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By analyzing electric field migration in the pentacene organic field-effect transistor channel (OFET), visualized using the time-resolved
microscopic optical second harmonic generation (TRM-SHG) is analyzed the propagation of injected carriers. We find that the accumulated
charge propagation on the pentacene–gate insulator interface of the three-electrode system is clearly different from the drift in electric field of the
two-electrode system. The propagation of injected carriers is evaluated on the basis of the Maxwell–Wagner effect model and the transmission
line approximation. We show that the interface charge accumulation has a significant contribution to the charge transport in OFET. Proposed
model for the transient state is beyond the limits of common used impedance spectroscopy models and represents extension of the small-signal
analysis. Found relation between mobility and transit time helps in analysis of OFET transit time sensitive experiments such as the time-of-flight
technique (TOF) or TRM-SHG. # 2010 The Japan Society of Applied Physics
DOI: 10.1143/JJAP.49.071603

1.

Introduction

Semiconductor devices using organic materials,1,2) such
as thin ﬁlm transistors3–5) and light emitting diodes6)
have attracted a lot of research interests. With the development of organic materials with high mobilities, recent research focus on the organic ﬁeld-eﬀect transistor
(OFET) has been concentrated on the applied research
mostly to increase the carrier mobility. Towards this
many experimental approaches have been exerted such
as modiﬁcation of the surface gate insulator, use of
single crystal semiconductor layer, etc.7–9) In addition to
the experimental techniques, the importance of the basic
research such as injection, accumulation and transfer
mechanisms is being recognized to improve the OFET
performance. However, owing to the ambiguities of energetic at the organic–metal and organic–organic interfaces,
device performance is not fully understood. That is, the
device physics of OFET is not yet clear in comparison
with that of inorganic FET structures. Beyond that transient phenomenon of carrier propagation is without deep
understanding.
Carrier transport through the OFET as a transient
phenomenon has not been investigated for a very long
time.10,11) Diﬃculty had an origin mostly in experimental
problems as well as deep study of the steady-state only.
However, recently there was a research focused on the timeof-ﬂight (TOF) method applied on the OFET structures11,12)
and transit time ttr was obtained. Subsequently, the analysis
of the carrier mobility  was carried out in accordance to the
following relation
ttr ¼

1 L2
;
 Vds

ð1Þ

where L was the channel length and Vds was drain–source
voltage. Although this approach is very intuitive and based
on the experience with two-electrode structures, there is
no deep argument to use drain–source voltage in OFET
structure for mobility evaluation. It is assumed only that
carrier transport is described as the drift in the average
electric ﬁeld Vds =L at a constant velocity v ¼ Vds =L. Later


On leave from Institute of Physics, Slovak Academy of Sciences.
E-mail address: iwamoto@ome.pe.titech.ac.jp

y

TOF study of Dost et al.13) suggested using the drain–source
voltage reduced by the threshold (Vds  Vth ) instead of Vds .
This result was supported by the experiment, even though
the detail explanation was not clear. On the other hand,
various studies have already reported the square root of
time law14–16) by the small signal analysis which represents
measurement without distortion of the steady-state. Hence,
question on the transient state caused by the larger
disturbance is still unanswered.
Additionally, understanding to the carrier transport as
a transient phenomenon is crucial also for other transient
measurements like a time-resolved microscopic second
harmonic generation (TRM-SHG).17,18) Of course, understanding of transient behaviour is crucial from view points
of device application such as switching and high speed
elements. TOF measurement is an elegant way, but it is
an indirect method and it merely probes displacement
current caused by the change of induced charges on
electrodes. Hence, TOF gives a transit time crossing
the channel, but cannot give a physical picture of carrier
motion without an elaboration of the mathematical analysis.
On the other hand, the TRM-SHG technique that we are
developing is able directly to visualize the SHG intensity
propagation in the channel region of the OFETs by a twophoton process. Because the SHG intensity is proportional
to the square of electric ﬁeld and subsequently is determined
by the carrier distribution, TRM-SHG technique possesses
great potential in exploring carrier dynamics in the OFETs.
Using the TRM-SHG measurement, carrier injection and
transport processes are individually examined. This property
gives us a strong tool to study charge propagation only,
without inﬂuence of the injection behaviour. Additionally,
by the TRM-SHG measurement it was already shown that
the electric ﬁeld of the carrier sheet is migrating through
the channel with the square root of time.17) The meaning
of experimental ﬁnding of the square root time dependence
of charge propagation is quite important, though it has
been predicted by using some physical models.19) Because
we can truly check the validity of physical models proposed.
That is the mechanism of the carrier transport is not
fully understood regardless of the direct visualizing of the
ﬁeld propagation. Therefore, these experiments call our
attention and carrier transport mechanism needs to be
explained.
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(a)

