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a b s t r a c t
Displacement current measurements (DCMs) were used to investigate transient carrier
behavior during the carrier accumulation process in pentacene (Pn) metal–insulator–semiconductor structures [Au/Pn (100 nm)/SiO2 (100 nm)/p-type Si]. We propose a modiﬁed
DCM technique that applies a combined voltage waveform of ramp and plateau parts to
observe the transient carrier behavior. This allows to simultaneously detect both the effective capacitance of the device and the transient response which reﬂects the dynamic carrier
behavior in the device. In addition, the long decay time during carrier spreading at the Pn/
SiO2 interface agrees well with the inverse of the relaxation frequency, which was estimated by capacitance–frequency measurement. This result demonstrates that DCM is a
powerful tool for investigating both the quasi-static and dynamic behavior of carriers in
organic devices.
Ó 2011 Elsevier B.V. All rights reserved.

1. Introduction
Recently, organic ﬁeld-effect transistors (OFETs) have
been extensively studied because of their potential applications in electronics [1–3]. Since typical organic semiconductors have an extremely small number of thermally
excited carriers and are mostly used without any intentional doping, OFETs are driven by accumulated charge
carriers injected from the electrodes [4–7]; this is in contrast to inorganic FETs in which an inversion layer based
on actively doped semiconductor material is the dominant
mechanism [8]. Therefore, studies have focused on the carrier injection properties as well as the behavior of the injected carriers in the device using various methods, e.g.,
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capacitance–voltage (C–V) measurement [7,9,10], electricﬁeld-induced second-harmonic generation [11–13], and
displacement current measurement (DCM) [4,5,14–19].
Among these methods, DCM has the advantage of directly investigating the carrier behavior of charge carriers
such as injection, discharging, accumulation and trapping.
The displacement current through a device is measured
under a sweep of a triangular wave voltage. This technique
was ﬁrst used to measure the C–V relationship of organic
diodes [14,15]. Then, Egusa et al. applied this technique
to investigate the carrier injection properties in model devices of organic light-emitting diodes [16,17]. Ogawa et al.
extended this method to investigate the carrier behavior in
OFETs [4,5]. In these studies, DCM was used to observe the
carrier dynamics by measuring the effective capacitance of
the device. However, Ogawa et al. observed a current peak
during the carrier injection process which is not observed
in conventional C–V measurements. They suggested that
the peak was due to the transient behavior of the injected

Y. Tanaka et al. / Organic Electronics 12 (2011) 1560–1565

carriers, although the experimental evidence was insufﬁcient [20]. Furthermore, Liang et al. recently demonstrated
the estimation of the carrier mobility in a model OFET device by analyzing the time dependence of the current peak
in DCM curves [21].
In principle, the observed current in DCM includes both
capacitive and transient terms. The current in metal–insulator–semiconductor (MIS) devices with a time dependent
voltage stimulus V is expressed by

dQ
dV
¼ C eff
þ itra ;
I¼
dt
dt

ð1Þ

where Ceff is the effective capacitance of the device, Q is the
charge, and V is the applied voltage. itra is the transient current which reﬂects the dynamic behavior of carrier. Thus,
the observed current in DCM includes information in both
the quasi-static and transient states as shown in Eq. (1).
However, understanding of the second term is still limited.
This is mainly because it is not easy to separate the transient contribution in a conventional DCM experiment.
In this study, we propose a new DCM scanning mode,
called combined waveform DCM method, using a triangular wave with a plateau region which allows to successfully
separate the quasi-static and dynamic DCM currents. By
applying combined waveform DCM to pentacene (Pn)
MIS devices, we demonstrate that the current peak in the
DCM curve reported by Ogawa et al. actually originates
from the transient contribution owing to the carrierspreading process in this device. In addition, the decay
time of the transient current in the DCM corresponds to
the inverse of the relaxation frequency which is obtained
from capacitance–frequency (C–f) measurement. The combined waveform DCM allows us to simultaneously collect
information about the effective capacitance and the inverse of the relaxation frequency of the organic device.
This advantage will be useful when investigating the device physics in organic electronics.
2. Method
As mentioned above, the current in the MIS device
(Fig. 1a) is expressed by Eq. (1). We brieﬂy explain the basics of a typical DCM curve, assuming that the device is in a
quasi-static state (corresponding to conventional C–V mea-
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surements). Since the organic and insulator layers beneath
the top electrode work as capacitor dielectrics without carrier injection, the observed current is governed by the serially combined capacitance of the organic and insulator
layers. The current is given by

