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ABSTRACT
Vertical mobilities of poly-3-hexythiophene (P3HT) thin films annealed
with various temperatures were estimated by using charge carrier
extraction by linearly increasing voltage (CELIV)method, andwere com-
pared with those estimated from a conventional space-charge limited
current (SCLC) method. Bothmethods revealed that themobilities were
improved with increasing annealing temperature because of enhanced
crystallinity of the P3HT film. In high annealing temperature more than
150°C, SCLCmethod could not be applicable due to deviation from the-
oretical analysis; in contrast, CELIV method was valid for all annealing
conditions.

Introduction

The bulk heterojunction organic photovoltaics (OPVs) based on blends of conjugated poly-
mers and fullerene derivatives have achieved high power conversion efficiency [1,2]. Although
these developments are produced by introducing newmaterials and device structure, investi-
gation of mechanism of charge properties, such as charge carrier mobility and recombination
dynamics, is also required for further improvement of OPVs performance. One of key issues
is charge extraction efficiency that is governed mainly by charge carrier mobility of hole and
electron. There have been various methods for carrier mobility measurement, for example,
time-of-flight (TOF) and space-charge limited current (SCLC) method. The TOF method
requires a thick film more than 1 μm, which is unsuitable for evaluating mobility of practi-
cal OPV cells. The SCLC method is applicable to practical thin films; however, it tends to be
affected by film preparation and/or combination of electrode and organic materials, because
this method requires ohmic contact at the electrode interface [3–5]. Recently, the charge car-
rier extraction by linearly increasing voltage (CELIV)method [6–8] has been proposed, where
the mobility is estimated from the transient current waves derived from extraction of equi-
librium free carriers. The advantages of CELIV are that this method can be applied to actual
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Figure . (a) Device structure and CELIV measurement system. (b) Typical transient waves in CELIV mea-
surement; applied voltage wave (blue line) and CELIV current wave (red line). Analytical parameters are also
indicated.

devices which have organic thin films (several hundreds nanometer) and estimate mobility
and equilibrium carrier concentration concurrently.

In this paper, we investigated vertical carrier mobility of a poly-3-hexythiophene (P3HT)
thin film annealed with various temperatures using the CELIVmethod, and compared it with
that estimated from the conventional SCLCmethod. Lateral mobility of a P3HT film has been
extensively studied by using OFET devices, and it is well known that the mobility is improved
by thermal annealing and crystallization of the film [9,10]. However, there have been few
reports on the vertical mobility [11], although P3HT has been widely used for OPVs. We
demonstrate high usability of the CELIVmethod to estimate the vertical mobility in compar-
ison with the SCLC method.

Experimental

A single-layered device for CELIV and SCLC measurements was fabricated by spin-coating
a P3HT thin film on an indium thin oxide (ITO) glass substrate (Fig. 1(a)). An ITO glass
substrate was first cleaned by ultra-sonication sequentially in acetone and 2-propanol each of
10 min, and UV-ozone treatment for 24 minutes. A chloroform solution of P3HT (20 mg/ml)
was then spin-cast at 1000 rpm, yielding a 280 nm-thick thin film. The device was annealed
at 100, 150 and 180°C for 10 and 30 min in air. An Al electrode (100 nm) was deposited on
top of the P3HT film. The active area was 0.04 cm2. The thin-film structure was characterized
by X-ray diffractometry (XRD, Rigaku, SmartLab) with out-of-plane configuration.
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Figure . X-ray diffraction patterns of the PHT thin films with various annealing temperatures and time.

The applied voltage andCELIV transient current is shown in Fig. 1(b). A triangular-shaped
voltage pulse with a voltage rise speed A was applied to the ITO electrode. Beforehand, a for-
ward bias at 0.5 V was applied to cancel internal built-in potential arising from the differ-
ence of work function between the two electrodes. The CELIV signal j(t) is composed of a
rectangular-shaped transient current corresponding to the capacitive displacement current
j(0)= A× εε0/d and the transient current due to extracted carriers. The transient current�j
was calculated by subtracting j(0) and injection current from the counter electrode from j(t),
where ε and ε0 are the relative and vacuum permittivities, and d is thickness of the organic
film. The�j is derived from drift current of equilibrium charge carriers, and indicates a peak
at�jmax. The voltage rise speed A was set to be 50 kV/s. The carrier transit time (ttr) was esti-
mated from an intersection point between extrapolated line in transient current decay and
capacitive displacement current as shown in Fig. 1(b).

The measurement was performed in a vacuum prober (Oyama, ALT80K). A triangular-
shaped voltage was applied by using a waveform generator (Agilent 33511B), and electrical
current through the device was monitored by an oscilloscope (Agilent, DSO-X 2004A) with
a high-speed current amplifier (Keithley, 428). The current-voltage characteristics for SCLC
measurement were measured by a semiconductor parameter analyzer (Agilent Technologies,
4155C).

Results and discussion

Thin-film structures of the P3HT film annealed at various temperatures were investigated by
out-of-plane XRDmeasurements (Fig. 2). All the films showed one peak or shoulder at 2θ =
5.25± 0.05° corresponding to lattice spacing d= 1.68± 0.02 nm, which is assigned to lamel-
lar structure with edge-on orientation of P3HT molecules [12]. This peak was enhanced by
increasing annealing temperature, and the half maximum full-width (FWHM)was decreased
from 0.68 at 100°C to 0.42 at 180°C. These results show that crystallinity of P3HT film was
enhanced with increasing temperature. However, longer annealing time of 30 min at 180°C
gave a rather larger FWHM value of 0.53, indicating decrease of crystallinity.

