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The temperature and electric-field dependence of charge carrier mobility has been studied by a conventional
time-of-flight technique in chemically purified, low dark conductivity samples of regioregular polys3-
hexylthiophened. Subsequently, the mobility of doping-induced charge carriers has been determined using the
technique of charge carrier extraction by linearly increasing voltage in the same samples exposed to air. The
charge carrier mobility determined by both experimental techniques correspond well to each other at tempera-
tures above 130 K, indicating that these experimental techniques are mutually consistent. The study clearly
shows that the typical logm~bE1/2, b.0 Poole–Frenkel-like electric-field dependence of the charge carrier
mobility diminishes at temperatures around 250–270 K, andb becomes negative at higher temperatures. Such
negative electric-field dependence of mobility observed by both experimental techniques is attributed to posi-
tional disorder in a random-organic dielectric and analyzed in the framework of the disorder formalism.
Finally, the overall agreement indicates that the mode of charge generation has negligible effect on the
temperature- and electric-field dependence of mobility except at the lowest temperaturess,110 Kd, where
transit time dispersion of the photogenerated charge carriers probed by the ToF technique is more pronounced.
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I. INTRODUCTION

The determination of the intrinsic charge transport prop-
erties of disordered organic semiconductors is important to-
ward developing optoelectronic devices. Charge carrier mo-
bility in organic materials is often measured by the time-of-
flight sToFd technique in which the transit timesttrd of a sheet
of charge carriers, flash photogenerated in a thin, initial re-
gion of the sample, is measured in a transient experiment.1

The mobility is then calculated according tom=d2/ sV3 ttrd,
whered is the sample thickness andV is the applied voltage.
The ToF method in disordered materials is limited to moder-
ate electric fields, representative values ranging between
43104 V cm−1 up to 106 V cm−1, and to higher tempera-
tures, when the signals are nondispersive. Typical nondisper-
sive and dispersive photocurrent transients are schematically
illustrated in Figs. 1sad and 1sbd, respectively. Dispersive
transport is often manifested in the absence of a plateau re-
gion in the recorded photocurrent transients, in which cases
the transit time of charge carrierssttrd is defined as the inter-
sect of the asymptotes in logarithm photocurrent versus loga-
rithm time plots ssee Fig. 1sbdd.2 Dispersive photocurrent
transients are the signature of the absence of quasiequilib-
rium, i.e., that the relaxation of the photogenerated charge
carriers generated initially with random energies toward qua-
siequilibrium is not completed prior to their arrival at the exit
electrode.3 Calculation for disordered semiconductors

showed that the energy of an assembly of charge carriers
generated randomly within a localized density of states de-
scribed by a Gaussian distribution function tends to relax
toward the tail states and reach quasiequilibrium with an
energy offset of k«`l=−s2/kT below the center of the
distribution.4 The time to reach this quasiequilibrium level is
increasing fastersas trel/ t0=10 expf−s1.07s /kTd2g, wheret0
is the dwell time of a carrier without disorderd than the tran-
sit time sttrd of the charge carriers across the sample; there-
fore, a crossover from nondispersive to dispersive transport
sND→Dd at lower temperatures is expected.4 The displace-
ment of the occupational DOS from the center of the DOS
distribution is increasing at lower temperatures; therefore,
the temperature dependence of mobility under quasiequilib-
rium conditions is predicted to be non-Arrhenius type ac-
cording Eq.s1d:4

msT,Ed = m0 expF−
2

3
S s

kT
D2GexpHCFS s

kT
D2

− S2GE1/2J ,

s1d

wheres feVg is the width of the Gaussian density of states,
S is a parameter characterizing positional disorder,
m0 fcm2 V−1 s−1g is a prefactor mobility in the energetically
disorder-free system,E fV cm−1g is the electric field, andC
is a fit parameter. Temperature dependence according to
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Eq. s1d was experimentally observed in various amorphous
materials, such as molecularly doped polymers,5 molecular
glasses,6 and conjugated polymers.7 Nevertheless, tempera-
ture dependence weaker than predicted by Eq.s1d has also
been reported,8 and has been attributed to the dispersive na-
ture of the charge transport at low temperatures, namely, to
the occurrence of anND→D transition.9 The temperature at
which the transitionsTcd occurs has been found to depend on
the energetic disorder parameter, and exhibit sample thick-
ness dependence according to

S s

kTC
D2

= 44.8 + 6.7 logd, s2d

whered is a parameter related to the thicknesssin cm unitsd.
The ND→D transition is manifested by the appearance of a
kink in the logm sE=0d versus 1/T2 plots accompanied by
photocurrent transients that no longer exhibit a plateaufsee
Fig. 1sbdg.

