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We have studied photogenerated charge carrier transport and recombination in thick films of regiorandom
polys3-hexylthiophened by using the current mode time-of-flight technique. We measured the extracted charge
as a function of light intensity and applied voltage, and found that forad@1 it saturates at a value that can be
stored on the contactsQe=CU0 as expected for diffusion controlled bimolecular recombination, i.e., Langevin
recombination. As a consequence we can only measure space charge perturbed current transients. We measured
a field-dependent hole mobility of the order of 10−5 cm2/V s, which extrapolated to zero field determines the
Langevin bimolecular recombination coefficient 4310−12 cm3/s.
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I. INTRODUCTION

Time-of-flight sTOFd is a commonly used method when
studying charge carrier transport properties of low conduc-
tivity and low mobility materials such as disordered organic
materials andp-conjugated polymerssPCPsd.1 In TOF mea-
surements the sandwich-type sample is illuminated from one
side with a very short laser pulse creating a sheet of charge
carriers drifting through the sample. The carriers are ex-
tracted at the opposite electrode and the current transients
allow us to determine transport properties of the photogener-
ated charge carriers.

The main reason for disorder in PCPs is fluctuations in the
segment lengths of thep-bonded polymersthe so-called ef-
fective conjugation lengthd and/or lattice polarization
energy.2 As a consequence of disorder charge carriers will
relax3 within the inhomogeneously broadened Gaussian dis-
tribution of localized states towards the statistically defined
transport level4 and reach dynamic equilibrium. If dynamic
equilibrium is not reached before the carriers have been ex-
tracted, then the carrier transients will be featureless5,6 and
the transients will depend on the measurement conditions.
On the other hand, if dynamic equilibrium is achieved the
carrier transients will typically show a clear plateau with a
drop in the current level as the carriers reach the opposite
electrode from which the charge carrier transit timettr is
estimated7 and the mobility can be calculated using
m=d2/ ttrU0, whered is the thickness of the film andU0 is the
applied voltage. Hence, in order to obtain true material spe-
cific parameters it is important for the charge carriers to
reach dynamic equilibrium. This can be achieved by having a
thick enough filmssseveralmmd so that the relaxation time is
smuchd smaller than the transit time, by using materials with
a narrow disorder distribution7 or by selectively injecting
carriers into the occupational DOS using tunable charge car-
rier generation layers.8,9

Transport properties are also affected by recombination
of charge carriers. In low mobility materials such as PCPs
diffusion controlled bimolecular recombination, or the

so-called Langevin recombination is dominating.10 In Lange-
vin recombination, when oppositely charged carriers
are within the so-called Coulomb radiusrc=e2/4pee0kT
swheree is the electron charge,e is relative dielectric permi-
tivitty, e0 is absolute permitivitty,k is Boltzmann’s constant,
and T is the temperatured, the charge carriers are attracted
to each other by their mutual Coulomb field. Since the
hopping distance in low mobility materials is usually much
smaller thanrc, as is the case when the charge carrier mobil-
ity mø1 cm2/V s, the carriers will have a lower probability
to escape recombination. The carriers will eventually find
each other and recombine either radiatively or nonradia-
tively. The magnitude of Langevin bimolecular recombina-
tion coefficient can then be calculated using the following
relation:

bL =
esmp + mnd

ee0
, s1d

wherempsmnd is the mobility of holesselectronsd. This is also
indeed what has been found in the literature.11,12 If one type
of carriers is much faster than the othersusually holes for
PCPsd, then Langevin recombination coefficient will be de-
termined by the faster carriers.

In pristine PCPs the intrinsic photogeneration yield is on
the order of 10−4−10−2, due to the high exciton binding
energy.13,14 The efficiency strongly depends on electric field
and photon energy, but independent on temperature. For
strongly absorbed light and high light intensities the electric
field is immediately screened in the region
dL=lnsL08+1d /a,15 where a is the absorption coefficient
at the laser wavelength16 andL08=eL0d/ee0U0 is the number
of photogenerated charge carriers normalized to the number
of charge carriers stored on the contacts whereL0 is
the surface density of photogenerated charge carriers. In
this region charge carrier recombination occur until the
remaining charge carriers in the reservoir are extracted
within the characteristic extraction timete which can be
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longer than the transit timettr when the sbimoleculard
lifetime of the charge carriers is longer than the transit time
ssee Fig. 1d.