I ¼ C eff

dV
C org C ins dV
¼
:
dt C org þ C ins dt

ð2Þ

Here, Corg and Cins are the capacitance of the organic and
insulator layers, respectively. As shown in Fig. 1b and c,
the start voltage of the triangular wave is set as 0 V, and
we assume that the MIS device is completely depleted at
the 0 V (Fig. 1c region 1 and 2). When holes are injected
from the top electrode to the organic layer at the negative
voltage (Fig. 1c region 3), they accumulate at the organic/
insulator interface as shown in Fig. 1a. Assuming that the
current ﬂows through the organic layer without a signiﬁcant voltage drop, only the insulator layer works as a
capacitor dielectric, and hence the displacement current
can be expressed as

I ¼ C ins

dV
:
dt

ð3Þ

Since the capacitance of the insulator layer is larger than
the combined capacitance, the current increases owing to
a hole injection in the backward scan (dV/dt < 0).
At the beginning of the forward voltage scan (dV/dt > 0),
the holes are discharged from the organic layer to the electrode (Fig. 1c region 4); then, the organic layer is depleted
and back to its initial state. As a result, I–V curves of the
typical MIS structure are obtained, as shown in Fig. 1c,
when the dynamic current is negligibly small.
Conventional DCM is not suited to analyze the dynamic
current for devices in a transient state, because the shape
of the curve is often complicated owing to the coexistence
of the two terms. In order to separate the transient term,
we use a voltage waveform with a ramp and plateau region
as shown in Fig. 1d. In this scanning mode, ﬁrst a applied
voltage is kept at the start voltage (Vstr). Then, a ramp voltage is applied and both the quasi-static and dynamic currents are observed. At the hold voltage (Vhold), the ramp
is switched to the plateau voltage, and only the transient
term is observed due to dV/dt = 0. By changing the Vhold,
we can directly examine the carrier properties in various
states of the device.
3. Experiment

Fig. 1. (a) Schematic illustration of device structure and experimental
setup. (b) Top: Applied voltage waveform in conventional DCM. Bottom:
Current response with hole injection. (c) A typical C–V curve for a p-type
semiconductor with hole injection. (d) Top: Applied voltage waveform in
combined waveform DCM. Bottom: Current response with hole injection
and transient current.