An alternative explanation to the observed low-
temperature behavior has been recently introduced. It was
argued that even small concentration of traps can sufficiently
pin the transport level at low temperatures resulting in higher
mobility values than predicted by a disorder model assuming
the presence of only intrinsic charge transport sites.10 Unfor-
tunately, charge transport in a Gaussian DOS cannot be cast
into simple analytical solutions, but one has to rely on the
comparison between simulations and experiments.

In this paper, the temperature and electric-field depen-
dence of mobility in a regioregular polys3-hexylthiophened
P3HT is studied by the well-established ToF technique and
compared to the data obtained by the transient conductivity
technique of charge extraction by linearly increasing voltage
sCELIVd.11 The latter method is frequently used to determine
mobility in conductive samples with short dielectric relax-
ation time stsd, e.g., in microcrystalline silicon,12 in which
materials the application of the time of flight technique tends
to yield overestimated mobility values due to redistribution
of the electric field prior to the arrival of the charge carriers

at the exit electrodesttr.tsd.13 The method is based on the
application of a triangular-shaped voltage pulse to the sample
with at least one blocking contact resulting in the extraction
of equilibrium charge carriers. The mobility is then calcu-
lated from the time to reach the extraction current
maximum.11 The CELIV technique requires sufficient
amount of intrinsic charge carriers, a condition that is diffi-
cult to meet in typical organic semiconductors because of the
large optical bandgap. The recent observation of reversible
increase of dark conductivity in polys3-alkylthiophenesd
upon exposure to oxygen14 and/or moisture,15 however, pro-
vides the opportunity to compare the charge carrier mobility
of photogenerated carriers and the doping induced equilib-
rium charge carriers in the same material.

The paper is organized as follows: After a brief descrip-
tion of the experimental arrangements, the charge carrier mo-
bility of photogenerated charge carriers at various electric
fields and temperatures probed by the ToF techniquesP3HT
samples stored in dry argon atmosphere, low conductivityd is
presented and samples obtained from different commercial
sources are compared. Next, the analysis of the temperature
dependence of the shape of the photocurrent transient fol-
lows. After that, the temperature- and electric-field depen-
dence of the mobility of the equilibriumsi.e., doping-
inducedd charge carriers probed by the CELIV technique
sP3HT samples exposed to aird is shown, and finally, the
results obtained by these two principally different experi-
mental techniques are compared.

P3HT has been selected because of the recent observation
of negative electric-field dependence of mobility studied by
the time-of-flight technique.16 The occurrence of such phe-
nomena is thought to originate from the presence of ener-
getic and positional disorder.17 It was argued, however, that
mobilities that decrease with increasing electric field may
originate from an experimental artifact related to the ToF
technique.18,19 The experiment data presented herein con-
firms that the occurrence of negative electric-field depen-
dence of mobility is an intrinsic property of the materials
studied and can be explained by the presence of both ener-
getic and positional disorder as implied by the disorder for-
malism. The observed mutual agreement between the tem-
perature dependence of the mobility of equilibrium charge
carriers probed by the CELIV technique and excess charge
carriers photogenerated by short laser pulses probed by the
ToF technique suggests that the mode of charge generation
does not alter the intrinsic charge transport properties of the
material, at least in this low charge carrier concentration re-
gime. However, at low temperatures, where dispersive trans-
port observed in the ToF photocurrent transients starts domi-
nating, deviations between the two techniques are observed.