In current mode TOFsj-TOFd, i.e., whenttr!tRC, where
tRC is the time constant of the measurement setup, having
surface photogenerationsad@1d and neglecting the carrier
recombination we can work in three different regimes de-
pending on the amount of photogenerated charge carriers,
namely, small-charge-currentsSCCd swhen L08!1d, space-
charge-perturbed-currentsSCPCd sL08<1d or space-charge-
limited-current modesSCLCd sL08@1d, see Fig. 1. To the best
of our knowledge, there are no reports on SCLC transients of
photogenerated charge carriers in PCPs. In this paper we
present experimental data on the effect of Langevin recom-
bination on TOF transients in a model system for PCPs,
namely, regiorandom polys3-hexylthiophened sRRaPHTd. We
show that at high light intensities Langevin recombination
causes limitation on the maximum charge that can be
extracted from the sample leading to the fact that only
space charge perturbed current transients can be observed.
Furthermore, we present analytical as well as numerical
calculations to extract the bimolecular recombination coeffi-
cient, and show that it is in good agreement with what
is expected from Langevin recombination. The obtained
results show that if Langevin recombination is present, then
it might eventually set an upper limit on the efficiency of
photovoltaic cells.

II. THEORY

In general, the charge carrier extraction mechanism in
high light intensitysSCLCd TOF is as follows. The external
electric field in the photogenerated charge carrier reservoir is
screened within a very short timets! ttr.

16 The charge carri-
ers, extracted from the reservoir causes a decrease of
the reservoir thicknessdL, whereas, the field still remains
zero in the reservoir. The diffusion controlled charge carrier
bimolecular recombination will therefore be independent
on extraction and we can simplify the decay kinetics in the
reservoir as

dp

dt
= − bpn= − bp2. s2d

This equation has the solutionpsx,td=hfps0,0dexps−axdg−1

+btj−1, where ps0,0d=aL0/e is the initial hole concentra-
tion.

The total number of photogenerated carriersN0 equals to
the sum of recombinedsRCd carriersNrec extracted carriers
Next, and carriers left in the reservoir at any given timeNres:
N0=Nrecstd+Nextstd+Nresstd. We define a timete such that
Nressted=0. By using charge carrier conservation together
with the solution for bimolecular recombination we therefore
arrive at

E
0

d

psx,teddx=
1

e
E

0

`

jedt, s3ad

e

abte
lnS 1 + sbaL0te/ed

1 + fbaL0te exps− add/egD =E
0

`

jedt, s3bd

whereje is the extraction current density. Forad@1 Eq.s3bd
simplifies to

edL

bte
=E

0

`

jedt = Qe/S, s4d

whereS is the contact area. This equation can also be written
as

te
ttr

=
bL

b

CU0

Qe

dL

d
. s5d

This relation isindependentof the RC time constant of the
TOF measurement setup.

It has been previously shown by Juškaet al.17,18that when
ad@1 andb=bL, then the extracted charge saturates at high
intensities as

Qe8 = 1 − exps− L08d, s6d

whereQe8 is the extracted charge normalized to the charge
stored on the contactssQe8=Qe/CU0d. A physical reason for
the extracted charge saturation toCU0 in the SCLC TOF
regime, whenb=bL is that carrier transit time is equal to the
dielectric relaxation timets=ee0/s and charge carrier bimo-
lecular lifetime tb. In the case ofad→` the extracted
charge isQe=CU0, and our numerical calculations show that
for real conditionssad.1d, the extracted charge only frac-
tionally exceedsCU0. Equations5d shows that if the charge
carrier recombination is of Langevin typesb=bLd, then the
extracted charge is equal to the charge stored on the contacts
Qe=CU0 and the ratio between the extraction time and tran-
sit time is equal to the ratio between the photogeneration
region and sample thicknessste/ ttr=dL /dd. Equations5d can
also be used to determine the ratiosbL /bd, when the extrac-
tion time te is seen.

To further describe the current transients and extracted
charge we calculate the current transients numerically
by solving the set of Poisson, current and kinetic equations.19

To simplify the model, the following assumptions are

FIG. 1. Schematic current transientssj-TOFd as a function of
light intensity with no carrier recombination.
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made:sid at time t=0 the electric fieldF is homogeneous
throughout the sample and the voltage on the electrodes is
constant during the whole transient,sii d there are no ther-
mally generated carriers, i.e., we study an insulating photo-
conductor,siii d only holes can move through the sample,
and, finally, sivd there is no monomolecular recombination,
trapping or diffusion.

