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Time of flight method (TOF) is used to measure the electron and hole mobility of a spin coated regioregular poly(3-hexylthiophene) (P3HT)

film. We find that both electron and hole have the same mobility (about 3.8�3.9 � 1024 cm2/Vs) at an applied field of 120 kV/cm. It is
demonstrated in this paper that the electron-hole recombination process may prevent the electron transport in the material due to the fact that
the carrier recombination time is much shorter than the transit time.

Keywords: time of flight; electron and hole mobility; poly(3-hexylthiophene)

1 Introduction

Organic materials have broad application in electronic and
optoelectronic devices such as field effect transistors (FET)
(1), light emitting diodes (LED) (2), and solar cells (3–5).
One of the widely used hole transporting materials is regiore-
gular poly(3-hexylthiophene) (P3HT). Through its Head-to-
Tail coupling between adjacent rings, the polymer chains
self-order to form microcrystalline regions of p stacked
lamella with strong interchain interactions (6), which signifi-
cantly improves the mobility over the disordered amorphous
polythiophene, i.e. regiorandom poly(3-hexylthiophene) (7).
The time of flight (TOF) method is an established method
to characterize carrier mobility in materials (7–15). In the
P3HT, usually the hole is the majority charge carrier and
the electron is the minority charge carrier. The hole
mobility of the regioregular P3HT has been measured by
the TOF method, (7–11) as well as fabrication of field
effect transistors (16, 17) and carrier extraction by a
linearly increasing voltage (CELIV) (9, 18). For the
electron mobility of the regioregular P3HT, it is generally
believed that electrons are strongly trapped in P3HT, and
that the electron mobility is almost zero since it is
immobile. Only one paper reports the measurement of
electron mobility of the regioregular P3HT by TOF method

using the bias þAl/P3HT/ITO2 and pulsed illumination
through the ITO electrode (8). However, there are no
analyses in that paper on why the electron mobility is measur-
able under these experimental conditions. In this paper, we
propose that the electron-hole recombination process may
interfere with the observation of the electron transit time in
TOF, and therefore, the hole concentration in P3HT should
be significantly reduced in order to observe the electron
transit time. The analyses of the experimental conditions for
measuring electron mobility of P3HT are provided, which
can also be applied to TOF measurements of other materials
where the electron-hole recombination process may prevent
the measurement of the minority carrier mobility.

2 Electron-Hole Recombination Effect

The electron-hole recombination process may significantly
hinder the TOF experiment, since the photo-generated elec-
trons (or holes) may recombine with existing holes (or elec-
trons) inside the material before they reach the counter
electrode. In these cases, the obtained TOF transit time is
not the time for the photo-generated carriers passing
through the sample, but the average lifetime of these
carriers. Therefore, in TOF measurements, one needs to
make sure that the lifetime of the photo-generated carriers
is longer than their TOF transit time.
The carrier lifetime can be estimated from the Langevin

theory (19) under the condition that the mean free path of
the carriers is less than the radius of capture, which is
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generally valid for organic solids with room temperature
mobility less than 1 cm2/Vs. The bimolecular rate constant
geh for free electron-hole recombination is given by:

geh ¼ emT=ð110Þ; ð1Þ

where e is the electron charge, mT ¼ meþ mh is the sum of the
electron and hole mobility, 1 is the dielectric constant of the
medium, 10 is the vacuum permittivity.

Therefore, the recombination rate for electron is geh nh,
where nh is the hole concentration, and the electron recombi-
nation lifetime te is given by:

te ¼ 1=ðgeh nhÞ: ð2Þ

The above equations can be used to estimate the
electron lifetime in regioregular P3HT. Using
me ¼ mh ¼ 3.8 � 1024 cm2/Vs (see later part of this paper),
and 1 ¼ 3.2 (20, 21), we obtain the bimolecular rate
constant for free electron-hole recombination in the P3HT
geh ¼ 4.3 � 10210 cm3/s. The hole concentration of the
regioregular P3HT in the case of hole injecting contact is esti-
mated to be nh�1015�1017 cm23 (16). The electron lifetime
in the regioregular P3HT is thus estimated to be
te�2.3�0.023 ms, which is shorter than the usual TOF
transit time. Therefore, to obtain the electron mobility of
the P3HT through TOF experiment, the hole concentration
should be reduced in order to extend the electron lifetime.

