Dielectric Physics Approach
for Improvement of Organic-Field Effect
Transistors Performance

Martin Weis and Mitsumasa Iwamoto

Abstract We present a brief review on charge transport in organic field-effect
transistors (OFETs), which is necessary to further design nanostructured devices.
Dielectric physics is used to explain charge transport of these organic devices in
the steady and transient states. We clearly show the influence of internal fields on
charge accumulation and transport, and propose models for potential distributions
across the OFET channel. Potential drop on the electrodes (the contact resistance)
is also discussed and its control is described. Improvement of OFET performance
is explained in terms of the design of device dimensions, materials and operation
regime.

1 Introduction

Semiconductor devices based on organic materials [1], such as thin film transistors
[2] and light emitting diodes [3], have attracted much research interest for their
promising applications in various fields. With the development of organic mate-
rials with high mobilities, a recent trend in the research on the OFET has been
concentrated on applied research, mostly focused on increasing carrier mobility
and many experimental approaches have been exerted. Among them are the
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development of modified surface gate insulators and the use of a single crystal
semiconductor layer [4, 5]. Along with these endeavors, basic research, such as
injection, accumulation and transfer mechanisms, is being utilized to improve
OFET performance. Even though there has been significant study, the device
physics of OFETs is not yet clear, in comparison with that of inorganic FET
structures. Various theoretical studies have been carried out to clarify the device
physics of OFETs [6-8], but attention was focused on transport phenomenon only.
Recently it has been shown that carriers injected from a source electrode dominate
OFET operation. However, owing to the ambiguities of energetics at the organic-
metal and organic—organic interfaces, device performance is not fully understood.
Therefore deep understanding of injection and transport processes is crucial for
further application of OFETs. It should be mentioned here that organic electronic
devices are promising candidates for steady-state application and also for high-
frequency devices. Therefore, improvement of device performance requires an
increase in output current (for a specific applied voltage) as well as reduced
response time. However, the successful design of organic device requires a suit-
able device model.

In contrast to inorganic semiconductors, organic materials have different
mechanical, optical and, to some extent, electrical properties. However, electronic
devices based on organic molecular materials exhibit similar behavior to inorganic
analogies; hence, the name organic semiconductor is used [1]. On the other hand,
the low charge- carrier mobilities reported by many research groups suggests
classification of these materials as dielectrics, i.e., materials in which the ther-
modynamic equilibrium is not established. The simplest structure used for
investigating material properties is represented by an organic semiconductor
sandwiched between two electrodes. For a low intrinsic mobility, it is usually
denoted as a metal-insulator—metal (MIM) structure. The OFET, which is most
common object of study, is a planar device ruled by injected excess charges
(Fig. 1a). Although OFET is well-studied in academic research, it is not widely
used and its application requires further improvement. It is necessary to note that
OFETs with alternative structures, like vertical OFETs [9] or organic static
induction transistor (OSIT) [10], have been proposed. Here, the OSIT is based on
the idea of the organic semiconductor film sandwiched between the source and
drain electrodes with the gate electrode in the middle of the film (Fig. 1b). The
gate electrode is usually a grid [11] or semitransparent (non-continuous) film [10]
of metal with blocking contact, which reduces the leakage current. Note that
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original idea of inorganic SIT lies in the regulation of slit width by controlling
depletion layer with applied gate voltage. However, this situation is doubtful for
organic SIT and development of new model is needed, as explained in Sect. 2.3.

Interestingly, for the various device structures reported, different models based
on different physical background are used for the same organic material [8]. The
MIM and OFET structures are discussed on the basis of insulators and semicon-
ductors, respectively. In addition, due to ill-defined differences, the designation
“semi-insulators” was proposed. Moreover, the charge transport in the OSIT
device was not described clearly and suggested models [12] cannot explain
experimental results [13]. Hence, there is a need to find an alternative model that
can describe all the aforementioned structures.

2 Steady-State Current Flow

In the following discussion, the electrodes for injection and collection of the
charge are denoted as a source and drain, respectively. Even though these names
are commonly used for transistor devices only, they hold for the MIM structure,
too, and can provide us with a better understanding of the carrier transport
mechanism. In this study, the organic semiconductor is treated as a dielectric
material with negligible intrinsic carrier density and a single type of charge carrier
can be injected and transported (e.g., p-type conductivity). In addition, the carrier
mobility u and the dielectric constant ¢ are assumed constant throughout the active
layer and internal field (e.g., due to dissimilar electrodes) is neglected. The current
density j through the device can be described in accordance to Ohm’s Law as

j = enuE (1)

where en, p, and E are charge density (e is elementary charge), free carrier
mobility and electric field, respectively. Hence, the aim of this discussion is the
proposal of an appropriate model, which can provide the charge density and
average electric field.

2.1 Metal-Insulator—Metal Structure

The current—voltage characteristics are common sources of information on charge
transport through MIM devices [14]. The analytical description of the charge
transport is usually based on the drift—diffusion equation solved for the Poisson
field [15]. However, the propagation of charges can also be solved along with the
equivalent electric circuit with distributed parameters. For analysis of the struc-
tures using circuit theory, we break the problem into small parts so that the circuit
element dimensions will be infinitesimal small. Thus, the parameters of equivalent
circuits spread throughout the line are expressed by distributed parameters
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(units per unit length). Here, the equivalent circuit stems from the Maxwell’s basic
idea that a current flowing through the active layer is given by sum of the con-
duction and displacement currents. Therefore, the resistor, R, and capacitor, C,
components of equivalent circuit represent these two contributions and they are
connected in parallel, as shown in Fig. 2.