Model

Two physical models of charge carrier transport are
presented and discussed, the Maxwell–Wagner (MW) model
and the transmission line approximation. The MW model is
well-known for physical explanation of charge accumulation
on the interface,20,21) and relies on the microscopic electrical
properties of materials. On the other hand, the transmission
line approximation is common for signal propagation analysis, and relies on equivalent circuits. Both models are used
to explain the charge propagation in two- and threeelectrodes systems represented by metal–insulator–metal
(MIM) and OFET structures. We show that both models
approach to the same result. In other words, the transmission
line approximation can model the charge propagation across
the channel even though conductivity distribution changes
with time. Comparison of models points out advantages as
well as limits of both evaluations.

(b)

Fig. 1. (Color online) (a) Sketch of a pentacene MIM structure and
(b) its equivalent circuit with distributed parameters.

across the insulator. This is actually consistent with the
result of the N-series RC circuit model, illustrated in
Fig. 1(a). The transit time of carriers across the MIM
structure is given by

2.1 The Maxwell–Wagner model

Two macroscopic physical parameters characterize organic
materials used in MIM and OFET. These are dielectric
constant " and conductivity , respectively. The ratio "=
gives a relaxation time and stands for spreading time of
excess charge carriers in the materials. That is a steady-state
charge distribution is established after an elapsed time
around  ¼ "=. Note that conductivity is in proportion
to carrier density n0 , and give by  ¼ en0 . The carrier
density n0 is generally intrinsic carrier density of materials at
thermodynamic equilibrium. According to the electro-magnetic ﬁeld theory, total current ﬂowing across organic
materials is sum of the conduction current and the displacement current. The current density j of conduction current
and displacement current is given by E and @D=@t with
D ¼ "E, respectively. Here E is electric ﬁeld and D is
electric ﬂux density. For the MIM structures, when injected
carrier density n is low but it continuously supplied from
electrodes, and space charge ﬁeld caused by injected carriers
is negligible in comparing with applied external electric ﬁeld
(linear potential through the insulator part), E and "E are
replaced by V=L and "V=L, respectively. L is the thickness
of the insulator. This means that the MIM structure is
represented merely as a parallel electrode system R ¼ L=S
and C ¼ "S=L in the light of carrier transport of injected
carriers. Obviously, we ﬁnd the relationship between the
time constant of the equivalent circuit RC and the relaxation
time of the insulator "= as RC ¼ "=. That is the time
constant RC is free from geometry of electrode conﬁguration, and it is given only by material parameters,  and .
From the equivalent circuit consideration, we ﬁnd the
equivalent circuit is converted into N-series parallel RC
circuit, as illustrated in Fig. 1(a), suggesting potential drop
of each resistance R=N and charging of each capacitance NC
must be the same: no charge accumulation at the connection
point between segments. According to the MW eﬀect,
charge accumulation happens at the interface between
two materials with diﬀerent relaxation times. Hence, in an
insulator represented by constant material parameters " and
, there is no charge accumulation like trapped carriers over
the whole region, and merely carriers are supplied from one
electrode and they are conveyed to the counter electrode

ttr ¼

L
L2
¼
;
E V

ð2Þ

and a steady-state current ﬂows at t ¼ ttr after applying a
step voltage V at t ¼ 0.22) Obviously, we may consider this
time ttr gives a charge spreading time "= ¼ "=en, where n
is the sum of the average carrier density of the insulator
caused by injected carriers and intrinsic carriers, n0 . Therefore we obtain the relation en ¼ ð"V=LÞ=L, representing a
constant carrier distribution in the MIM after the time ttr .
In other words, the carrier density of the dielectric changes
from n0 to n at t ¼ ttr . This discussion can easily extend to
the case where carriers transit across i-series RC segments
(i < N), i.e., from electrode to i-connection point in the
equivalent circuit shown in Fig. 1(a).
In that situation, the time required carriers crossing the
i-segments is given by
ttr0 ¼