II. MATERIALS AND EXPERIMENTAL

A. Materials and sample preparation

Regioregular P3HTsthe chemical structure is shown in
the inset of Fig. 2d was purchased from Rieke Metals, Inc.
sMaterial 1d, which was further purified according to the pro-
cedure described in Ref. 20, and H. C. Starck GmbHsMate-
rial 2d, which was used without further purification. The thin

FIG. 1. Schematic of typicalsad nondispersivesbd dispersive
photocurrent transients, and the definition of charge carrier transit
time sttrd.
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films of P3HT were deposited by the doctor-blade technique
from chloroform solutionss3 wt % for CELIV samples,
6 wt % for ToF samplesd onto structured ITO-coated glass
substrates. After preparation, the films were dried in vacuum
and transferred to a dry Argon glove box. Aluminum as top
electrode was deposited in a vacuum better than 10−5 mbar
without exposing the devices to air. The thickness of the
films was determined using a Tencor Instruments Alphastep
Semiconductor Profiler. Figure 2 illustrates the device struc-
ture and the experimental setup used to determine the ToF
and CELIV mobility.

B. Time-of-flight technique (ToF)

The devices for the ToF technique were transferred into a
temperature-controlled liquid-nitrogen-cooled cryostat and
kept in vacuum better than 10−6 mbar for several hours to
remove residual oxygen and moisture. The CELIV curve of
such devices showed no extraction of equilibrium charge car-
riers indicative of very low concentration of equilibrium
charge carriers in the dark. The devices were illuminated
from the Al side using the second harmonics532 nmd of a
Nd:YAG pulsed laser with 3 ns pulse durations. The photo-
generated charges drifted through the sample under the ex-
ternal electric field applied by a voltage supply and were
recorded by a digitizing oscilloscope using a low-noise cur-
rent amplifier. The devices were kept under the constant ap-
plied bias between the light pulses to ensure extraction of all
the photogenerated carriers between the measurements. The
transit time of charge carriers was defined as the intersection
point of the asymptotes of the two linear regimes in the
double logarithm of photocurrent versus time plots as sche-
matically illustrated in Fig. 1sbd. The incident-light intensity
was adjusted by optical density filters; the total number of
photogenerated charges was less then 10% of the total ca-
pacitor charge. The time-of-flight mobility was calculated as
m=d2/ sV3 ttrd, wherem in cm2 V−1 s−1 units is the mobility,
d is the film thickness,V is the applied potential, andttr is the
transit time of charge carriers.

C. CELIV technique

After preparation, the devices were exposed to air for a
few hours to increase conductivity. Subsequently, they were

placed into the cryostat, evacuated to 10−3 mbar, and discon-
nected from the vacuum pump. A triangular-shaped reverse
bias sITO connected to the negative terminald voltage pulse
with voltage rise speedA=dU/dt V s−1 was applied by a
function generator, and the extraction current transients were
recorded by a digitizing oscilloscope using varying load re-
sistance. The thickness of the active layersd=1.3 mmd was
chosen such that the current density at the maximum of
charge carrier extractionsD jd equals to the current step due
to the capacitive response of the devicef js0d
=A3««0/d mA cm−2g, in which case Eq.s3d can be applied
to calculate the CELIV mobility.13

m =
2d2

3Atmax
2 F1 + 0.36

D j

js0dG
, s3d

whered cm is the film thickness,tmax s is the time when the
extraction current reaches its maximum valueD j mA cm−2.
The electric field changes simultaneously during the extrac-
tion. It is maximal at the extraction maximum, i.e., att
= tmax, and calculated as Eq.s4d:13

Et max=
A 3 tmax

d
. s4d

The electric-field dependence of mobility was determined
by varying the maximum of the triangular voltage pulse be-
tween 2 and 10 V, while the duration of the pulse was kept
constant. The samples were first measured at room tempera-
ture, then cooled down to 110 K and measured again at se-
quential heating steps up to 310 K.

III. RESULTS

A. Reversible doping of regioregular P3HT

A typical CELIV curve after the samples were exposed to
air is shown in Fig. 3sad. The conductivity of the sample is
proportional toD j and calculated according to Eq.s5d:13

sc =
3««0D j

2tmaxjs0d
. s5d

FIG. 2. Experimental setups of ToF and CELIV and the device
structure used to measure charge carrier mobility. Inset: Chemical
structure of polys3-hexylthiophened sP3HTd.