On the other hand, these elements of the equivalent circuit stand for the
physical phenomenon: R and C illustrate the distribution of the electric field and
charge, respectively. In detail, for low voltages the constant electric field, i.e.,
linear potential profile through dx, is modeled by a constant resistor representing
potential drop across the distance, dx. Hence, the Maxwell relaxation time 1 = RC
for the region between injection (source) and charge collecting (drain) electrodes
represent the spreading of the charge:

T=—
g

; 2)

where ¢ and ¢ represent organic material’s dielectric constant and conductivity.
The relaxation time, 7, is constant and is a material property. According to
Maxwell’s electromagnetic field theory, charge, Q, is accumulated at the interface
between two dielectric materials with different relaxation times when current with
density j flows across the two-material interface. In other words, the current
density induces an accumulation of the charge in accordance with the relation:

V-DZVEJ':QS, (3)

where D represents electric flux density and Q; is surface charge density (Q, = Q/S,
where § is area). Hence, in the modeling of a MIM device by a series of RC loops
illustrates a distribution of parameters appearing to be dependent upon charge
accumulation. However, although the model of MIM device consists of multiple
interfaces, their relaxation times are identical because of constant material
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parameters, ¢ and ¢. Thus, there is no charge stored in the device and the current
density in the low electric field region is:

j:()'g, (4)

where V is the voltage applied on the device with film thickness d.
Subsequently, in the high electric field regime, the current follows the well-
known space-charge limited conditions (SCLC) [14]:

.9 v
nggﬂﬁ- (5)

This tendency has also been observed experimentally, which verifies the
dielectric approach for MIM devices. Equation 3 suggests that charge accumu-
lates steadily in the film while the voltage is applied, indicating the Maxwell
relaxation time given by Eq. 2 is spatially changing due to injected carriers that
contribute to carrier transport (see Sect. 3.1). Further noting that Eq. 2 also
accounts for charge trapping in MIM devices under the assumption that the
trapping time differs from the dielectric relaxation time of the active layer, ¢/a.
Thus, discussion based on the relaxation time can be carried out without the loss
of generality.

2.2 Organic-Field Effect Transistor Structure

In contrast to the MIM devices, where the charges are transported throughout the
bulk of the active layer, the charge transport across the channel in OFET devices is
limited to the active layer—gate insulator interface only [8, 16]. This charge
transport mechanism induces high-carrier density at the interface, which causes the
drain—source current saturation for higher drain—source voltages (Fig. 3). The
potential and charge distribution across the channel is simulated by another
equivalent circuit (Fig. 4). Here the current flows from the source to the drain
electrode through series-connected capacitors and resistors, per unit length.
Therefore Cdx and Rdx are the capacitance and resistance, respectively, across the
distance dx. Note that Rdx represents the conductivity of surface of active layer
and Cdx the gate insulator capacitance. In accordance with the model proposed for
the MIM device, the active layer capacitance C, and gate insulator resistance R,
are connected in parallel with the active layer resistance, R,, and the gate
capacitance, C,. However, for the OFET electrode setup, the drain—source
capacitance represented by C, is negligible. In addition, we assume ideal gate
insulator (R, — 20). Thus C, and R, elements of electrical equivalent circuit are
neglected.

Application of the drain—source and gate—source voltage in accordance with
Eq. 2 induces charge accumulation on the active layer-gate insulator interface due
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to a discrepancy in relaxation times. Hence, the charge density, Q; (=en), is
described by the relation:

05 = Cgveff = Cg (Vgs _lvds> (1 - i)a (6)
2 Ty

where 7 and 7, are relaxation times of active layer and gate insulator, respectively,
C, is gate capacitance per unit of area and Vg is average potential voltage across
the channel. To approximate the linear potential profile through the channel
region, Vg = (Vgs — Vds)x/L, where x varies from zero to L and Vs and Vy are
gate—source and drain—source voltages, respectively. Even with the limitation of
this approximation for the saturated region [16], it is widely accepted. This
assumption leads to identical resistances per unit of length across the channel.
Note that although the relaxation times are again conserved, the charge Q; is
accumulated due to charge spreading on the interface, i.e., capacitors representing
the gate insulator capacitance are charged through the active layer. This charge
moves the electric field:

Vds

Egy = —V Vs = T (7)
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In accordance with our previous work [16, 18] we substitute Eqs. 6 and 7 into
Eq. 1 to evaluate the drain—source current:

w 1
las = WOsuEgs = Cg?ﬂ(‘/gs - Evds) Vis. (8)

Equation 8 has a form that is identical with already derived relations [8, 18],
and its fit with experimental data was reported [8, 19]. Note that Eq. 8 is derived
using assumption of an ideal gate insulator, 7, > 1.

It is interesting to compare OFETs with the MIM device characteristics. The
drain—source current for low drain—source voltages follows Ohm’s Law (Igs =
Co(W/L)uVgVys), i.e., the linear region, which behaves similar to the MIM
device. In this voltage region, a continuous charge sheet in the channel region is
established. However, increasing the drain—source voltage over Vg, > Vg, i.e., the
saturated region, induces a limitation of the interface charge represented by the
pinch-off position, where V(x) = 0 V. This spatial limitation of accumulated
charges leads to a saturation of the drain—source current and follows the SCLC
model, with a dependence on the square of the applied voltage. Thus, the drain—
source current reaches a value of

w
los = Cgiﬂvés )

and is no longer dependent on the drain—source voltage. This is shown in an
experiment (see Fig. 3), where the drain—source current is linearly proportional to
the drain—source voltage at first and then, at higher applied voltages, saturates (but
its value depends on the gate—source voltage). Equation 8 is suitable for modeling
the device behavior (see solid lines in Fig. 3) and carrier mobility evaluation from
experimental data.

In addition, although the charge transport in both OFET and MIM devices is
described by Ohm’s Law and SCLC, the charge in the OFET is transported along
the active layer-gate insulator interface only. Hence, the charge transport mech-
anism is the interface charge propagation, charging of the interface due to dif-
ference in relaxation times of the active layer and gate insulator.

2.2.1 Deviation from Linear Potential Profile

As it was already mentioned in the above discussion that all common models since
Shockley’s famous gradual channel approximation [20] assume a linear potential
profile across the channel region. However, there still remain questions on limits of
this model and how to explain the nonlinear behavior. Electric fields across the
OFET channel are crucial for device design; thus, various experimental techniques
have been developed to map electric fields and potential. Interestingly, a nonlinear
potential (non-constant electric field) has been reported [16, 21], as depicted in
Fig. 5a. Here, the optical second-harmonic generation experiment is used to
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Solving the Poisson equation is difficult if charge carriers are injected to the
material. The origin of the electric field intensity distribution is influenced by
various factors, such as conductive carriers, accumulated charge layer, and trapped
carriers. As a result, the total electric field represents the sum of the space—charge
field of conduction (mobile) carriers and the accumulated charge layer, E, (x) +
E,(x). If the contribution of accumulated and trapped charges is small, its influ-
ence on the conduction carriers can be neglected and solved independently.