L0
L02
¼
E V 0

i
L
N

and

ð3Þ

with
L0 ¼

V0 ¼

i
V:
N

As the charge spreading into the i-segments from the
electrode should be the same as "= ¼ "=en we obtain
en ¼ ð"V 0 =L0 Þ=L0 . That is, the carrier density of the insulator
changes from n0 to n, along with the evolution of the region
of injected carriers in the presence of electric ﬁeld E.
Therefore we may conclude that charge transport in twoelectrode system can be simply described by the drift of
carriers in the average electric ﬁeld, on satisfying the square
root of time dependence along the direction of the electric
ﬁeld.
The situation is quite diﬀerent in the case of OFET. As we
described above, at the interface between two materials with
diﬀerent relaxation times, charge is accumulated at the
interface. This situation happens at the active organic layer–
gate insulator interface. The relaxation time of gate insulator
material is longer than that of active layer, ins > act .
Therefore, charge is accumulated at the interface in a
manner like trapped charges while a current ﬂows, and this
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situation is quite diﬀerent from that of MIM, and suggesting
that carrier motion must be described using a model with
consideration of interface charge accumulation.
In more detail, for the OFETs, carriers are injected from
the source electrode in a manner similar to the case of the
MIM structures, but they ﬂow along the gate insulator–
active layer interface in the direction from the source to the
drain electrode, accompanying interface charge accumulation caused by the MW eﬀect. In detail, interface charge
Qs is induced by the diﬀerence in electric displacement
ﬁelds, Qs ¼ r  D ¼ r  ð=Þj. Here j is the current density
ﬂowing across the interface. This relation results to product
of capacitance and voltage regulated by the diﬀerence of the
layers relaxation times, Qs ¼ CVð1  1 =2 Þ, where C is the
capacitance with higher resistivity, and V is the voltage
applied to the capacitance. For pentacene ﬁlm and SiO2 are
reported conductivities of 2  105 S/m23) and 1018 S/m.
Thus, for comparable dielectric constants of pentacene and
SiO2 of 4 and 3.8 we receive relaxation time  of pentacene
signiﬁcantly shorter than in the case of SiO2 . Hence, the
amount of charge accumulated at the interface is regulated
by applied voltage only, and it is approximately given by


1
Qs ¼ Cg Vgs  Vth  Vds ;
ð4Þ
2
where in the limit linear potential is built along the interface
by spreading of accumulated charge along the organic
semiconductor–gate insulator interface. Although eq. (4) is
similar to the conventional model used in semiconductor
physics, the background theory is diﬀerent as written above.
Here, Cg and Vgs are gate insulator capacitance per unit of
area and gate–source voltage, respectively. Vth is threshold
voltage, generally caused by trapped carriers, interfacial
states, etc. The carrier density at the active layer–gate
insulator interface changes from n0 to n caused by Qs .
Therefore, in a similar consideration to the case of the MIM
structure, we may can estimate a spreading time of the
charge carrier at the interface. As the carrier density is given
by en ¼ Cg ðVgs  Vth  Vds =2Þ=h (h: channel thickness), the
conductance along the interface is given by
G¼

enWh
:
L

ð5Þ

On the other hand, charge accumulation is regulated by the
potential across gate insulator as described by eq. (4), the
capacitance along the channel is given by
C ¼ Cg LW:

ð6Þ

Hence, the response time is given as C=G, and represents a
carrier transit time ttr across the interface from the source to
drain. That is,
ttr ¼



L2

1
 Vgs  Vth  Vds
2

:

ð7Þ

We should note that the transit time ttr is also valid for the
case Vds ¼ 0, and represents charge accumulation condition
at the interface only. Hence, it is reasonable to talk that
interface charge propagation process regulates the transit
time of OFETs. Further we should note that in the derivation
of eq. (4), we assumed jVgs  Vth j  jVds j=2 as the most

(a)

(b)

Fig. 2. (Color online) (a) Sketch of a pentacene OFET and (b) its
equivalent circuit in transmission line approximation.

simple case, but the above discussion can extend to other
cases without loss of behind physics.24) In addition, although
above analysis is based on common used steady state
potential distribution across the channel, it can be extended
to time-dependent accumulation of the interface charge.
It is instructive to note that this situation can be modeled
using an equivalent circuit shown in Fig. 2(b), where the
resistance corresponds to the conductance G along the
channel, and the capacitance represents the capacitance C of
eq. (6). In Fig. 2(b), the potential distribution along the
channel is considered, and the equivalent circuit is extended
to a ladder model. The transmission line model is based on
this equivalent circuit, as will be discussed in §2.2. Further
we should note that in derivation of eq. (7) we assumed
carrier injection to the interface is only from the source
electrode, but ttr should be reduced in case carrier injection
is also allowed from the drain. For instance, ttr should be half
of the ttr of eq. (7) when Vds ¼ 0 instead of Vds ¼ Vgs  Vth
and we use similar electrodes as the source and drain
electrodes.
2.2 The transmission line approximation