III. EXPERIMENT

As the model system for low mobility materials we use
regiorandom polys3-hexylthiophened sRRaPHTd. RRaPHT,
obtained form Sigma Aldrich, handled and stored in N2 en-
vironment, was dissolved in water free chloroform with typi-
cal concentrations of 1–20 mg/ml. The solutions were fil-
tered through a 0.2-mm filter before spin coating or solution
casting on top of prepatterned ITO-covered glass substrates
sPlanar Internationald. Finally a 30 nmssemitransparentd alu-
minum top electrode, with typical dimensions 4–12 mm2

was evaporated on top of the polymer under vacuum below
10−6 mbar. The samples were made in dry N2 atmosphere
and annealed for 10 h at 100 °C in vacuum. The measure-
ments were carrier out in a closed-cycle cryostatsOxford
CCC1104d. The abovementioned procedures leads to nondis-
persive current transients in RRaPHT, whereas, after sample
exposure to air, transients become dispersive and the conduc-
tivity rises due to extrinsic effects.

We use the standard current mode time-of-flightsj-TOFd,
i.e., the RC time constant is much smaller than the charge-
carrier transit timetRC! ttr. For the photogeneration of
charge carriers, we used a 6 ns Quantel Nd:YAG laser oper-
ating at the second harmonics532 nmd and third harmonic
s355 nmd generation. For thick filmssd=8 mmd ad=35, al-
lowing us to treat the charge carriers as being surface gener-
ated. To get the highest possible charge carrier densities the
samples were illuminated through the ITO side.

The photogenerated charge carrier surface density can be
estimated using the equationL0=Nabshch/S, whereNabsis the
number of photons absorbed in the sample:Nabs=Elf1
−exps−addgs1−Rd /hc, with l and E is the wavelength and
laser light energy per pulse, respectively,h Planck’s constant,
R the reflection coefficient from the sample,hch the quantum
efficiency for charge generation, andc the speed of light. We
use the measured field-dependent quantum efficiencyhch for
charge generation in similar samples.20 The current transients
are normalized to the SCLC valueswithout the factor 9/8d
jSCLC=ee0mU0

2/d3. We usem=mp, since the electron mobility
was measured to be at least a few orders of magnitude lower
than a hole mobility.

IV. RESULTS AND DISCUSSION

In Fig. 2sad we show experimental TOF transients in an
8-mm-thick RRaPHT film as a function of light intensity and
in Fig. 2sbd the numerically calculated TOF transients for
Langevin recombination as a function of normalized number
of photogenerated charge carriersL08. The parameters
used in the calculations are the same as in the measurements,
namely, d=8 mm, C=2.3310−11 F, R8=RC/ ttr

=Ree0mU0S/d3=0.004, ad=35, and b8=b /bL=1. At
low light intensities, the transients show a well-developed
plateau, expected for nondispersive small charge current
mode transients. At intermediate light intensities, we see the
development of a cusp, and at high light intensities, the tran-
sients saturate as a function of light intensity and show a
well-developed SCPC cusp. Both experimentally measured
and theoretically calculated transients for Langevin recombi-
nation case resemble each other almost perfectly except for
the tail in the experimentally measured transients which can
be attributed to the charge trapping, neglected in the numeri-
cal calculations.

As can be seen in Fig. 2 the transit time of holes at
high light intensities shifts to shorter times than thetSCC

tr

as predicted by SCLC theory.21 It is also seen that the
initial current spike, related with very fast screening of elec-
tric field, rises with intensity. We emphasize, that even for
the highest light intensities in the SCLC mode, the saturated
TOF transients show only SCPC-like behavior.

For better understanding of the charge transport and
recombination in the sample, we calculated numerically
TOF transients for variousb /bL ratios, which are presented
in Fig. 3. It shows TOF transient dependence on the bimo-
lecular recombination rate for high light intensities. For

FIG. 2. sColor onlined Current transients as a function of
light intensity. In sad the experimentally measured 8-mm-thick
RRaPHT film with applied electric field of 100 kV/cm and in
sbd the numerically calculated transients with the intensity given in
normalized unitsssee textd. The parameters insbd were chosen to
correspond the experimentally measured values, namely,R8
=0.004, ad=35, b8=1. The inset insad shows the structure of
RRaPHT.
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b /bL=1, the extracted charge isQe=CU0. For fast bimo-
lecular recombinationsb /bL=1d the transients show SCPC
behavior, with the extraction time being shorter than the car-
rier transit time. When the recombination rate is slower than
Langevin ratesb /bL,1d, the extraction time exceeds the
transit time and the characteristic extraction timete appears
in the transients. The numerically calculated transient for
sb /bL=1d resemble the experimentally measured.