To reduce the hole concentration in order to measure the
electron mobility, hole injection into P3HT should be
blocked and a hole depletion region with width comparable
to P3HT film thickness needs to be created. The work
function of the hole exit contact should be less than or
equal to the ionization energy (also called HOMO, the
highest occupied molecular orbit) of the P3HT in order to
prevent hole accumulation at the hole exit interface.

3 Experimental

Regioregular P3HT was purchased from Aldrich Chemical
Company and used as received. The P3HT film was spin-
coated from concentrated chloroform solution onto ITO sub-
strate. The film thickness was determined to be 3.5 mm by the
Dektak IIA surface profile measuring system made by the
Sloan Technology. A semi-transparent aluminum film was
thermally evaporated on top of the P3HT film. The applied
bias for both electron and hole mobility measurements was
þAl/P3HT/ITO2, with pulsed light illumination on ITO
side for electron mobility measurement and on Al side for
hole mobility measurement. The pulsed light illumination
was at 532 nm, provided by a frequency-doubled YAG
laser. A constant bias of 20�50 V was applied to the
sample during the measurement. A digitizing oscilloscope
HP 54510B was used to measure the photo current transients.
Each data set was averaged over 128 photo current transients
generated by light pulses. The TOF measurement was per-
formed at room temperature, in vacuum (1022 Torr).

Since the work function for Al is 4.3 eV, and the ionization
energy for P3HT is 4.8 eV, the bias þAl/P3HT/ITO2 will
block hole injection from Al side into the P3HT due to the
potential barrier (0.5 eV). It also creates a hole depletion
region inside the P3HT with width comparable to the thick-
ness of the P3HT film when the external voltage is applied,
since the Al/P3HT interface is a reverse biased Schottky
barrier for holes. There is no hole accumulation in P3HT/
ITO interface, since the work function of ITO is 4.8 eV,
same as the ionization energy of the P3HT. Therefore, this
configuration significantly reduces the hole concentration
inside the P3HT and extends the electron lifetime, making
it possible to measure the electron transit time and to obtain
the electron mobility through the TOF method. For hole
mobility measurement, the bias þAl/P3HT/ITO2 will
reduce the space charge (hole) buildup and increase the
accuracy of the measurement.

The experimental configuration with the bias 2Al/P3HT/
ITOþ and pulsed light illumination on the Al side cannot give
the electron transit time, since holes are injected from ITO
side and the photo generated electrons recombine with
holes before they reach the counter electrode.

4 Results and Discussions

Figures 1 and 2 are typical averaged photocurrent transients
of electrons and holes. The transit time is determined by the
intersection of the two tangential lines for the plateau and
for the tail of the photocurrent transients in the Log-Log
plot. For all data in this paper, the slopes of the tangential
lines before the transit time are less than 1 and the slopes of
the tangential lines after the transit time are larger than 1.
The plateaus are not evident in the linear plots as seen
in the insets in Figures 1 and 2. They are only evident in
the Log-Log plots. The mobility of the material is calculated
from the following equation with consideration of the differ-
ent work functions of the contacts:

m ¼
L2

V Tr
; ð3Þ

where m is the mobility, L is the thickness of the film, Tr is the
transit time. V is the internal potential difference of the
material, which equals to the applied voltage plus 0.5 volt
(the difference of the work function of Aluminum and ITO
divided by the electron charge) (19).