The TOF method was originally designed for the metal–
semiconductor–metal (MIM) structures,25–28) where carrier
transport in the system of two electrodes is possible to be
described as an one-dimensional problem [see Fig. 1(a)].
Interestingly, the propagation of charges can be solved
also by the equivalent circuit with distributed parameters
[Fig. 1(b)]. The equivalent circuit stems from Maxwell’s
basic idea that a current ﬂowing inside a material is given as
the sum of conduction current and displacement current. R
and C represent these two contributions, respectively. On the
other hand, these elements of the equivalent circuit stand
for the physical phenomenon: a network of R’s and C’s
illustrates the distributions of electric ﬁeld and charge. In
detail, the constant electric ﬁeld (i.e., linear potential through
the semiconductor part of the MIM structure) is modelled by
equal resistor R representing a potential drop per distance dx.
In this model, the charge is propagating from one electrode
with area S to the opposite one situated in distance d through
the resistors and the charge carrier distribution is depicted
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by the capacitors C. Here it is assumed no electric ﬁeld
inside a metal electrode (Cmetal ¼ 0) and negligible metal
resistance compared to semiconductor (Rmetal ¼ 0). Hence, if
e and n are the elementary charge and carrier density,
respectively, the distributed conductance  can be estimated
from the current density as follows:
J ¼ enE ¼

CV V
 ;
d
d

ð8Þ

by the diﬀerentiation of the current density with respect to E,
deﬁned as  ¼ @J=@E. Subsequently, distributed resistance
R ¼ d=ðSÞ is extracted:
R¼

d2
:
CSV

ð9Þ

Although excess mobile charges are injected into the device,
in this evaluation it is assumed that the eﬀect of a spacecharge ﬁeld is negligible. That is the reason we derive the 
using enE, not the last term of eq. (8). Thus the electric
ﬁeld across the MIM structure is constant, E ¼ V=d. If
a voltage pulse with an amplitude V is applied to the
electrodes, the transit time, which is represented by the
relaxation time of the semiconductor of the MIM structure,
can be simply estimated by the relation ttr ¼ RC and
therefore
ttr ¼

1 d2
:
V

ð10Þ

Note that here the product of RC has a meaning of the
relaxation of thePinjected carriers, and ttr ¼ RC with R ¼
P
Ri and C ¼ Ci (and Ri ¼ Rj , Ci ¼ Cj for all i, j)
represents the carrier transport time across all RC segments
illustrated in Fig. 1(b). In limit of inﬁnitesimal small
elements
R L the sum is replaced by the integration ttr ¼
ð1=LÞ 0 RCdL ¼ RC with identical result. As such the
transit time ttr of eq. (10) expresses the situation where
charge carriers are conveyed through a series of RC
segments in the whole MIM structure. This is described by
the transit time dependence on the voltage V and the
ﬁlm thickness d. Since there is no diﬀerence between the
relaxation times of RC loops, no excess charge is stored
between the series RC segments. This means that all charge
carriers get transported across the MIM structure, even
though they contribute to the space charge ﬁeld formation.
Presented model with distributed parameters describes this
situation, and accounts for no charge accumulation corresponding to charge trapping in the insulator layer in the
MIM structure.24) Therefore charge transport can be simply
described by the drift of carriers in the average electric ﬁeld.
Furthermore, eq. (10) suggests that carriers will propagate
with the square root of time in a drift ﬁeld along the
direction of the electric ﬁeld intensity. In summary, we may
conclude that the transit time ttr is dependent on the
geometrical parameter as well as applied voltage. In the
following text, we discuss a case of the OFET structures and
derive the transit time ttr given by eq. (14).
It is instructive to note that in the state of the thermodynamic equilibrium the dielectric relaxation time, deﬁned
by RC, is a material parameter deﬁned by "=, where " and 
are the dielectric constant and conductivity, respectively.
The dielectric relaxation time becomes independent of the