FIG. 3. Recorded CELIV curves upon treatment:sad at 300 K,
shortly after evacuationsbd after 10 min under 10−5 mbar pressure,
scd at 340 K after 5 min,sdd at 340 K after 10 min. The voltage rise
speed was 10 V/16,66ms.
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The conductivity value ofsc=1.9310−7 V−1 cm−1 was
calculated shortly after the sample was evacuated, which de-
creased to 1.7310−7 V−1 cm−1 10 min after evacuationfnote
the smallerD j in Fig. 3sbdg. The conductivity of the sample
decreased faster at elevated temperaturesssc
=1.65310−7 V−1 cm−1 after 5 min at 340 Kd. TheD j cannot
be determined after the devices were kept for,10 min at
340 K, which indicates very low conductivityfFig. 3sddg.
Figure 3 provides clear evidence that the doping of P3HT is
reversible, and related to the influence of volatile dopants,
probably oxygen and/or water.

B. Temperature and electric-field dependence of ToF mobility

The temperature- and the electric-field dependence of the
mobility determined by ToF technique is shown in Figs. 4sad
and 4sbd for Materials 1 and 2, respectively. For both mate-
rials, the slope of the electric-field dependence of mobility is
decreasing with increasing temperature, and becomes tem-
perature independent at around 250–270 K. At higher tem-
peratures and at electric field near 23105 V cm−1, the
log msEd dependence features a minimum. Such dependence
has been observed in molecularly doped polymers21 and in a
s conjugated polysilane derivative.22

Figure 5 shows ToF photocurrent transients obtained for
Material 2 and recorded at various applied voltages at 293,
180, and 120 K on logarithm photocurrent logarithm time
plots. The transients have been scaled for better comparison.
The transit time defined as the intersect of the two linear

regimes is increased by approximately 3 orders of magnitude
upon cooling to 120 K. The transit time at each temperature
is shorter as the voltage is increased, which shows that the
inflection point is clearly related to the charge carrier drift
mobility. The photocurrent transients are nondispersive at
room temperature as evidenced by the existence of a well-
developed plateau and rather short posttransit time tail, but
gradually become dispersive at lower temperatures.

The shape of the transients is analyzed according to the
formalism developed by Scher and Montroll23 to describe
charge transport in disordered media according to Eqs.s6d
and s7d.

jstd , t−s1−aid, t , ttr s6d

jstd , t−s1+a jd, t . ttr, s7d

where a is a parameter describing the dispersivity of the
transients andttr is the transit time defined as the intersects of
the straight line in a logarithm photocurrent logarithm time
plots. The prediction of that formalism is that the slopes prior
s1−aid and afters1+a jd the transit time should sum up to 2,
and the transients recorded at various electric fields and
thicknesses can be superimposed when normalized tottr.
However, it was shown that Eqs.s6d and s7d are valid only
when the distribution of charge transport sites can be de-
scribed by an exponential function.24

The calculated values of the slope parameterss1−aid,
s1+a jd and their sums1−aid+s1+a jd are plotted versus
s /kT in Fig. 6. It is evident that the sum of the slope param-
eters deviates from 2. In other words,a calculated prior to
and after the transit time is not identical, indicating that the

FIG. 4. Electric-field dependence of charge carrier drift mobility
at various temperatures measured by the ToF method ofsad Material
1, thicknessd=4.6 mm sbd Material 2, thicknessd=3.6 mm.

FIG. 5. Recorded ToF photocurrent transients at 293, 180, and
120 K at various applied voltages obtained for Material 2.
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Scher–Montroll formalism is not applicable to describe
charge transport in our samples. Nevertheless, the parameters
s1−aid and s1+a jd can be used to describe the shape of the
photocurrent transients in an operational way to delineate the
occurrence of dispersion.25 The determined slope parameter
s1−aid is nearly 0 at higher temperatures corresponding to
nondispersive transients, but increasing with decreasing tem-
peratures and reaches a value of 0.25 at around 180 K, indi-
cating aND→D transition.9 The shape of the photocurrent
transients recorded for Material 1 showed similar tempera-
ture dependence, i.e., a short plateau at higher temperatures,
and a nondispersive-to-dispersive transition at lower
temperatures.16