Again, we can apply the concept of transmission line approximation (TLA)
with distributed parameters. Here the current flows from the source to the drain
electrode through series-connected circuit elements. Like before, Cdx and Rdx are
capacitance and resistance, respectively (Fig. 6). The capacitance per unit of
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Fig. 6 Detail view of Rdx
equivalent circuit part, where A A A A A A Vit+dot
after local potential V(x,f) and Vixn) ( 2
current I(x,t) are denoted I(x,t)l L 1(x,1)- dl 1(x,0)

Cdx

length represents the gate insulator capacitance (C = g, W/d,, where W is the
channel width and d, is the gate insulator thickness). For the resistance, its reci-
procal value, the conductance, G, can be used as follows:

R =G =enudx = CV(x,t)u, (10)

where V(x, 7) is the local potential, en = CV(x, 7). The decrease of current in the
channel region due to the charging of capacitors (i.e., the creation of an accumu-
lation layer on the active layer-gate insulator interface) can be written in the form:

0
—alza—pax,

! (11)
_g_caV(x,t)
ox o

where p is charge density (0Q = p0Ox). Simultaneously, the current flowing
through the resistor decreases the potential as follows:

—0V(x,1) = —I(x,t)R0x,

oV(x,1) (12)
- —I(x,1)R,

which represent the potential (carrier) propagation along the conductive channel.
The current I(x, f) can be expressed in its usual way as

I(x,1) = en E(LW) = —CV(x, )i avg;, 2 (13)

where LW is channel area. Substitution of Eqs. 11 and 12 into Eq. 13 gives us

o (V(x7 D oV (x, t)) _ V(x,1) (14)

Ox Ox ot

for a gate capacitance independent of time and position in the channel. Here, the
initial and boundary conditions are as follows: V(0,7) = Vo, V(L,t) = 0, V(x,0) =
0, which represent the applied voltage on the source and drain electrodes, and the
empty channel. Because this solves for the charge propagation in the channel
region, the boundary conditions of Eq. 14 represent the transport limited condi-
tions, i.e., smooth injection with small charge carrier injection barrier. In more
detail, our model does not have an element, such as diode, that represents the
carrier injection process, indicating the carrier behavior after injection. In this
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sense, V(0, f) really means V(0*, ) and V(L, ) similarly means V(L™ f), where +
and — represent the position of electrode just inside the active-organic layer.
Hence, it is necessary to note that voltage below the source electrode is equal to
the applied drain—source voltage reduced by the potential drop, Vo = Vas—Virop-
Here the potential drop represents the potential difference between the source
electrode and the organic semiconductor. Moreover, the potential drops illustrate
the decrease in potential due to contact resistance caused by the carrier injection
process from the electrode (x = 07) to the active-organic layer (x = 0%). There-
fore, Varop represents the effect of carrier injection and can be included in our
model. On the other hand, Eq. 14 is the continuity equation describing charge
carrier propagation if no diffusion is present. Therefore, Eq. 14 for steady state
reaches a trivial solution for a potential V(x) and the electric field intensity E(x)
(= —=VV). V(x) and E(x) can be expressed as:

V(x) = Vo /1 —%, (15)

E(x) = ——2

2+/L(L —x) (16)

where Vj, is the potential below the source electrode. Distribution of the electric
field is illustrated in Fig. 5a; the theoretical results are compared with experimental
data. Figure 5b shows the decay of the electric field intensity near the drain elec-
trode. A linear curve fitting shows a slope of 0.5, which indicates the field generated
by conduction carriers is as described by Eq. 16. If a constant field is built across
the source and drain when a steady-state current flows, then E(0") should equal —
Vo/L. However, according to Eq. 16, E(0") = —V,/2L. This deviation suggests a
space-charge effect caused by mobile charges in the three-electrode system.

Note that in comparison to the common SCLC electric field distribution [14],
here the electric field does not vanish on the injection electrode. The reason is the
propagation of mobile carriers under the aforementioned boundary conditions in
the calculation, and the effect of accumulated charge is discarded, that is, E,(x) is
neglected. Accumulated charge will give rise to a space—charge field, i.e., E,(x),
that effectively decreases the electric field at the injection electrode and regulates
the carrier injection process. Actually, as depicted in Fig. 5a, the electric field
intensity is low around the injection electrode. Moreover, the field on the source
electrode vanishes in the limit of channel length (L — o0); hence this model
describes the influence of finite channel size in OFET.

2.3 Organic Static Induced Transistor Structure

For the OSIT devices, depending on the choice of organic semiconductor material,
two different behaviors of output characteristics are reported. Generally, a diode-
like tendency without presence of saturation is observed, as illustrated in Fig. 7a.
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However, for some materials, OFET-like behavior with saturated current, as
depicted in Fig. 7b, is typical. This discrepancy forces us to study the charge
transfer mechanism in OSIT. Surprisingly, the principle of OSIT has not been
discussed in detail. The theory originally proposed for inorganic SIT devices [22]
is based on electrostatics and semiconductor physics, and a similar approach is
discussed for OSITs [12]. Nevertheless, this approach cannot easily explain the
experimental observations for different materials. This leads us to study the charge
transport phenomenon in OSIT and the origin of different behaviors dependent
upon the active layer material.

In accordance with our analysis, we suggest an equivalent electrical circuit
depicted in Fig. 8. Here, the OSIT problem is divided into areas between (i) source
and gate (ii) gate and source and (iii) the region close to the gate electrode (Fig. 8).
Again, in the low electric field region, the constant electric field is modeled by a
resistor representing the potential drop over the distance, dx, where x varies from
zero to d/2 (d is the source-drain separation distance). Hence, the Maxwell
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relaxation time for the region between the source (drain) and gate electrodes again
depicts the spreading of the charge in active layer. The relaxation time is constant
and a material parameter; the relaxation times R;C; =--- = R,C, = RC are
independent on device geometry.