geometrical parameter as well as applied voltage. Here  is
proportional to the product of carrier density in equilibrium
state n and mobility . Hence, the value of RC for MIM
structures and OFETs should be the same. Note that above
description is only valid when we consider the carrier
transport across the bulk where the excess carrier contribution is dominant. eq. (10) becomes invalid when we describe
the carrier transport along the semiconductor–insulator
interface.
The electric ﬁeld propagation along the channel in an
OFET [Fig. 2(a)] was recently successfully modelled by the
transmission line approximation (TLA).29) TLA is based on
solving the equivalent circuit consisting of inﬁnitesimally
small resistors and capacitors connected in series as a ladder
[Fig. 2(b)]. In this model, charges are propagating through
the channel at the pentacene–gate insulator interface. Therefore again, the resistor R and capacitor C are related to the
distributions of the electric ﬁeld and accumulated charge
[qs ðxÞ ¼ C@VðxÞ dx]. In other words, the successive charging
of the capacitors C represents the migration of charge
carriers and resistances R describe the potential drop V
across the channel. Note that in the presented model of
the three-electrode system (OFET structure) we do not
assume the inﬂuence of injection properties, i.e., potential
drop due to an injection barrier, which causes insuﬃcient
charge accumulation. Also the displacement current between
source and drain electrodes is assumed negligible by taking
into account the electrode size and separation used in this
experiment. In summary, with consideration of the device
parameters, the parallel segmental capacitance, found in the
equivalent circuit for the MIM structure and employed
to express carrier transport as displacement current, is
discarded in the equivalent circuit for the OFET channel
[see Fig. 2(b)]. Furthermore, as the conductivity of the
gate insulator of our OFET device is extremely low, the
parallel resistance element to express the carrier transport across the gate insulator is omitted in the equivalent
circuit.
In the following, analogous to the analysis of the MIM
structure, the charge transport can be again solved by the
relaxation times of RC loops with distributed parameters.
In the linear region (drain–source voltage is smaller than
gate–source voltage, jVds j  jVgs  Vth j) the constant electric ﬁeld condition should be satisﬁed and all resistors of
the equivalent circuit have identical values. Therefore, the
transit time can be written as a product of the channel
resistance Rch and capacitance Cch , i.e., ttr ¼ Rch Cch . The
drain–source current Ids can be expressed30) as


W
1
Ids ¼ Cg  Vgs  Vth  Vds Vds ;
ð11Þ
L
2
where Cg is the gate insulator capacitance per unit of area,
W=L is the channel width/length and Vgs  Vth is the applied
gate–source voltage, Vgs , reduced by the threshold voltage,
Vth . However, in contrast to the small signal analysis here we
apply large signal which propagates across the channel. In
other words, charges carry the electric ﬁeld and therefore
the voltage drop varies with charge carrier (i.e., potential)
distribution. Therefore, the channel resistance is not constant
anymore and depends on time and position Rch ¼ Rch ðx; tÞ.
For a linear approximation of the potential distribution
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between the source electrode edge (x ¼ 0) and the charge
carrier sheet edge in the channel region (x ¼ x ) is derived
as
Rch ðxÞ ¼

Vds
¼
Ids

x

:
1
Cg W Vgs  Vth  Vds
2

ð12Þ

The channel capacitance follows:
Cch ¼ Cg WL;

ð13Þ

where WL represents the channel area. Therefore, the transit
time can be written as a product of eqs. (12) and (13) in the
form
Z
1 L
1
L2
Rch Cch dx ¼
: ð14Þ
ttr ¼
1
L 0
2
Vgs  Vth  Vds
2
It is interesting to note that identical result from deﬁnition
of the group velocity can be also obtained:
vg ¼

dx
¼ E:
dt

ð15Þ

Here, we assume linear potential proﬁle, E ¼ V 0 =x (for
x  x ) or E ¼ 0 (for x > x ), with eﬀective voltage V 0 .
Trivial integration of eq. (15) for x 2 ð0; LÞ and t 2 ð0; ttr Þ
provide us simple relation
ttr ¼

1 L2
:
2 V 0

ð16Þ

Note that the MW model and TLA gives identical result
for the MIM structure [see eqs. (2) and (10)]. On the other
hand, the transit time estimated by MW model [eq. (7)] and
TLA [eq. (14)] diﬀers by factor 1/2 only. This deviation has
an origin in time dependent conductivity, which reﬂects
changes of electric ﬁeld during the charge propagation. In
addition, this conﬁrms also the trivial analysis of the transit
time, eq. (16).
As mentioned above we could reach the same conclusion
starting from the MW model and TLA model. One of the
important ﬁndings from these two approaches is that the
transit time ttr , deﬁned by eqs. (7) and (14), is valid even
when Vds ¼ 0. This represents that interface charge propagation regulates transient carrier transport in the OFET
channel. In the following sections, we evidently show such
situation by using TRM-SHG measurements.
3.