The structure of the device under study is Au (50 nm)/
Pn (100 nm)/SiO2 (100 nm)/p-type Si (resistivity 0.02 X
cm). The organic layer and the Au electrode were successively fabricated using a conventional vacuum evaporation
technique on a highly doped p-type Si substrate covered
with SiO2. The evaporation rate of the organic and metal
layers was about 0.5 Å/s. The devices were transferred to
a vacuum probe station and DCM was performed in the
dark at room temperature. During the transfer of the device from the fabrication chamber to the vacuum probe
station, the devices were exposed to air for a short time.
We fabricated two kinds of devices, denoted as devices A
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and B. The electrode area of device A is the same as the Pn
area (2.4 mm2), while that of device B (1.77 mm2) is smaller than the Pn area (4.91 mm2). Table 1 shows the area of
Au (SAu) and Pn (SPn), and the effective capacitances estimated from the device structure (dielectric constant of
ePn = 4.0 [22] and eSiO2 ¼ 3:8). Cdep shows the geometrical
capacitance of the device in depletion, normalized by the
electrode area, and corresponds to the capacitance of Region (a) in Fig. 2. Cinj shows the capacitance of the device
with the carrier injection from the Au electrode to the Pn
layer and corresponds to the capacitance of Region (b) in
Fig. 2. Cacc shows the capacitance of the device in which
carriers accumulate over the entire Pn/SiO2 interface and
corresponds to the capacitance of Region (d) in Fig. 2.
DCM measurements were performed using the FCE-1
measurement system for ferroelectrics (Toyo Corp.) at Chiba University. The DCM curves were measured by applying
biases within ±20 V to the p-type Si layer, with reference to
the Au electrode. To investigate the frequency dependence
of the DCM curve, the ramp rate of a triangular wave voltage was changed from 80 V/s to 800 kV/s. Impedance measurements were performed using a frequency response
analyzer (Solartron SI 1260 Impedance/Gain-Phase Analyzer) combined with a dielectric interface (Solartron
1296) at University of Augsburg. The amplitude of the AC
bias was set to 0.1 V for the C–f measurement and the DC
bias was varied from 20 to 20 V.
4. Results and discussion
4.1. Analysis of DCM curves in conventional mode
Fig. 2 shows the typical DCM curves of devices A and B
at a ramp rate of 80 V/s. The inset shows the comparison of
the results between DCM and C–V measurement. Vertical
axis is the current which is normalized by the electrode
area divided by the ramp rate, corresponding to Ceff of a device with unit area. As shown in the inset (Fig. 2), the peak
structure can only be observed for DCM. This is a unique
feature of DCM and we will discuss its results in detail
below.
In device A, the capacitance is equal to Cdep at voltages
larger than 2 V, indicating that the device is depleted. In
the backward scan, the negative current increases at 2 V
owing to the hole injection from the Au electrode to the
Pn layer. Ceff at voltages below 1 V is consistent with Cinj
(Table 1). Then, in the forward scan, the injected carriers
are discharged from the Pn to the Au electrode. Finally,
the Pn layer is fully depleted and back to its initial state.
In device A, the shape of the DCM curve in the forward scan
is almost the same as that in the backward scan.
At voltages larger than 12 V in the backward scan, the
DCM curve of device B is precisely equal to that of device
Table 1
Area and capacitance of devices A and B. The units of area and capacitance
are mm2 and mF/m2, respectively.

Device A
Device B

SAu

SPn

Cdep

Cinj

Cacc

2.4
1.77

2.4
4.91

0.17
0.17

0.34
0.34

–
0.93

Fig. 2. Device structure dependence in DCM curves of an MIS diode
(device A: dashed line, device B: solid line). Region (a): Without carrier
injection. Region (b): Carrier injection from Au electrode to Pn layer.
Region (c): Injected carrier spreading along the Pn/SiO2 interface. Region
(d): Carrier accumulation over the interface. Region (e): Carrier discharge
from Pn layer to Au electrode. Inset: Comparison of DCM (solid line) with
C–V curves (dashed line) for device B.

A. When scanning the voltage to the negative side, the increase of the negative current owing to the hole injection
appears in Region (b). The voltage of hole injection for device B is different from that for device A. This is maybe due
to the effect of oxygen on Pn layer: since the Pn layer of device B is not fully covered by the top electrode, the hole
injection property may be affected by the oxygen penetrated into the device. Finally, a larger capacitance about
0.8 mF/m2 is observed in Region (d) after the current peak
(Fig. 2 Region (c)). The capacitance estimated from the
DCM curves indicates that the charge sheet is formed over
the Pn/SiO2 interface. After the sweep direction of the applied voltage is changed to forward at 20 V, the current
gradually decreases owing to hole discharge (Fig. 2 Region
(e)). The current continues to decay even in the positive
bias region in device B, while the carrier discharges around
the zero bias region in device A.
A peak structure is observed in Region (c), and it appears only in the DCM curve of device B. In device A, since
the area of the Pn layer is the same as that of the top electrode, no carrier spreading along the Pn/SiO2 interface can
be expected after the carrier injection. Thus, we conclude
that the current peak originates from the carrier-spreading
effect at the Pn/SiO2 interface. In addition, the slow discharge process in device B is also owing to its device structure because it is expected that the holes injected farther
from the electrode will take longer to discharge.
Fig. 3 shows the DCM curves as a function of the frequency of the applied voltage in device A (left) and device
B (right). The ramp rate of the triangular wave voltage is
changed from 80 V/s to 800 kV/s. In device A, although
there is no difference in the DCM curves from 80 V/s to
8 kV/s, the hole injection voltage shifts slightly to the negative voltage side at 80 and 800 kV/s with the increasing
frequency (Fig. 3a). On the other hand, the peak structure
in device B strongly depends on the ramp rate and ﬁnally
disappears at 800 kV/s (Fig. 3c). This result implies that
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Fig. 3. DCM curves as a function of frequency of applied voltage in device A (left) and device B (right). Ramp rate is varied from 80 V/s to 800 kV/s. The
curves showed characteristic changes with increasing frequency: (a) Shift of the hole injection voltage. (b) Shift of the start voltage of hole discharge. (c)
Shift of the peak structure. (d) Rounded structure with hole discharge.