The gate electrode is also modeled by its resistance and capacitance. Here, the
resistance, R,, illustrates the leakage current (R, & V,4/l,) and its capacitance,
C,, describes the accumulated charge on gate electrode. In other words, the
parameters R, and C, depend on the electrical and geometric properties of the gate
electrode; these parameters depend on the electrode type, e.g., grid or semitrans-
parent electrode, blocking contact, etc,. In contrast to the OFET device, here the
absence of gate insulator leads to a finite value of R,.

Here, we again meet a relaxation time, 1, = R,C,, representing the charging of
the gate electrode region. Hence, in accordance with the solution of the Maxwell
equations for the interface of two dielectrics, the charge is stored in the capacitor
C, only for unequal relaxation times, T # 7,. Therefore, the following discussion is
divided into two parts with respect to relaxation times.

First we discuss the case of similar relaxation times. As already mentioned, no
charge is accumulated close to the gate electrode if t© ~ 1,. Hence, the OSIT is
simplified to the MIM structure, where the gate electrode changes the effective
applied potential V) . In other words, the charge transport is driven by the drift of
the carriers in the source—gate field, Eqs = V,s/(d/2), and afterward in the gate—
drain field, Eq; = (Vas — Ves)/(d/2) (here the drain-gate voltage is evaluated as
Vig = Vs — V). Hence, the drain—source current density, jqs, is expected to
follow Egs. 4 and 5, but using of effective applied potential V}  instead of
V. Interestingly, this ohmic and SCLC behavior is recorded in experimental data,
as illustrated in Fig. 5a by solid lines. Here we again see ohmic conductivity
(j o< V) in the low electric field region, V4, < 1 V, with a SCLC behavior (j o< V?)
in the high electric field region.

Now, we will discuss the case of dissimilar relaxation times. A discrepancy in
the relaxation times of the organic semiconductor film, 7, and the gate electrode
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region, T,, causes accumulation of charge close to the gate electrode. The amount
of accumulated interface charge can be estimated by the MW model:

G, G
O=—2—=Vi(t—1

= (CyVy, = C1V1) + (G V, — CoV2),

where G = 1/R and G, = 1/R, are the conductivities of the active layer and gate
electrode, respectively, and V, ..., V,, and V, are the potential drops throughout
the resistive elements of the equivalent circuit (Ry, ..., Ry and R,) (see Fig. 8).
Assuming a low leakage current (R, > R), we neglect the potential drop across
the active layer (i.e., V, & V) and the accumulated charge is approximately
given by the relation:

1 !
Qs ~ 2C Vs =5 Vi ) (18)

where we assumed the middle position of the gate electrode, V, = V4/2, and

effective drain—source voltage éls which includes geometry effect, Vés =

(C/Cy) Vas.

Therefore, the gate electrode separating two conductive organic films limits the
amount of transported charge. This phenomenon represents interface-limited
current. As already discussed above, we estimate the drain—source current as:

. 2 1
Jds = Q‘V;UEds = ng <Vgs - 5 Véls) Vds- (19)

In a high drain—source, we again see saturation of the drain—source current to a
value of

Jas = Cg’%vgzs (20)

Surprisingly, we derived a relation almost identical with relations describing
OFET behavior. The drain—source current increases with applied drain—source
voltage and saturates at Vg, = Vg, This result corresponds to experimental
records (Fig. 7b), where saturation of the drain—source current is observed for
higher drain—source voltages. Again, Eq. 12 is suitable for the modeling of
device behavior (the solid lines in Fig. 7b) and the carrier mobility can be
extracted.

Moreover, due to the interface charge limitation, it is expected that a drain—
source current is much smaller than in case of similar relaxation constants for the
case of 7 < 1,. This is also observable in Fig. 5, where the interface-limited
current is two orders smaller than the drift current. However, a detailed dis-
cussion of the origin of the “bottleneck”, the charge transport limitation, is
beyond the scope of this model and strongly depends on the OSIT gate electrode
preparation.
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3 Charge Propagation in the Transient State

Carrier transport through the OFET as a transient phenomenon has only received
attention recently [24]. The difficulty came mostly from experimental problems as
well as a focus on the steady-state only. However, recently there has been research
focused on the time-of-flight (TOF) method or time-resolved microscopy second-
harmonic generation (TRM-SHG) technique applied to the OFET structures
[24-26] and the transit time, #,, was obtained. Hence, as a first approximation,
TOF analysis adapted from MIM structures was used. However, for the three-
electrode system of the OFET, the charge carrier propagation can differ due to the
space-charge field.

Therefore, in the following discussion, two physical models of charge carrier
transport are presented and discussed separately: the MW model and the TLA. The
MW model is well-known for its physical explanation of charge accumulation at
the interface and relies on the electrical properties of materials. On the other hand,
the TLA is common for signal propagation analysis and relies on equivalent
circuits. Both models are used to explain the charge propagation in two- and three-
electrodes systems represented by MIM and OFET structures. We show that both
models approach to the same result. In other words, the TLA can model the charge
propagation across the channel even though the conductivity distribution changes
with time. A comparison of the models points out advantages as well as limitations
of both evaluations.

3.1 The Maxwell-Wagner Model

Two macroscopic physical parameters characterize the organic materials used in
MIM and OFET devices. These are the dielectric constant, ¢, and conductivity,
0. The ratio ¢/ gives a relaxation time and represents the spreading time of the
excess charge carriers in the materials. That is, a steady-state charge distribution is
established after an elapsed time of around t = &/g. Note that conductivity is
proportional to the carrier density ngy and is given by ¢ = engu. The carrier density
is generally the intrinsic carrier density of materials at thermodynamic equilib-
rium. According to electromagnetic field theory, the total current flowing across
the organic materials is the sum of the conduction current and the displacement
current. The densities of the conduction current and displacement current are given
by ¢E and 0D/0t with D = ¢E (D is the electric flux density), respectively.