Experiment and Results

Samples used in the experiments were top-contact pentacene
OFETs. Heavily-doped Si wafers with a 500-nm-thick
thermally prepared silicon dioxide (SiO2 ) insulating layer
were used as the base substrates. A 100-nm-thick poly(methyl methacrylate) (PMMA) layer was spin-coated onto
the Si wafers prior to the deposition of pentacene (100 nm in
thickness) in order to improve on–oﬀ ratio of the devices.
The spin-coated ﬁlm was deposited from chloroform solution using the following two steps: (1) at 2130 rpm for 5 s
and (2) at 2500 rpm for 30 s. The gate insulator capacitance
Cg was 5.37 nF/cm2 . During the deposition of pentacene, the
pressure was kept at less than 104 Pa and the deposition
rate was ﬁxed at 0.5 Å/s, monitored by using a quartz
crystal microbalance. After the deposition of pentacene,

gold electrodes (source and drain electrodes) of a thickness
of 50 nm were deposited on the pentacene surface. The
designed channel length (L) and width (W) were 45 mm and
3 mm, respectively. The measurement of the transient states
was performed with: (i) positive potential applied to the
source electrode with grounded drain and Gate electrodes, in
this setup: Vgs ¼ Vds ¼ 100 V, i.e., the OFET switches ON
into saturation, or (ii) positive potential applied to both
source and drain electrodes with grounded gate electrode, in
this setup: Vgs ¼ 100 V, Vds ¼ 0 V, i.e., the OFET remains
switched ON but drain current ceases. Note that the device
was always analyzed in the saturation regime. From a device
fabrication perspective, source and drain electrodes are
identical. All measurements were performed in laboratory
ambient atmosphere.
Selecting an appropriate wavelength is important to
observe the SHG signal from pentacene eﬀectively, because
the SHG intensity is material dependent and strongly
depends on the fundamental wavelength used. According
to the electric ﬁeld induced SHG (EFISHG) spectrum
of vacuum deposited pentacene ﬁlms,31) the fundamental
wavelength was ﬁxed at 1120 nm in this study. The light
source for the SHG measurement was a Nd:YAG laserequipped with optical parametric oscillator (OPO; Continuum Surelite OPO). The fundamental light was focused onto
the channel region of the OFET with normal incidence using
a long working distance objective lens (Mitutoyo: M Plan
Apo SL20, numerical aperture: 0.28, working distance:
30.5 mm). The spot size was approximately 150 mm, and
the fundamental light almost uniformly irradiated across the
channel. Finally, the SH light was detected by a chargecoupled device (CCD) camera (Andor Technology BV420DR).
4.

Discussion

Figure 3 shows a typical TRM-SHG imaging at various
delay times under Vgs ¼ Vds ¼ 100 V. With an increasing
delay time, the SHG peak moves from the source to the drain
electrode and represents the edge of the carrier sheet.17) Here
should be noted that the peak position of the SHG intensity
vs the measured time on a log10 –log10 scale reveals a squareroot of time dependence (linear ﬁt with slope of 0.47), inset
of Fig. 3 illustrates delay time as a function of the square of
peak position.
Note that the carriers are predicted to migrate
through
pﬃ
the device with the square root of time (x / t). This result
is in accordance with the TRM-SHG experiment shown in
Fig. 3 (see inset). However, our calculation has also other
important consequences: (i) the charge is propagating
through the OFET channel not only due to an electric ﬁeld
between source and drain electrodes, but also due to an
interface charging phenomenon; (ii) the charge is redistributing and accumulating within the channel also when no
drain–source voltage is applied. In detail, in the threeelectrode system we found a diﬀerent mechanism for the
carrier transport. In contrast to the two-electrode system
represented by the MIM structure, where the transport
mechanism is limited by charge carrier drift in the electric
ﬁeld, in the three-electrode system (OFET structure) the
charge is transported due to the propagation of interface
charges (i.e., propagation of the accumulated charge layer).
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Fig. 3. (Color online) The SHG profiles for a pentacene OFET depicted
for various delay times after application of a positive voltage pulse to the
source electrode (Vds ¼ Vgs ¼ 100 V). Gray colored regions indicate the
electrodes. Inset illustrates delay time dependence on the square of the
peak position. Solid line represents linear fit.