By integrating the current transients from Figs. 2sad and
2sbd over time we get the extracted charge that has been
transported through the sample. Figure 4 shows the experi-
mentally measured and numerically calculated extracted
charge as a function of number of photogenerated charge
carriers. Almost a perfect match between the experimentally
measured and theoretically calculated extracted charge can
be seen. The numerically calculated points can be fitted very
well using Eq.s6d. As predicted by Eq.s6d, the extracted

photogenerated charge follows a linear dependence at low
intensities and saturates toCU0 at high light intensities,
proving the diffusion controlled bimolecular recombination
of charge carriers in RRaPHT.

A deviation of the experimentally measured collected
charge from the numerically calculated is observedssee
Fig. 4d and it can be attributed tosad monomolecular carrier
recombination,sbd exciton diffusion to the bulk of the
sample,scd nonlinear dependence of charge carrier genera-
tion related to bimolecular exciton-exciton annihilation, and
sdd extracted charge will not saturate becausedL increases as
a function of light intensity, however the increase is very
slow. In Fig. 4 we fit the experimentally measured points
assuming nonlinear charge carrier generation, which is a di-
rect outcome of exciton-exciton sbimoleculard
annihilation.22,23 The fitting corresponds very well to mea-
sured values with an exciton-exciton bimolecular recombina-
tion coefficientbexc=1.23310−10 cm3/s, exciton to charge
carrier decay rate22 g=1.713105 /s, and quantum
efficiency20 for charge carrier generationhch=2310−4.
These values were calculated taking the exciton lifetime
texc=10−9 s. The concentration of excitons at which the
bimolecular recombination starts to dominate is
nexc=831018 cm−3. This corresponds to a laser pulse inten-
sity of 50 mJ/cm2, which is similar to what has been ob-
served in transient absorption spectroscopy.23

The hole mobility, calculated from the experimentally
measured SCPC transients as a function of electric field, is
shown in Fig. 5. To estimate the SCPC transit time we used
ttr
SCPC=0.83 ttr

SCC.21 However, we note that the prefactor ex-
pected for pure SCPC transients are 0.8, but in photo-SCLC
transients it depends on light intensity.24 This is due to the
decrease of the effective sample thickness when increasing
light intensity deff=d−dL=d−flnsL08+1d /ag. Therefore the
charge carriers have to travel a shorter distance and the tran-
sit time becomes shorter. Because the charge carriers are
recombining in the charge reservoir where the electric field is
zero, then by extrapolating the field dependent hole mobility
to zero fieldmsF=0d=6.5310−6 cm2/V s we calculate a bi-
molecular recombination coefficientbL=4310−12 cm3/s.
The reservoir extraction timete can be calculated from Eq.
s5d. WhenbL=b, the extracted chargeQe=CU0 and for the

FIG. 3. sColor onlined Numerically calculated current transients
for various b /bL ratios. The parameters used in calculations are
R8=0.004,ad=35 with the normalized number of photogenerated
charge carriersL08=30. Please note the similarities to Fig. 1 which
shows transients without recombination.

FIG. 4. sColor onlined Normalized extracted charge as a func-
tion of normalized number of photogenerated charge carriers. The
squares are the experimentally measured values, circles are the cal-
culated data, using the full numerical model, while the full line is
the fit, using Eq.s6d. The dashed line is calculated including exciton
bimolecular annihilationssee textd. The dotted line shows when the
extracted charge equalsCU0.

FIG. 5. sColor onlined Experimentally measured hole mobility
as a function of electric field for RRaPHT.
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transients shown in Fig. 2sL08=30 and electric field
F=100 kV/cmd we get the relationdL /d= te/ ttr=0.1 giving
te=5.3310−5 s.

V. CONCLUSIONS

In summary we have shown the effect of diffusion con-
trolled bimolecular recombination onj-TOF transients in a
model system for low mobilityp-conjugated polymers. We
show that Langevin-type diffusion controlled bimolecular re-
combination causes fast recombination, where the maximum

extracted charge for films withad@1 is Qe=CU0. Therefore
we can only observe SCPC type transients. The bimolecular
recombination coefficient found to be 4310−12 cm3/s at
room temperature.
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