3.1.1 The MIM Device

For the MIM structures, when the injected carrier density, n, is low but is con-
tinuously supplied from the electrodes and the space—charge field caused by the
injected carriers is negligible in comparison to the applied external electric field
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(linear potential through the insulator), E and oF are replaced by ¢ V/L and ¢ V/L,
respectively. Here, L is the thickness of the insulator. This means that the MIM
structure is represented merely as a parallel electrode system, R = L/¢S and
C = &S/L, in carrier transport of injected carriers. We find a relationship between
the time constant of the equivalent circuit, RC, and the relaxation time of the
insulator ¢/g, as RC = ¢/a. That is, the time constant is free from the geometry of
electrode configuration and is given only by the material parameters, ¢ and ¢. From
the equivalent circuit consideration, we find the equivalent circuit is converted into
N series-connected parallel RC circuits, as illustrated in Fig. 2, suggesting the
potential drop across each resistance R/N and charging of each capacitance NC
must be the same, i.e., there is no charge accumulation at the connection point
between segments. According to the Maxwell-Wagner effect, charge accumula-
tion happens at the interface between two materials with different relaxation times.
Hence, in an insulator represented by constant material parameters, ¢ and g, there
is no charge accumulation over the whole region and carriers are supplied from
one electrode and are conveyed to the counter electrode across the insulator. This
is actually consistent with the result of the N-series RC circuit model. The transit
time of carriers across the MIM structure is given by

L I?
CuE v’

ty (21)
and a steady-state current flows at r = ¢, after applying a step voltage, V, att = 0
[14]. Obviously, we may consider this transit time gives a charge spreading time
elo = elenu, where n is the average carrier density of the insulator caused by
injected carriers and intrinsic carriers, ny. Therefore we obtain the relation
en = (eVIL)/L, representing a constant carrier distribution in the MIM after time, z,..
In other words, the carrier density of the dielectric changes from ng to n at t = t,.

This discussion easily extends to the case where carriers transport across
I series-connected RC segments (i < N), i.e., from electrode to the ith connection
point in the equivalent circuit shown in Fig. 2. In that situation, the time required
for carriers crossing the i segments is given by

t, B L’ _ L/2
tr ,I.LE - ,uV/ )
withl =1L, (22)
N
! i
av =_Lv.
an N

Since the charge spreading into i segments should be the same as ¢/ = ¢/enp,
we obtain en =(eV'/L')/L’. That is, the carrier density of the insulator changes from
ng to n, along with the evolution of the region of injected carriers in the presence of
the electric field, E.

Therefore we may conclude that charge transport can be simply described by
the drift of carriers in the average electric field, satisfying the time dependence
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along the direction of the electric field. This is a sketch of carrier propagation for
the case of a MIM device with two electrodes and by using TOF we can estimate
carrier motion indirectly.

3.1.2 The OFET Device

The situation is quite different in the case of the OFET, a three-electrode system.
As described above, at the interface between two materials with different relax-
ation times, charge is accumulated at the interface (the Maxwell-Wagner effect).
This situation happens at the active-organic layer-gate insulator interface. The
relaxation time of the gate insulator material is longer than that of the active layer,
1, > 7. Therefore, charge is accumulated at the interface in a manner similar to
trapped charges while a current flows and this situation is quite different from that
of MIM, suggesting that carrier motion must be described using a model that
considers interface charge accumulation.

In more detail, for the OFETsS, 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 elec-
trode, accompanying the interface charge accumulation caused by the MW effect.
The amount of charge accumulated at the interface is regulated by the gate voltage
and is given by

1
05 = Cg <Vgs - E Vds) ; (23)

where in the limit linear potential is built along the interface by the spreading of
accumulated charge along the organic semiconductor-gate insulator interface.
Here, C, and V, are the gate insulator capacitance per unit area and the gate—
source voltage, respectively. The carrier density at the active layer-gate insulator
interface changes from ng to n, caused by Q,. Therefore, similar to the case of
the MIM structure, we can estimate the spreading time of the charge carrier at the
interface. Since the carrier density is given by en = Cy(Vy—Vas/2)/h (h is the
channel thickness), the conductance along the interface is given by

G =enuWh/L. (24)

On the other hand, charge accumulation is regulated by the potential across gate
insulator as described by Eq. 23, the capacitance along the channel is given by

C = C,WL. (25)

Hence, the response time is given as C/G and represents a carrier transit time,
t,- across the interface from the source to drain. That is,

L2

#(Ves —Vas) (26)

ty =



Dielectric Physics Approach 859

We should note that the ¢, is also valid for the case when Vg4 = 0 V and
represents the charge accumulation condition at the interface only. Hence, it is
reasonable to say that the interface charge propagation process regulates the transit
time of OFETs. Furthermore, we should note that in the derivation of Eq. 23, we
did not assume |Vgs| > |Vysl/2, as in the most simple case, but the above dis-
cussion can be simplified without loss of the underlying physics [18]. In addition,
although this analysis is based on a commonly-used steady-state potential distri-
bution across the channel, it can be extended to the time-dependent accumulation
of charges at the interface.

It is instructive to note that this situation can be modeled using the equivalent
circuit shown in Fig. 4, where the resistance corresponds to the conductance, G,
along the channel and the capacitance represents the capacitance, C, of Eq. 25.
There, 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 following section. Furthermore, we note
that in derivation of Eq. 21, we assumed the carrier injection to the interface is
only from the source electrode, but 7, should be reduced in case when carrier
injection is also allowed from the drain. For instance, #,. should be half of the 7, in
Eq. 21 when V4 = 0 V instead of V4, = V,, and we use similar electrodes as the
source and drain.