In other words, in the MIM structure with a single layer
of dielectric material (pentacene) carriers are transported
directly in the direction of the electric ﬁeld. On the other
hand, in the OFET structure comprising a two-layer system
(pentacene and gate insulator) charge transport is due to
the charging of semiconductor–gate insulator interface and
carrier motion is near perpendicular to the external gate
ﬁeld.17) Note that the motive force, which conveys carriers
within the channel, is due to the local electric ﬁeld generated
by injected excess charges. The lateral component of
local electric of the excess charges cause a redistribution
and migration within the channel toward the steady state
condition. Additionally, interface charging, which is very
similar to the carrier trapping, but originally caused by the
MW eﬀect between the pentacene and gate insulator layer,24)
is a characteristic phenomenon originating in an OFET
system. Although the carrier migration through both conﬁgurations (i.e., Vds ¼ 100 or ¼ 0 V) follows a square root
of time law the physical reason is diﬀerent. In detail, the
charge should be transported by the carrier drift (i.e., ﬁeld
between the source and drain electrodes, which is proportional to Vds ) or by the interface charging (i.e., ﬁeld between
the source and Gate electrodes, which is proportional to Vgs ).
This conclusion is in accordance with the SHG experiment,
where the OFET had been electrically connected according
to conﬁguration (ii) and the electric ﬁeld of the injected
carriers also migrates when the source and drain electrodes
have the same potential (are electrically shorted) (Fig. 4).
The TRM-SHG recordings also show the charge migration
to start out symmetrically from either electrode towards the
channel center (22.5 mm) due to the absence of a directional
drift force between source and drain. As is illustrated by the
inset of Fig. 4 carriers migrate from both source and drain
electrodes identically and follow propagation depicted in
inset of Fig. 4. Moreover, analysis of the carrier sheet
migration again shows a square root of time dependency.
Here we must point out that, although no drift ﬁeld between
source and drain electrode is established, observed carrier
propagation is not related to the diﬀusion process, which is

Fig. 4. (Color online) The SHG profiles for a pentacene OFET with
electrically shorted source and drain electrodes depicted for various delay
times after application of a voltage pulse (Vds ¼ 0 and Vgs ¼ 100 V).
Gray colored regions indicate the electrodes. Inset illustrates delay time
dependence on the square of the peak position, where up and down
triangle represent propagation from source and drain electrodes,
respectively. Solid line represents linear fit.

signiﬁcantly slower in organic semiconductors. This result
is in accordance with previous work of Bürgi et al.19)
Intriguingly, this experimental study is in agreement
with proposed carrier transport based on the phenomenon
of the interface charging [see eq. (14)], whereas the carrier
drift approach contradicts this result. Experimental methods
sensitive to the transit time of the OFET device are the
TRM-SHG and the TOF. Equation (14) provides a way for
estimating carrier mobility by both methods.12,32) In detail,
the OFET mobility for device illustrated in Fig. 3 reaches
value of 0.094 cm2 V1 s1 and the TRM-SHG mobility
estimated by eq. (14) has a value of 0.099 cm2 V1 s1 . It
was also shown that using this evaluation method experimental techniques like TRM-SHG and TOF give a mobility
comparable with that one obtained by another method.17,32)
Even though a simple model of carrier propagation is
proposed, the fundamental physical concept is correct and
experimentally veriﬁed.
Additionally, we can discuss the relation with the MW
model. Recently it was shown16,33) that the interface
charging can be used to model the pentacene–gate insulator
interface below the source electrode. In the MW model,
the concept of contact resistance has been treated by a
relation for charge transport similar to eq. (14). However,
the meaning is diﬀerent; the MW model describes a steady
state, and the idea is based on the presence of an interface
charge caused by an electric ﬁeld across the interface and
a diﬀerence in relaxation times, whereas the TLA model
explains charge propagation in the channel region and does
not require contact resistance.
Note that a model for the pentacene ﬁlm with distributed
R and C elements [see Fig. 2(b)] instead of a simple
resistance R can be used for the organic active layer in an
OFET. However, in this case the relaxation times of all
repeat unit (RC loops) are identical, thus no charge is
accumulated in the pentacene ﬁlm unlike in the case of
the MIM device. Nevertheless, the charge is accumulated
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at the pentacene–gate insulator interface and this interface
charging is done together with the charge transport. Therefore, the proposed TLA model describes a more realistic
situation in comparison with a standard steady state MW
model where at ﬁrst charge is accumulated according to
the MW eﬀect, caused by the relaxation time diﬀerence
between adjacent active and gate insulator layers, and
only subsequently it is transported. However, we must
point out that also the MW model can be extended for
the case of time-dependent ﬁelds with the same result as
TLA. Curiously, the transit time through the OFET device
is also the relaxation time of the investigated device. In
other words, charging of the OFET represents a way
how charge is transported in a three-electrode system. In
contrast to the MIM structure here it is possible to store
an electric charge in the device by the charging process
of the interface. Therefore, this result stimulates us to
extend TLA model and study charge propagation up to the
channel end.
Interestingly, the drain–source current can be deﬁned
as aR total charge accumulated in the channel region Qs
L
(¼ 0 qs dx), which is transported in time ttr , i.e., Ids ¼
Qs =ttr . Therefore, the drain–source current can be obtained
as