C. Temperature and electric-field dependence of CELIV
mobility

Figures 7sad and 7sbd shows the CELIV curves recorded
at 293 and 130 K, respectively, at various applied voltages.
The time when the extraction current reaches its maximum
stmaxd is changing by 4 orders of magnitude upon cooling
from 293 to 130 K. The shift oftmax to longer times is the
measure of the temperature dependence of the mobility.tmax
increases as the speed of the voltage riseA=dU/dt de-
creases, thus indicating the electric field dependence of the
mobility. Dispersion in a CELIV transient can be character-
ized by the half-width of the extraction current to timetmax as
t1/2/ tmax.

26 The theoretically calculated value of a nondisper-
sive CELIV transient ist1/2/ tmax=1.2. This empirical param-
eter, which describes the shape of the transientshow fast it
rises and decays after reaching its maximum valued, has been
determined for the CELIV transients presented in Fig. 7, and
values between 1.6 and 2.5 have been obtained at 293 K, and
it is around 2.6 at 130 K, which is considered moderate
when compared to other systemsse.g.,mc-Si:Hd.12

In the presence of strong dispersion, the extraction peak
may shift to shorter times, indicating that only the faster
carriers are being probed. Calculation of the amount of ex-
tracted charge carriers, however, showed that roughly the
same number of carriers are being extracted at each mea-

sured temperatures,n=3−531014 cm−3d, which experi-
mental condition has been chosen by selecting the appropri-
ate frequency of the triangular voltage pulse. In spite of the
slightly increased dispersivity of the shape of the CELIV
curves at lower temperatures, thetmax can be identified and
mobility can be calculated in a straightforward manner even
at lower temperatures and electric fields.

The mobility was calculated according to Eq.s3d, and
plotted in Fig. 8 versus squared electric field
fsA3 tmax/dd1/2g at various temperatures. The mobility is

FIG. 6. Temperaturess /kTd dependence of the slope of the
photocurrent transients priorshd: s1−aid, and aftersjd: s1+a jd the
transit time, and their sumssd: s1−aid+s1+a jd at an electric field
E=7310−5 V cm−1.

FIG. 7. Recorded CELIV curves in regioregular P3HT samples
at sad 293 K andsbd 130 K. For clarity, the curves shown are for
selected applied voltages only.

FIG. 8. CELIV mobility values vs square root of electric field
calculated according to Eq.s3d at various temperatures. The devices
were measured first at 300 K, then cooled to 110 K and measured at
subsequent heating steps.
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well approximated with a logm~bsEd1/2 electric-field de-
pendence at all measured temperatures. The slopeb de-
creases with temperature, becomes 0 at,250 K, and turns to
negative at higher temperatures. The amount of extracted
charge carriers calculated from CELIV curves recorded at
the beginning of the measurementss300 Kd was n=3
31014 cm−3, which is decreased by,50 % toward the end
of the experimentse.g., n=1.7531014 cm−3 measured at
293 Kd due to evaporation of volatile dopants in vacuum as
it was demonstrated above. Nevertheless, the mobility value
and its electric-field dependence measured at 293 K are not
affected by this change as it is shown in Fig. 8.

IV. DISCUSSION

In principle, the CELIV technique probes the mobility of
the more mobile charge carriers. If both carriers are mobile,
two extraction peaks corresponding to extraction of both car-
riers may be observed.26 The extraction current in our experi-
ment is dominated by holes rather than electrons due to the
orders of magnitude higher mobility of the former. This is
confirmed by the ToF technique in which the photocurrent
transients of electrons featured a fast exponential decay with-
out clear transit time indicative of efficient electron
trapping.27

The temperature and electric-field dependence of the hole
mobility obtained by both experimental techniques is plotted
in Fig. 9. Note that at lower temperatures, the temperature
steps used in the CELIV measurement and ToF were not
identical. The dotted lines represent linear fits of the logm
versusE1/2 plots obtained by the ToF technique. The overall
agreement between the experiments shows that the two dif-
ferent experiment techniques are mutually consistent. First,
the negative electric-field dependence of mobility observed
at higher temperatures will be discussed followed by the dis-
cussion of the temperature dependence of the charge carrier
mobility.