3.2 Transmission Line Approximation

3.2.1 The MIM Device

The TOF method was originally designed for metal-semiconductor-metal (MIM)
structures [27-29], where the carrier transport in the two-electrode system can be
described as a one-dimensional problem (see Fig. 2a). Interestingly, the propa-
gation of charges can also be solved using an equivalent circuit with distributed
parameters. The equivalent circuit stems from Maxwell’s basic idea that a current
flowing inside a material is given by the sum of conduction and displacement
currents. R and C represent these two contributions, respectively. On the other
hand, these elements stand for physical phenomenon: a network of R’s and C’s
illustrates the distributions of electric field and charge. In detail, a constant electric
field (i.e., a linear potential through the semiconductor part of the MIM structure)
is modeled by equal resistors representing a potential drop per distance, dx. In this
model, the charge propagates from one electrode with area, S, to the opposite
electrode situated a distance, d, through the resistors and the charge carrier dis-
tribution is depicted by the capacitors, C. Here, it is assumed that there is no
electric field inside a metal electrode (Cpea = 0) and there is negligible metal
resistance compared to semiconductor (R = 0). Hence, if e and n are the
elementary charge and carrier density, respectively, the distributed conductance o
can be estimated from the current density as follows:
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cv. v

J=emuE=—rp— (27)

and by the differentiation of the current density with respect to E, defined as
o = Oj/OE. Subsequently, the distributed resistance R = d/(So) also extracted:
d2

T Cosuv

(28)

Although excess mobile charges are injected into the device, in this evaluation
it is assumed that the effect of a space—charge field is negligible. That is why we
derive the ¢ using en E, not the last term of Eq. 27. Thus, the electric field across
the MIM structure is constant, E = 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 in the MIM structure, can be simply estimated by the
relation #, = RC and therefore:

112

ttrff

WV (29)

Note that here the product of RC represents the relaxation of the injected car-
riers, and f; = RC with R = XR; and C = XC; (and R; = R;, C; = C; for all i, j)
represents the carrier transport time across all RC segments illustrated in Fig. 2. In
limit of infinitesimally small elements, the sum is replaced by the integration with
identical results. As such, the transit time of Eq. 29 expresses the situation where
the charge carriers are conveyed through a series of RC segments in the whole MIM
structure. This is described by the transit time’s dependence on the voltage and the
film thickness. Since there is no difference between the relaxation times of RC
loops, no excess charge (like trapped charge) is stored between the segments. In
more detail, the R of Eq. 28 is defined considering injected mobile carriers. This
means that all charge carriers are transported across the MIM structure, even though
they contribute to the space-charge field formation. The presented model with
distributed parameters describes this situation, and accounts for no charge accu-
mulation corresponding to charge trapping in the insulator layer in the MIM
structure [18]. Therefore, the charge transport can simply be described by the drift
of carriers in the average electric field. Furthermore, Eq. 29 suggests that the car-
riers will propagate with the square root of time in a drift field along the direction of
the electric field intensity. In summary, we conclude that the transit time is
dependent on the geometric parameter as well as the applied voltage. In the fol-
lowing text, we discuss the case of the OFET structures and derive the transit time.

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 &/a,
where ¢ and ¢ are the dielectric constant and conductivity, respectively. The
dielectric relaxation time becomes independent of the geometric parameter as well
as the applied voltage. Here, ¢ is proportional to the product of carrier density in
equilibrium state (n = ng) and mobility, 4. We should note that n is different from
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that defined in Eq. 27 due to the presence of injected carriers, n = CV/d. Hence,
the value of RC for MIM structures and OFETs should be the same.

3.2.2 The OFET Device

The electric field propagation along the channel in an OFET (Fig. 4) was recently
modeled by the TLA [16]. The TLA is based on solving the equivalent circuit
consisting of infinitesimally small resistors and capacitors connected in series as a
ladder. In this model, charges propagate through the channel at the semiconductor-
gate insulator interface. Therefore, again, the resistance and capacitance are related
to the distributions of the electric field and accumulated charge (p(x)=
COV(x)dx). In other words, the successive charging of the capacitors represents
the migration of charge carriers and resistors describe the potential drop 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., the potential
drop due to an injection barrier, which causes insufficient charge accumulation.
Also, the displacement current between the 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. Furthermore, since 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 from
the equivalent circuit.

In the following text, analogous to the analysis of the MIM structure, the charge
transport can again be solved by the relaxation times of the RC loops with dis-
tributed parameters, after calculating R in the manner we derived (Eq. 28). In the
linear region (the drain—source voltage is smaller than the gate—source voltage,
|Vas| < |Vgs ), 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, R.,, and capacitance, Cy,
i.e., ty = RnCepn. The drain—source current /g can be expressed [8, 30] as Eq. 8.
However, in contrast to the small signal analysis, here we apply a large signal that
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, i.e., Rc, = Ren(x, £). For a linear approximation of the potential distri-
bution between the source electrode edge (x = 0) and the charge carrier sheet edge
in the channel region (x = x*) is derived:

V £
Ry = % = S (30)
Iy CoWp(Ves — Way)
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The channel capacitance follows:
Ceh = C,WL. (31)

Therefore, the transit time can be written as a product of Eqs. 29 and 30 in the
form:

L
1 12
ty == | RpCopdx® = ————. 32
t Lo/ aCadt' =5t (32)

It is interesting to note that an identical result from the definition of group
velocity can be also obtained:
dx

== = E.
Pt (33)

Ve

Here, we assume a linear potential profile, E = V' /x*(for x<x*) or

E = 0 (for x > x*), with an effective voltage, V'. Trivial integration of Eq. 33 for
xe(0,L) and te(0,t,,) provide us with a simple relation:

112

ty = ——.
tr Z,UVI

(34)

Note that the MW model and TLA give identical result for the MIM structure (see
Egs. 21 and 29). On the other hand, the transit time estimated by MW model (Eq. 26)
and TLA (Eq. 32) differs by factor 1/2. This deviation has its origin in time-
dependent conductivity, which reflects the changes of the electric field during the
charge propagation. In addition, this confirms the trivial analysis of the transit time,
Eq. 34.

Also, it should be pointed out that the electric propagation field is transient in an
OFET. In contrast to the MIM case, where the electric field was conserved during
the charge propagation, here the field depends on the position of the carrier sheet
front edge (E = V' /x" (for x < x")). Hence, the electric field evolves in time with
respect to the charge location. This is clearly illustrated in the electric field
visualization prepared by the TRM-SHG technique [31, 32] (Fig. 9a). The electric
field obtained from the TLA model presented for comparison (Fig. 9b).

As mentioned above, we reached the same conclusion starting from the MW
and TLA models. One of the important findings from these two approaches is that
the transit time, defined by Egs. 25 and 30, is valid even when Vg, = 0. This
suggests that interface charge propagation regulates transient carrier transport in
the OFET channel. In the following discussion, we show such a situation by
visualizing the transient electric field.

