exciton formation
rate for an idealized rectangular laser pulse of lengthDt
=4 ns. The solution for the steady-state concentration is

nE =
2g

ks1 +Î1 + 4ggA/k2d
. s10d

The S1 excitons may dissociate into electron-hole pairs with
a probabilityf, according to

S1→
fk

e− + h+. s11d

The formation rate of the electron-hole pair concentration,
np, is given by

dnp

dt
= fknE. s12d

Using the conductance relation,DG=bLenpSm, we get for
the end-of-pulse(eop) conductance

DGeop=
2ebfSmFAI0

1 +Î1 +
4gAI0FA

k2LDt

. s13d

This equation was used to fit the intensity dependence of the
conductance maxima of the first absorption band; see the
solid line in Fig. 8. The least-squares fit gavegA=2.3
310−8 cm3/s.

The bimolecular annihilation rate constant,gA, can be re-
lated to the diffusion constant of the exciton,DE, using46

gA = 4pRsDE + DEd, s14d

where R is the reaction radius. A realistic estimate forR
would be in the order of 1 nm.29 Using this value, the exci-
ton diffusion constant,DE, would be in the order of
10−2 cm2/s. This is a very high value, being close to, or
higher than, the singlet exciton diffusion coefficient typically
found in high-purity organic crystals29 and could be due to
the high interchainp-orbital overlap in the lamellae. On the
other hand, the value ofR could be higher than the estimate
of 1 nm because of the delocalized nature of the
photoexcitations.5 Furthermore, the time-independent form
of gA might be too simplistic because it is only valid for
collisonal bimolecular annihilation processes. The inclusion
of a time dependence47–49 of gA would, however, be beyond
the scope of this work.

The bimolecular interaction of the photoexcitations could
also be due to diffusional electron-hole recombination of the
form

e− + h+→
gR

S0 s15d

with the corresponding rate equation

dnp

dt
= fg − gRnp

2, s16d

whose solution is

npstd = Îgf/gRtanhÎggRft2. s17d

Using the same expression forg as above, we obtain for the
end-of-pulse conductance

DGeop= ebSmÎfLI0FA

DtgR
tanhÎDtgRfI0FA

L
. s18d

This equation was also used to fit the intensity dependence of
the conductance maxima for photoexcitation in the first ab-

FIG. 8. The dependence of the maximum photoconductance,
DGmax, on the product of the incident intensity,I0, and the fraction
of photons absorbed in the sample,FA, for photon energies below
3 eV [data points from Fig. 4(b)]. The full and dashed lines were
calculated using Eqs.(13) and (18), respectively.
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sorption band, see the dashed line in Fig. 8. The least-squares
fit gavegR=1.1310−8 cm3/s.

In molecular liquids and homogeneous isotropic solids,
the bimolecular recombination rate constant is given by the
Debye equation,50

gR =
eSm

e0er
. s19d

Taking er =3 for P3HT (Ref. 54) and Sm=0.014 cm2/V s,
we calculate a value ofgR=0.84310−8 cm3/s, which is
close to the value found experimentally.

So far, the discussion of the intensity dependence of the
photoconductance has involved models that were based on
the assumption of a homogeneous isotropic material. The
simplicty of the models allowed an analytical treatment but
did not reflect the two-dimensional layered microstructure of
regioregular P3HT, which should be included in future work.

It was reported in the literature that the average width of
the lamellae in a regioregular P3HT film is 95 Å.4 The vol-
ume of a lamella of this width would be 3.4310−19 cm3 for
the present P3HT sample. This is calculated based upon a
polymer chain length of 55 thiophene units with a repeat unit
length of 3.9 Å and an interlamellar distance of 16.7 Å.51

Interestingly, this volume is close to the critical volume per
photexcitation,BL, of 3.6310−19 cm3 at which bimolecular
interactions begin to dominate the decay process in the
present work. We therefore conclude that if more than one
photoexcitation is formed within a lamella, this leads to rapid
bimolecular intralameller recombination of the photoexcita-
tions.

IV. CONCLUSION

The photoconductivity in spin-coated films of regioregu-
lar P3HT was measured using the FP-TRMC technique. The
photogeneration of charge carriers was investigated as a
function of photon energy, temperature, and laser intensity.

The product of the intrinsic quantum yield of charge-
carrier formation,f, and the sum of the mobility of the elec-
tron and the hole,Sm, was determined from close to the
absorption onset at 1.9 eV up to 5.2 eV. UsingSm

=0.014 cm2/V s, obtained from a pulse-radiolysis TRMC
measurement on the same materials, we find thatf has a
constant value of 0.017 in the range of the firstp-p* absorp-
tion band, between 1.9–3.0 eV. We conclude that the forma-
tion of charge carriers is due to the dissociation of the vibra-
tionally relaxedS1 exciton. We attribute the high dissociation
yield to the lamellar microstructure of the polymer. For pho-
ton energies in excess of 3.0 eV,f increases, reaching a
value of 0.07 at 5.2 eV. We attribute the increased yield at
higher photon energies to autoionization of theSn states in
competition with internal conversion.

At elevated laser-pulse intensities producing more than
1018 photoexcitations per cubiccentimeter, the yield of
charge carriers is reduced due to either exciton-exciton anni-
hilation with an annihilation rate constant ofgA=2.3
310−8 cm3/s or bimolecular charge-carrier recombination
with a recombination rate constant ofgR=1.1310−8 cm3/s.

From the temperature dependence of the photoconductiv-
ity, an activation energy of 53 meV is determined. Taking
into account an activation energy of 28 meV for the charge-
carrier mobility results in a net activation energy for the
quantum yield of charge-carrier formation of 25 meV. This
surprisingly low activation energy for exciton dissociation
could possibly be due to a negative compensating effect on
charge separation of decreasing interchain structural order
with increasing temperature, as found recently.43

We conclude that the nanomorphology in undoped
p-conjugated polymers is vital for the efficient intrinsic pho-
togeneration of long-lived charge carriers. We propose that
control over the nanomorphology is the key to developing
highly efficient light-to-electricity converting devices based
on a single material.
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