the relaxation time of the carrier-spreading process at the
Pn/SiO2 interface is longer than that of the carrier injection
process from the electrode to the Pn layer.
In device B, we can observe the terrace structure,
0.35 mF/m2, corresponding to the Cinj at 80 V/s in the
backward scan, that is, the injected holes ﬁrst accumulate
only under the electrode area and then start to spread laterally along the Pn/SiO2 interface. This result indicates that
the injected holes do not spread smoothly along the Pn/
SiO2 interface; this behavior can be explained as follows.
When the voltage is applied to the sample, the electric ﬁeld
far from the electrode is not enough to drive the carriers
laterally. Therefore, the potential difference between just
under and far from the electrode prevents the injected
holes from spreading at the Pn/SiO2 interface. With
increasing carrier density, the diffusion effect helps the
holes to spread.
At the beginning of the forward scan in device A, the injected holes are discharged smoothly at a lower ramp rate
than those discharged at 8 kV/s. In comparison, the shape
of the DCM curves does not rise sharply at the apex of
the triangular voltage (20 V) for higher ramp rates, and
the start voltage of the discharge shifts to the positive voltage side in Fig. 3b. This characteristic feature is also observed in device B at 800 kV/s. In addition, the rounded
structure is observed only for device B when the holes
which are located at the Pn/SiO2 interface far from the
electrode are discharged in the forward scan. These results
indicate that the injected holes cannot follow the high frequency of the applied voltage.

4.2. Transient current characteristics during carrier spreading
Next, we discuss the results of the combined waveform
DCM method. Fig. 4a and b show the combined waveform
DCM curves for devices A and B, respectively. Vertical axis
is the logarithm of the absolute value of current normalized by the electrode area. The measurement was performed while changing the hold voltage (Vhold) from 8 to
10 V in device A and from 14 to 18 V in device B, and
the Vstr of device A and B is set to 10 and 20 V, respectively.
The Vhold is indicated by the bold number in Fig. 4a and b.
The current density in the ramp region (before the voltage

is held) corresponds to that measured by the traditional
scanning mode in the backward scan.
In device A, while the Vhold is higher than 2 V, the Pn
layer is completely depleted, as shown in Fig. 4a. At a Vhold
lower than 0 V, the holes are injected from the electrode
and accumulate at the Pn/SiO2 interface. Just after the voltage is held, the current with various Vhold values decays
immediately. If we deﬁne that trel is the time required for
the current to decay less than 0.1 mA/m2 from the beginning of the plateau voltage region, trel is less than 0.1 s in
device A.
In Fig. 4b, the Pn layer is fully depleted around 14 V
(depletion). While decreasing the Vhold, the current increases with a hole injection at 10 V (injection), and then,
at Vhold = 2 V, the injected holes start to spread laterally
along the Pn/SiO2 interface. Finally, the charge sheet is
completed over the interface at a Vhold lower than 10 V
(accumulation). Note that the transient currents in the
quasi-static, for example, depletion, injection, and accumulation states, decay immediately just after the voltage is
held. On the other hand, it takes about 1 s for the transient
current to decay at Vhold = 2 and 2 V in device B. This trel is
much longer than that in the quasi-static state.
The above result demonstrates that we succeeded in
extracting the dynamic current by using the combined
waveform DCM method. The dynamic current with a large
trel continues to ﬂow during the hole-spreading at the Pn/
SiO2 interface, clearly indicating that the peak structure
originates from the dynamic current. After the charge
sheet is formed completely at the Pn/SiO2 interface
(V < 10), trel becomes much smaller. In this way, DCM is
able to evaluate both quasi-static and dynamic carrier
behavior in organic devices.
Fig. 4c and d show the capacitance-frequency (C–f)
curves of devices A and B, respectively. The DC bias is changed from 20 to 20 V and is indicated by bold numbers. For
frequencies higher than 103 Hz, the capacitance of device A
almost agrees with the Cdep, because the injected holes
cannot follow the frequency of the applied voltage. As
the frequency slows, if the DC bias is larger than the hole
injection voltage, the capacitance of the device increases
and corresponds to Cinj. The frequency at the inﬂection
point is called the relaxation frequency (frel). The frel at
DC bias = 10 and 5 V is 129 Hz. In device A, one frel is ob-
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Fig. 4. Combined waveform DCM curves of device A (a) and device B (b) with the various Vhold. Ramp rate is 8 V/s and bold numbers show the Vhold. C–f
curves of device A (c) and device B (d). Bold numbers show the DC bias and frel shows the relaxation frequency.