Figure 10a shows a typical transient electric field imaging at various delay
times under Vo = Vgo = —100 V. With an increasing delay time, the electric field
moves from the source to the drain electrode and represents the edge of the carrier
sheet [26]. Here, it should be noted that the electric field edge position versus the
measured time on a log;y — log;o scale reveals a time dependence proportional to
the square root of time (a linear fit with slope of 0.47).
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Fig. 9 Time evolution of the transient electric field propagation across the OFET channel for
three different delay times, ¢, after application of voltage pulse (Vo = Vy): a TRM-SHG
experiment [32] and b ideal theoretical case

Note that the carriers are predicted to migrate through the device proportionally
to the square root of time (x o 7'/?). This result is in accordance with the exper-
imental data shown in Fig. 10. However, our calculation also has 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 because of an
interface charging phenomenon, and (ii) the charge is redistributing and accu-
mulating within the channel even when no drain—source voltage is applied. In
detail, in the three-electrode system, we found a different mechanism for carrier
transport. In contrast to the two-electrode system represented by the MIM struc-
ture, where the transport mechanism is limited by charge carrier drift in the electric
field, in the three-electrode system the charge is transported due to the propagation
of interface charges (i.e., propagation of the accumulated charge layer). In other
words, in the MIM structure with a single layer of dielectric material (organic
semiconductor), carriers are transported directly in the direction of the electric
field. On the other hand, in the OFET structure, a two-layer system (organic
semiconductor and gate insulator), charge transport is due to the charging of the
semiconductor-gate insulator interface and carrier motion is nearly perpendicular
to the external gate field [26]. 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 causes a
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redistribution and migration within the channel toward the steady-state condition.
Additionally, interface charging, which is very similar to carrier trapping but
originally caused by the MW effect between the semiconductor and gate insulator
layers [18], is a characteristic phenomenon originating in the OFET system.
Although carrier migration through both configurations (i.e., Vg3 = Vg or
Vgs = 0 V) follows the square root of time law the physical reason is different.
This conclusion is in accordance with the electric field visualization experiment,
the electric field of the injected carriers migrates when the source and drain
electrodes have the same potential (are electrically shorted, i.e., Vg = 0 V), see
Fig. 10b. The electric field records also show that the charge migration starts out
symmetrically from either electrode toward the channel center due to the absence
of a directional drift force between source and drain. As observed from Fig. 10,
carriers migrate from both source and drain electrodes similarly. Moreover,
analysis of the carrier sheet migration again shows a proportionality to the square
root of time. Here we must point out that, although no drift field between source
and drain electrode is established, carrier propagation is not related to the diffusion
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process, which is significantly slower in organic semiconductors. Intriguingly, this
experimental study is in agreement with the proposed carrier transport based on
interface charging, whereas the carrier drift approach contradicts this result.

Additionally, we can discuss the relation with the Maxwell-Wagner (MW)
model. Recently, the MW model was used to evaluate the pentacene-gate insulator
interface under the source electrode [33, 34]. In the MW model, contact resistance
has been treated by a relation for charge transport similar to Eq. 32. However, the
meaning is different; the MW model describes the steady-state and 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 propa-
gation in the channel region and does not require contact resistance.

Note that a model for pentacene film with distributed R and C elements
(see Fig. 4), a simple resistance R can be used instead. However, in this case the
relaxation times of all repeat units (RC loops) are identical; thus, no charge is
accumulated in the pentacene film, unlike the case of the MIM device. Never-
theless, the charge is accumulated at the pentacene-gate insulator interface due to
the MW effect and this interface charging is in conjunction with charge transport.
Therefore, the proposed TLA model describes a more realistic situation in com-
parison with the standard steady-state MW model, where at first charge is accu-
mulated according to the MW effect and transported thereafter. However, we must
point out that also the MW model can be extended to the case of time-dependent
fields with the same result as TLA because the MW effect always causes charge
accumulation at the interface between two different materials with unequal
relaxation times, without a time dependence on the fields. Curiously, the transit
time through the OFET device is also the relaxation time of the investigated
device. In other words, the charging of the OFET represents how charge is
transported in a three-electrode system.

4 How can we Improve Device Performance?

As discussed above, application of organic electronics devices requires various
device properties, like thermal and temporal stability, low-cost fabrication, high
output current and fast response. Even though material research and chemical
engineering can provide cheap and stable organic semiconductors, device design
requires understanding of underlying physics. Following discussion concludes
consequences of device models and suggests road map for device improvement.

4.1 Charge Accumulation

The above analysis of an OFET based on the MW model pointed out impor-
tance of the charge accumulated at the organic semiconductor-gate insulator
interface. It was shown that amount of accumulated charge is proportional to
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the drain—source current. Hence, the main aim of various new device designs is
increasing the accumulated charge, Q,. Although the most common case is the
enlargement of the gate insulator capacitance, it is not only opportunity for
improvement. To recapitulate the possible ways, we follow a modified Eq. 6 as
follows:

1 T
Qs = Cgveff = Cg (Vgs + Vdip - EVdS> <1 - T_>7 (35)
8

where Vg, is potential change due to internal fields. As a result we find three
different methods to increase the accumulated charge:

1. Gate insulator capacitance,
2. Internal fields, and
3. Relaxation times.

In detail, the first way is based on increasing the gate insulator capacitance
(Cq = &pg,d,) by changing its dielectric constant (¢,) or reducing the insulating
film thickness (d,). The second way of improvement employs modification of
the internal fields. This usually involves modification of gate insulator by self-
assembled layers with electrostatic dipoles [35, 36], or gate insulator films with
dipoles [37]. Note that the internal field has other contributions, e.g., trapping
charges; thus, the total internal field is created by the superposition of all
components. Interestingly, the latest way for raising accumulated charge
includes the organic semiconductor properties. In other words, appropriate
selection of organic semiconductor dielectric constant and conductivity with
respect to the gate insulator leads to a higher accumulation of charge at the
interface.