Figure 3 shows transient current signals of CELIV measurements with various annealing
temperature and time. The transient current for all the samples showed clear peak and decay,
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Figure . CELIV transient currents for ITO/PHT( nm)/Al devices with various annealing temperatures
and time.

converging on displacement current component j(0). The current peak became sharper with
increased annealing temperature when the annealing time was 10 min. However, the peak
became rather broader with increasing annealing time. Charge carrier mobility by CELIV
(μCELIV) was estimated according to the following equation [8].

ttr = d
√
2/μA (Eq. 1)

Also, thismethod gives information on equilibrium carrier concentration. The carrier con-
centration n was calculated by integrating the transient current �j using following equation
[13].

nex =
∫ tpulse
0 � jdt

ed
(Eq. 2)

Table 1 summarizes estimated charge carrier mobilities, carrier concentrations and related
parameters. The vertical carrier mobilities of annealed P3HT films were successfully mea-
sured by the CELIV method. The CELIV mobility of the P3HT film without annealing was
estimated at 1.25×10−5 cm2/Vs. The mobility was increased by annealing and a value of
3.58×10−5 cm2/Vs was observed at 180°C for 10 min, which was attributed to increasing

Table . The estimated parameters from the CELIVmeasurements for the PHT devices with various anneal-
ing temperatures and time.

annealing condition μCELIV Qex nex

[°C] [min] [cm/Vs] [C] [cm−]

a rt .×− .×− .×

b   .×− .×− .×

c   .×− .×− .×

d   .×− .×− .×

e   .×− .×− .×

f   .×− .×− .×

g   .×− .×− .×
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Figure . (a) J-V curves and (b) J-V plots for ITO/PHT( nm)/Al devices with various annealing tempera-
tures and time.

crystallinity upon thermal annealing. The mobility for 30 min annealing was lower than that
for 10 min annealing, while the crystallinity of P3HT film was improved as shown in Table 1.
In addition, themobility at 180˚C for 30min indicated especially low value. These results sug-
gest that the number of carrier traps in the P3HT films was increased by annealing for long
time in air.

The mobility of the P3HT films was also estimated by conventional SCLC. Note that SCLC
measurements can be performed by using the same devices (ITO/P3HT/Al) with that for
CELIV measurement. Fig. 4(a) shows the double logarithmic plot of current density versus
voltage (log J– logVplots) for SCLCwith various annealing temperature and time. Themobil-
ity is estimated using equation of trap-free SCLC (TF-SCLC) model [14].

J = 9
8
εε0μ

V 2

d3 (Eq. 3)

According to this model, a log J – logV plot gives a slope n= 2, indicating a relationship of
J�V2. If there are carrier traps in the film, rapid increase of current density shown in Fig. 4(a)
is observed with n > 2 [15]. However, in high voltage region, injected carriers fill the traps,
and consequently, TF-SCLCmodel becomes valid. We carefully chose n= 2 region in the log
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Table . The estimated parameters from the SCLCmeasurements for the PHT devices with various anneal-
ing temperatures and time.

annealing condition μSCLC

[°C] [min] n [cm/Vs]

a rt  .×−

b    .×−

c    .×−

d   . .×−

e   . –
f   . –
g   .∼. –

J – log V plot and estimated SCLC mobilities (μSCLC) as shown in Fig. 4(b). The estimated
mobilities are summarized in Table 2. For 10 min annealed devices, the observed current and
estimated mobility were improved with an increase in annealing temperature. However, the
P3HT films annealed at 150 and 180°C for 30min indicated n< 2 slope as shown in Fig. 4(b).
Since SCLC models taking account of shallow traps gives n > 2, the observed log J – log V
plot is difficult to be explained by any SCLCmodels. This might be because high-temperature
annealing affects contact interface at the ITO electrode, and obstruct ohmic contact. Gen-
erally, SCLC is easily influenced by preparation condition of devices, in particular, electrode
interface. In contrast, the CELIV mobility could be estimated in all annealing conditions,
indicating high usefulness of CELIV method in comparison with SCLC method.

Figure 5 indicates comparison betweenmobilities estimated fromCELIV and SCLCmeth-
ods for various annealing temperature. Bothmeasurementmethods showed similar tendency;
increasing mobility for increasing annealing temperature due to crystallization of the P3HT
film. The difference between CELIV and SCLC mobility is explained by two aspects; elec-
tric field dependence of mobility, and carrier trapping in the films. It is commonly known as
Poole-Frenkel effect that mobility of organic semiconductor increases with increasing electric
field. The electric field for the SCLCmeasurement is estimated to be 3.4× 105 V/cm from the
applied voltage and film thickness. The electric-field for the CELIV measurement is calcu-
lated from an equation of E = A × tmax / d [16] to be 1.7 × 104 V/cm, which is much lower

Figure . Comparison of charge carrier mobility between SCLC and CELIV measurements.
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than that for the SCLC measurement. This is one reason why the SCLC mobilities are higher
than the CELIV mobilities. The other aspect is carrier trapping and filling effect. The higher
electric field in the SCLC measurement gives higher current density. Higher carrier density
causes trap filling in the film, reducing the shallow trap effect. This enhances the difference
between CELIV and SCLC mobilities.

Conclusion

The influence of thermal annealing on vertical carrier mobility of the P3HT films was exam-
ined by using CELIV and SCLC methods. Both mobilities increased with an increase in
annealing temperature. However, SCLC method was not applicable for high temperature
region due to deviation from theoretical relationship, because ohmic contact required for
SCLCmeasurement is easily affected by preparation condition. In contrast, the CELIVmobil-
ity could be estimated in all annealing conditions. Therefore, the CELIVmethod can be more
widely applied in comparison with SCLC method.
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