A. Negative electric-field dependence of mobility

The temperature dependence of the slope of the electric
field dependencesb=d log m /dE1/2d obtained by the ToF and
the CELIV technique is compared in Fig. 10. The electric-

field dependence from the ToF measurements was deter-
mined from the lower region of the electric field, i.e.,
,23105 V cm−1. Clearly, the slope of the field dependence
measured by both techniques turns to negative for both ma-
terials and all samples studied. The strong increase of the
field dependence of mobility around 110 K observed by the
CELIV technique might be an artifact. The electric field ac-
cording to Eq.s4d depends on both space and time coordi-
nate; therefore, the electric field may be overestimated in the
presence of stronger dispersion at low temperatures. Never-
theless, the overall agreement and, particularly, the occur-
rence of negative electric field dependence of mobility at
higher temperatures, when the transients by both experimen-
tal techniques can be characterized as nondispersive, justifies
the applicability of Eq.s1d and has the following implica-
tions.

It has been proposed that the observation of mobilities
that decrease with increasing electric field in polys3-
alkylthiophenesd is an artifact of the ToF technique might be
caused by screening of the electric field in conductive
samples.13 In such cases, the time-of-flight technique yields
higher apparent mobility values that strongly increase with
decreasing electric field below a critical electric fieldE
,43104 V cm−1. Clearly, the rather weak negative electric-
field dependence of mobility in Fig. 4 measured by the ToF
technique below,23105 V cm−1 cannot be attributed to
such a spurious electric-field effect. Moreover, such negative
electric-field dependence has been observed in several
samples with various devices thicknessessbetween 3.6 and
6 mmd. The experiments presented in this comparative study
clearly demonstrate that the negative electric-field depen-
dence of the mobility is confirmed by the CELIV technique,
which was shown to yield the correct electric-field depen-
dence in moderately conductive samples.18

The agreement between the mobility data inferred from
both ToF and CELIV also proves that the negative electric-
field dependence of mobility observed over a wide electric-
field region is not caused by electric-field independent carrier
diffusion19 that may become dominant at electric-fields
weaker than 23104 V cm−1. A straightforward experimental
check of the effect of diffusion on the transit time and there-
fore mobility is indeed the application of the CELIV tech-
nique, because there is no diffusion current att=0 due to

FIG. 9. Temperature- and
electric-field dependence of the
mobility determined by both time-
of-flight sToFd and CELIV experi-
mental techniques. The dotted
lines represent linear fits of the
ToF data.
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thermodynamic equilibrium established prior to the applica-
tion of the voltage pulse. The charge carriers are distributed
homogeneously throughout the dielectric prior charge extrac-
tion provided that the delay time between subsequent voltage
pulses is sufficiently long. In no case was the shape of the
extraction transients affected in our experiments when the
delay time between the voltage pulses was raised up to 3 s,
which confirms that the equilibrium condition was recov-
ered. Furthermore, photocurrent transients due to diffusion
are expected to be strongly dispersive, electric-field indepen-
dent, but dependent on sample thickness. These predictions
are in direct contradiction to the experimental observation
presented herein.

Disorder FormalismfEq. s1dg attributes the temperature
and electric-field dependence of mobility to two main param-
eters, namely, energetic and positional disorder. The ener-
getic disorder parameter is related to the width of the Gauss-
ian DOS normalized tokT, and it is mainly responsible for
the temperature dependence of mobility. The positional dis-
order, on the other hand, arises due to fluctuation of the
intersite coupling either due to variation of intersite distance
between the charge transport sites or simply the variation of
overlap between corresponding electronic orbitals. In the ab-
sence of positional disorder and under the condition of qua-
siequilibrium, the motion of a charge carrier in a rough en-
ergy landscape is controlled by activated jumps toward sites
close to the statistically defined transport energy.10 The latter
is located below the center of the Gaussian density of states
distribution sDOSd and decreases weakly with temperature.
At weak to moderate electric-fields the diffusive motion and
the superimposed drift is in accordance with the Einstein
ratio between drift and diffusion. As the field increases, the
activation energy is lowered by the drop of the electrostatic
potential between two sites relative tokT. Therefore the
charge carrier mobility should increase while the diffusive
character of motion is still retained. This is no longer the
case when, on average, the drop of the electrostatic potential
becomes comparable and even exceeds the energy barrier for
an along-field jump. In that case the dwell time of a carrier
on a site approaches the reciprocal rate for that jump because
jumps against the field direction are gradually eliminated.