4.2 Charge Transport

After the charges accumulate at the organic semiconductor—gate insulator inter-
face, charge transport becomes crucial for device performance. Note that this is
true not only for the current’s magnitude, but also for the response time, repre-
sented by the transit time. Recently, improvements of organic semiconductor
mobility have achieved a level comparable to that of amorphous silicon and have
brought the OFET closer to commercial applications. However, there are still other
ways to reduce of the transit time. It is instructive to note that the transit time has a
direct impact on the drain—source current:

Vas

C w 1
Iy = / ch dv = Cgf.“(‘/gs - Evds> Vis- (36)
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That is, the total charge accumulated in the channel region is transported in time
ty, 1., Iys = O/t Therefore, improvement of the charge transport stands for a
reduction of the transit time. In accordance with the above models, the transit time
is influenced by:

1. Carrier mobility,
2. Channel length, and
3. Applied voltage.

The carrier mobility is a material parameter that depends on the organic
semiconductor and the preparation technique. Note that although it is microscopic
parameter related to charge transport on the molecular level, the macroscopic
measurements estimate the effective value, which includes additional effects like
traps and potential drops. Thus, the rise of carrier mobility depends mostly on the
progress of material science and engineering.

More interesting is reduction of the channel length. The quadratic dependence
of the transit time on the channel length gives us a powerful tool to reduce the
response time and increase the current. This inspired researchers to design the
vertical channel OFET [9] and OSIT devices. However, reducing the channel
length decreases the amount of accumulated charge and the space-charge field. In
other words, in the case of OSIT, the gate electrode capacitance becomes smaller
than the capacitance of the source and drain electrodes. As a result the OSIT
device losses its transistor behavior. Thus, the channel length reduction is limited
by the preparation techniques available and the vanishing space—charge field [23].

4.3 Contact Resistance

Improvement of the carrier transport in OFETs revealed another bottleneck: charge
injection. This barrier is expressed by the contact resistance, R, and in OFETs, it
is a serious problem for practical applications [38]. The contact resistance has
many origins, such as the non-uniformity of organic semiconductors, the presence
of dipole layers at the metal-organic interface, electrode resistance and the inter-
facial energy states [39, 40]. Note that the device contact effect influences the
device operation conditions, such as the potential distribution across the OFET
channel [21]. The carrier mechanism is influenced by the R, at the metal-organic
material interface when the energy difference between the Fermi level of metal
electrode and the highest occupied molecular orbital (HOMO) of organic semi-
conductor dominates the hole injection. This understanding gives us a powerful
tool for contact resistance engineering. Hence, we present a brief summary of
possible approaches to modify the contact resistance.

As mentioned above, the contact resistance for a specific organic semiconductor
depends on the Fermi energy of electrode metal. Hence, fine-tuning the interface
energetics plays a key role for smooth carrier injection. Rough adjustment of the
injection barrier can be accomplished through selection of an electrode metal with
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a work function similar to HOMO level (for hole injection) [41]. However, the
effective work function of metal can also be changed. It was shown that exposure
to the UV and ozone is helpful for surface cleaning [42], which lowers the work
function [43]. Moreover, this treatment creates metal oxides on the electrode
surface and thus increases the work function. Here, it should be noted that for UV/
ozone surface cleaning, a decrease [42] and an increase [44] of injection barrier
were both reported. Unfortunately, this simple change of the injection barrier can
only be applied to bottom-contact OFETs, where the electrode is formed prior to
the organic semiconductor film deposition.

Another common approach to modify injection properties is introducing a
dipolar layer. Usually, a self-assembled monolayer (SAM) is created on metal-
organic interface in a bottom-contact OFET [45] or on the gate insulator surface
for top-contact OFET [46]. In the case of SAM grown on the electrode surface, the
injection barrier is changed by the interfacial dipole [45]. In other words, the
electric field of the dipole can decrease the injection barrier due to the Schottky
injection mechanism. In a similar way, the SAM grown on the gate insulator
surface induces a field in the organic semiconductor film and metal/organic
interface [46]. However, surface modification of the gate insulator has a great
effect on the crystallinity of organic semiconductor [4]. An increase of the grain
boundaries (i.e., decreasing grain size) is related to the rise of trapped carriers due
to interface traps and grain boundary resistance [47]. Trapped (immobile) carriers
are an additional source of the electric field, which compensates the applied
electric field. As a result, the contact resistance increases together with the amount
of traps. A similar effect was also reported for traps at the metal-organic interface
of a top-contact OFET [48].

These studies drive us to include, in the field, all excess charges in the device. A
high density of injected carriers accumulated on the organic semiconductor—gate
insulator can induce a local field. In more detail, an electric field, E;, induced on
the injection electrode (source) is proportional to the potential drop, V;, created by
the charge, Q;, situated on the gate insulator surface as follows:

£ 0 1 0
i X - = .
Ci+Cai+ Cad ~ Cyd(1+ Cyi/Cy)

(37)

Here, the capacitances Cg, Cg; and Cg;, are related to the induced electric field
on the source, drain and gate electrodes, respectively, and d is the thickness of the
organic semiconductor. Therefore, detailed evaluation of the electric field effect
requires charge integration across the channel. However, for a simplified problem
when charges below the source electrode are considered, only the induced electric
field decreases with an increasing film thickness. Figure 11 depicts an example of
the voltage dependence of the contact resistance for three different film thick-
nesses. It is obvious that an increase of film thickness increases the contact
resistance. Moreover, in case of injection slower than charge transport from the
source to the drain electrode, charge accumulation is not fully established and
the potential drop increases, i.e., the contact resistance rises. Note that in a
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bottom-contact OFET, the charge cannot be accumulated below the electrode and
contact resistance is minimized. In summary, a weak electric field’s influence on
the contact resistance for this device geometry was reported [49].

5 Concluding Remarks

In this brief summary we explained OFET models based on dielectric physics.
Two different models were employed to discuss the charge propagation along the
organic semiconductor-gate insulator interface. The MW model provides 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 a
variable electric field. In other words, the device can be explained by the MW
charge accumulation and propagation, where charge transport is realized by the
accumulation of charge on the organic semiconductor—gate insulator interface. The
steady-state and transient state were explained separately to point out the impor-
tance of charge accumulation and transit time. This was later employed for device
design and the improvement of device performance; possible methods were dis-
cussed and compared with each other. Hence, it results to the road map for device
performance improvement.
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