Z Vds
Cch
W
1
Ids ¼
Vgs  Vth  Vds Vds ; ð17Þ
dV ¼ Cg 
L
2
ttr
0
where the charge is obtained by integration of the gate
dielectric capacitance (Cch ¼ Cg WL) over the voltage across
the channel (i.e., the potential diﬀerence between source and
drain electrodes, the drain–source voltage).
The TLA theory predicts a reﬂection of the propagating
signal in the case where the resistance at the end of
the transporting channel is diﬀerent from the characteristic
impedance. Therefore, it is important to estimate the
characteristic impedance of the OFET channel. The impedance is deﬁned as a ratio of voltage V and current I,
Z¼

V
;
I

ð18Þ

where V is the potential of the signal propagating through
the channel [i.e., Vgs  Vth , see eq. (14)] and current I
represents the charge ﬂow,
I¼

dQs
:
dt

ð19Þ

The increment of the charge dQ illustrates a charging of the
inﬁnitesimally small capacitance dC by voltage V. The
increase of the capacitance is related to the propagation,
hence
dC ¼ C 0 v dt;

ð20Þ

where C 0 is the capacitance per unit of length (C 0 ¼ Cg W)
and v is the group velocity, which can be obtained by the
diﬀerentiation of eq. (14),


1
 1  Vgs  Vth  Vds
2
dt
:
ð21Þ
v¼
¼
dL
L
Substituting above-mentioned relations into eq. (18) one
obtains the characteristic impedance of the channel

Zch ¼

1
:
C0 v

ð22Þ

Curiously, the characteristic impedance of the channel is a
function of the channel length (Z0 / L), voltage [Zch /
1=ðVgs  Vth  Vds =2Þ], and channel width (Zch / 1=W).
Note that the characteristic impedance reaches two times
higher value than the channel resistance, Zch ¼ 2Rch . In
accordance to the comparison of the MW model [eq. (7)]
and TLA [eq. (14)] we conclude that this factor of 2 has
an origin in the time-dependent conductivity during the
charge carriers propagation. Of course, in our investigated
OFET system the terminal resistance is represented by the
contact resistance of the drain electrode. Therefore, in the
case of no impedance (resistance) matching, after application of the pulse voltage the backward-travelling wave
from the edge of the pentacene ﬁlm is expected. For typical
values of the experimental variables (L ¼ 50 mm,  ¼
0:1 cm2 V1 s1 , Vgs  Vth  Vds =2 ¼ 10 V and Cg ¼ 5:4
nF/cm2 ) we obtain a characteristic impedance Z0 5 M.
Obtained characteristic impedance corresponds to the
optimal contact resistance of the drain electrode and the
presence of a higher value is related to the potential drop
on the electrode.
5.

Conclusions

Although in the MIM structure (two-electrode system)
the charge transport can be expressed as a drift of carriers
driven by the voltage applied between electrodes, in the
OFET structure (three-electrode system) charge transport is
not only due to the source–drain bias but also due to an
interface charge propagation, and thus, depends on the gate–
source voltage. Two diﬀerent model are carried out to
discuss charge propagation on the organic semiconductor–
gate insulator interface. The MW model explanation has
deep physical insight to the charge accumulation phenomenon and the discussion based on TLA is more suitable
for charge propagation in the channel region with variable
electric ﬁeld, which is visualized by the TRM-SHG
technique. In other words, it can be explained as the charge
accumulation and propagation, where charge transport is
realized by the creation of the accumulated charge on
the organic semiconductor–gate insulator interface. Additionally, the TLA approach with distributed parameters
give us almost identical result also for case of variable
electric ﬁeld, which is uncommon for impedance spectroscopy analysis. Moreover, simple analysis showed that
in the MIM structure all charge is transported, whereas in
the OFET structure charge is accumulated on the interface
in the meaning of the MW eﬀect. Proposed theoretical
results are extension of previous small-signal analysis
elaborated for the impedance spectroscopy measurements
and are in accordance with the TRM-SHG experiment with a
voltage pulse applied to the source electrode or to the source
and drain electrodes at once. Propagation of interface
charging was also used for the evaluation of the characteristic impedance for the drain electrode and determination
of the drain–source current. This discussion points out
diﬀerences in the charge transport mechanism, which has an
aﬀect on the mobility evaluation from the transit time
measurements.
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