served between the depletion and injection states and reﬂects the hole injection speed from the electrode to the
Pn layer.
In device B, the Pn layer is also depleted at frequencies
higher than 103 Hz, as in device A. For lower frequencies,
the capacitance starts to increase from a few hundred
hertz; for example, frel = 167 Hz at DC bias = 5 and 0 V.
This frel is comparable to that estimated for device A; this
result indicates that the holes accumulated just under
the electrode are following the frequency of the applied
voltage. When lowering the frequency, a second increase
of the capacitance can be observed at DC bias = 0 V. Since
the capacitance almost corresponds to Cacc at the low frequency region, this second frel reﬂects the hole spreading
speed along the Pn/SiO2 interface. The inverse of the relaxation frequency is about 1 s, by inverting the observed frel
of 1 Hz. This value corresponds well with trel of combined
waveform DCM. This result demonstrates that the combined waveform DCM method is a useful tool to observe
not only the effective capacitance of a device but also the
relaxation time, as impedance spectroscopy.
The carrier spreading effect has been observed in some
reports about inorganic FET [23,24] and organic devices
[4,5,20,25–28]. By analyzing the admittance spectra, Ullah
et al. suggest that the observed C–V behavior originates
from a parasitic, lateral conduction effect occurring at the
perimeter of the electrode [28]. In principle, the conventional C–V measurements detect the carrier behavior in
static state under each step of DC voltage, which does
not correspond to dynamic processes such as formation

and annihilation of charge sheet under sweeping voltage.
The latter is important to discuss switching properties of
OFETs. On the other hand, DCM can investigate the carrier
injection, accumulation and discharging processes separately. Actually, the peak structure due to transient current
including information about the speed of carrier spreading
(dC/dt) was observed only in the formation process (backward scan). The area of the charge sheet is changing with
ﬁnite dC/dt during the formation, but almost constant in
the annihilation (forward scan). From these viewpoints,
DCM is a useful tool to investigate the channel behavior
of OFETs, especially the switching process.

5. Conclusion
In the DCM of a Pn MIS structure, the carrier injection
from the electrode to the organic layer, spreading along
the Pn/SiO2 interface, and the accumulation at the interface
were clearly observed. The combined waveform DCM
method was proposed and the quasi-static and dynamic
currents of DCM were successfully separated in the plateau
voltage region. We demonstrated that a current peak observed in the DCM curve originates from the carrier
spreading along the Pn/SiO2 interface. The transient current with a very long decay time was found during the formation of the charge sheet at the Pn/SiO2 interface. Its
decay time is consistent with trel estimated from the C–f
measurement. These results indicate that DCM is a powerful tool for investigating the quasi-static and dynamic
behavior of carriers in organic devices. By using various
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types of combined waveforms, we can expect further
extensions of DCM to investigate carrier behavior in detail.
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