Accordingly, the transport velocity must saturate with field.
This implies a linear decrease of the carrier mobility because
it is controlled by energetically downward jumps only that
are not accelerated.

The situation is more complex if positional disorder be-
comes important. In that case a carrier can avoid an energeti-
cally unfavorable site by executing a detour around that site.
This resembles motion in a percolating cluster and leads to
an increase of the overall carrier mobility at moderate fields.
However, the interplay between drift and diffusion is field
dependent, as it is in the case of pure energetic disorder
because the excess motional freedom a carrier gains by fol-
lowing the detour path is gradually eliminated at higher
fields. Importantly, however, the critical field for that effect is
dictated by the drop of the electrostatic potential across the
percolating clustersi.e., the degree of positional disorder
rather than by the intersite distanced. This leads to anS-like
sb=d log m~dE1/2d dependence. At very low fields,m is
constant and tends to decrease as the field increases. Even-
tually, b reverses sign when the additional carrier loops are
blocked and the effect of energetic disorder takes over. At
highest electric fields,m decreases again because the trans-
port velocity saturates.

The above qualitative reasoning has been based on a hop-
ping concept involving Miller–Abrahams-type jump rates.
However, the phenomenological transport characteristics can
similarly be rationalized in terms of Marcus-type jump
rates.28 The recent theoretical work by Fishchuket al.22 em-
ploying the effective medium approach shows that the shape
of the msEd dependence is independent of the choice of the
form the rates. Furthermore, the decrease ofm at very low
electric-fields can, in principal, be recovered by invoking the
inverted Marcus jump regime. However, a detailed analysis
of mobility data for a system, where structural site relaxation
is important, indicates that unrealistically large value of the
reorganization energy are required in order the explain the
decreases of the hole mobility at very high electric-fields,
while a hopping approach yields reasonable fit parameters.29

B. Temperature dependence of mobility

Another implication of the mutual agreement between the
results obtained by the ToF and CELIV relates to the tem-
perature dependence of the mobility. The ToF technique
probes the motion of charge carriers generated initially with
random energies. Dispersive transport occurs if the mean
hopping rate of the charge carriers decreases as the function
of time.30 Since the energy relaxation of the charge carriers is
faster at higher temperatures, the photocurrent transient
settles to a plateau indicating that nondispersive transport is
reached prior to the arrival of the charge carriers at the exit
electrode. The time to reach quasiequilibrium, however, is
increasing faster than the transit time with decreasing tem-
perature; therefore, dispersive transport starts dominating at
lower temperatures as indicated by dispersive photocurrent
transients. The CELIV method, on the other hand, probes the
mobility of doping inducedsequilibriumd charge carriers oc-
cupying the tail energy states of the DOS without further
relaxation.

FIG. 10. Slope of the electric-field dependence of mobility ver-
sus temperature determined by the ToF techniquesempty symbolsd
and by the CELIV techniquesfull symbolsd; for Material 1 and
Material 2 with different sample thicknessssee Table Id.
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The mobility values obtained by the ToF and CELIV ex-
trapolated to zero electric-field are plotted versus inverse
temperature squared in Fig. 11 according to Eq.s1d. Mobility
obtained for several samples yield consistent values forT
.130 K. The low-temperature ToF mobilities, on the other
hand, tend to yield higher values indicating that more mobile
carriers are being probed. In a previous paper, it was dem-
onstrated that the determined mobility values also deviate
from the prediction of a simple Arrhenius-type activation
slog m~1/Td at lower temperatures.16 The observed low-
temperature deviations can be explained by the occurrence of
anND→D transition as discussed above. The transition tem-
peraturesTcd, which marks theND→D, is calculated accord-
ing to Eq.s2d, and using the value ofs=70 meV calculated
from Fig. 11,Tc=180 K is obtained. The calculated value of
Tc is consistent with the observed dispersivity of the re-
corded photocurrent transients below 180 K.