The field dependence for the electron and hole mobility at
root temperature is shown in Figures 3 and 4, respectively.
They can be fitted to the equation:

m ¼ m0 exp ðaE1=2Þ ð4Þ

with negative field dependence, i.e. a , 0 for both electron
and hole mobility, where m0 is the zero field mobility. The
Bässler’s model (22) could be used to explain the negative
field dependence. In that model, a is expressed as
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C[(s/kT)22S2], where C is a positive constant, s is the dis-
tribution width of the free energy of transport sites, S is the
position disorder parameter. Their combination could give
a , 0 at certain temperatures. However, it should be noted
that at higher electric fields, the negative field dependence
and the mobility fits in Figures 3 and 4 may not be valid
(7–11).

The experiments indicate that the electron mobility of
P3HT could be obtained in TOF measurement after
reducing hole concentration. Electrons in P3HT are not
trapped in deep traps, but have the mobility as good as that
of the holes. To make use of the electron transport property,
one needs to reduce hole concentration to extend the

electron lifetime. For example, the P3HT could be used as
an electron transport layer in optoelectronic devices when
one electron injecting contact and one hole blocking contact
are used. The electron injecting contact should have work
function smaller than or equal to the electron affinity of the
P3HT, i.e. 2.9 eV. P3HT could also be used to make light
emitting diode by injecting electrons into the material and
making use of the electron-hole recombination effect. By
using an electron injecting contact as the source and a hole
blocking contact as the drain, one can make an electron-
transporting field effect transistor out of the P3HT and also
measure the electron field effect mobility.

Fig. 1. A typical electron photocurrent transient in TOF measure-
ment. The intersection of the tangential lines in the Log-Log plot

determines the electron transit time and the electron mobility. The
inset is the linear plot of the same photocurrent transient.

Fig. 2. A typical hole photocurrent transient in TOF measure-

ment. The intersection of the tangential lines in the Log-Log plot
determines the hole transit time and the hole mobility. The inset is
the linear plot of the same photocurrent transient.

Fig. 3. The field dependence of the electron mobility. Fig. 4. The field dependence of the hole mobility.
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5 Conclusions

Electron-hole recombination prevents the observation of
electron transport and hinders the TOF measurement of
the electron transit time in P3HT when a hole-injecting
contact is used as the counter electrode. Hole blocking
contact should be used as the counter electrode to reduce
the hole concentration and extend the electron life time and
to enable accurate measurement of the electron transit time
and the mobility. Both electron and hole mobility of P3HT
were measured using hole blocking contact. Their mobility
are the same, about 3.8�3.9 � 1024 cm2/Vs at the field
about 120 kV/cm.
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Bredas, J.L., Lögdlund, M.L. and Salaneck, W.R. (1999) Nature,

397, 121–128.

3. O’Regan, B. and Grätzel, M. (1991) Nature, 353, 737–740.

4. Gebeyehu, D., Brabec, C.J., Sariciftci, N.S., Vangeneugden, D.,

Kiebooms, R., Vanderzande, D., Kienberger, F. and Schindler, H.

(2002) Synth. Met., 125, 279–287.

5. Wang, Y., Yang, K., Kim, S.C., Nagarajan, R., Samulson, L.A. and

Kumar, J. (2006) Chem. Mater., 18, 4215–4217.

6. Sirringhaus, H., Brown, P.J., Friend, R.H., Nielsen, M.M.,

Bechgaard, K., Langeveld-Voss, B.M.W., Spiering, A.J.H.,

Janssen, R.A.J., Meijer, E.W., Herwig, P. and de Leeuw, D.M.

(1999) Nature, 401, 685–688.

7. Pandey, S.S., Takashima, W., Nagamatsu, S., Endo, T.,

Rikukawa, M. and Kaneto, K. (2000) Jpn. J. Appl. Phys., 39,

L94–L97.

8. Choulis, S.A., Kim, Y., Nelson, J., Bradley, D.D.C., Giles, M.,

Shkunov, M. and McCulloch, I. (2004) Appl. Phys. Lett., 85,

3890–3892.

9. Mozer, A.J., Sariciftci, N.S., Pivrikas, A., Österbacka, R., Juška, G.,
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