On the other hand, the CELIV values follow the
log m sE=0d~T−2 temperature dependence at all tempera-
tures as predicted by Eq.s1d. It should be noted that the
lower value of CELIV mobility measured at 110 K may be
due to some overestimated electric-field dependencessee the
discussion in Sec. IV Ad.

Dispersive transport has been observed in conjugated
polymers probed by impedance spectroscopy31 and a tran-
sient electroluminescence technique.32 The dispersion was
analyzed within the framework of the Scher–Montroll for-

malism, and a temperature-independent dispersion parameter
a=0.45 has been calculated and was attributed to the distri-
bution of transit times. TheND→D transition discussed
here, on the other hand, is intrinsic to the ToF technique, in
which the charge carriers are generated under nonequilib-
rium conditions leading to a mean hopping rate that de-
creases at longer times.

From linear regression in Fig. 11, parametersm0, s are
calculated, and shown in Table I together withS andC cal-
culated from linear fit of the field dependence of mobility
versus the energetic disorder parameterss /kTd2. The zero
field mobility values as well as the electric-field dependence
obtained by the ToF technique were fitted above 180 K,
where the relationship is well approximated by a linear rela-
tionship. The calculated values ofs are in good agreement
between the measurements, which indicates that the revers-
ible svery weakd doping of P3HT does not alter the density
of states distribution significantly, at least in this regime,
where the conductivitys,sc=10−8 V−1 cm−1d and the carrier
concentrations,n=1014−1015 cm−3d is considered to be
rather low. Furthermore, the calculated prefactor mobility
values agree reasonably well between the two experiments.
Considering the principal differences by the two applied
methods, this finding suggests that charge carrier motion
does not depend on the mode of charge generation in the
regioregular P3HT samples under the presented experimental
conditions. In accordance with the disorder model, the rather
small s and largeS obtained by both experimental tech-
niques are thought to be responsible for the observed nega-
tive electric-field dependence of mobility.

V. CONCLUSIONS

Two independent methods for charge carrier mobility de-
termination, namely,sad time of flight sbd charge carrier ex-
traction by linearly increasing voltagesCELIVd have been
used in a regioregular polys3-hexylthiophened. The latter
method probes the motion of charges generated by homoge-
neous doping throughout the bulk, whereas in the ToF
method, a sheet of excess carriers generated by a laser flash
drifts across the sample. By applying both techniques in the
same polys3-hexylthiophened with or without doping, it has
been shown that the results are mutually consistent except at
low temperaturess,130 Kd, when strong dispersion of the
carrier motion become important. Another fundamental issue

FIG. 11. Temperature dependence of the mobility extrapolated
to zero electric field determined by the ToFsempty symbolsd and
CELIV techniquesfull symbolsd for Materials 1 and 2 with different
sample thicknessssee Table Id.

TABLE I. Determined values ofm0 sprefactor mobilityd, s senergetic disorderd, C sfit constantd, andS spositional disorder parameterd of
the disorder formalismfEq. s1dg obtained by CELIV and time-of-flightsToFd techniques.

Material/Sample Method m0 scm2 V−1 s−1d s smeVd C fscm V−2d1/2g S Thicknesssmmd

1/1 CELIV 4310−3 63 3.6310−4 3 1.3

1/2 CELIV 4310−3 61 3.6310−4 3.15 1.3

1/1 ToFa 1310−2 70 1.5310−4 3.4 4.6

1/2 ToFa 5310−2 74 2.1310−4 3.9 6.4

2/1 ToFa 5310−3 73 1.4310−4 3 3.6

2/2 ToFa 7310−3 75 1.4310−4 3 6.5

aCalculated between 310–180 K temperature region.
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is the observation of the negative electric-field dependence
of mobility at moderate electric fields. By applying both
techniques, we confirmed that the negative electric-field de-
pendence of mobility is an intrinsic feature of the investi-
gated materials. Large degrees of positional disorder equiva-
lent to the large spread of intersite coupling matrix elements
are proposed to be responsible for this negative electric-field
dependence of mobility as suggested by the disorder model.
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