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We report properties of contact resistances observed on pentacene organic field-effect transistors (OFET) with four
different source/drain electrodes, namely, copper (Cu), gold (Au), silver (Ag), and germanium (Ge). The metals were
selected to provide a wide range of energy barriers for charge injection, from blocking contact to smooth injection. All
OFETs exhibited strong voltage dependence of the contact resistance, even for devices with smooth injection, which is in
strong disagreement with the definition of ohmic contacts. A comparison with current crowding, resistive network, Fowler–
Nordheim tunneling, and electric field enhanced thermionic injection (Schottky emission) pointed to importance of local
electric fields and/or electrostatic field charges.
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1. Introduction
Since the first organic field-effect transistor (OFET) was

successfully demonstrated in the 1980s,[1,2] OFET devices
have been used for the fundamental study of charge behav-
ior in organic semiconductors, and also for promising applica-
tions. In the last three decades, a huge amount of progress in
organic semiconductor synthesis has brought novel materials
with properties such as air stability, low-cost synthesis, solu-
bility, and high charge mobility. Meanwhile, device physics
and electronics research has mostly concentrated on the fabri-
cation technology, downscaling of devices to reach high device
density, high output current, and fast switching speed.[3–5]

As the channel length becomes shorter, the charge trans-
port through the device is even more affected by the injec-
tion properties and the electrode–organic semiconductor inter-
face has become increasingly important. In other words, the
short-channel devices exhibit significantly lower effective mo-
bility due to potential drop on the injection electrode. The
charge behavior on the electrode–organic semiconductor in-
terface has been identified as a bottleneck of advanced OFET
devices and an investigation of the underlaying physics has
been envisioned as essential to obtain smooth injection.[6–14]

The potential drop on an injection electrode is usually repre-
sented by the contact resistance as an important figure of merit
for contacts. In addition, the contact resistance, which is an
element of electrical equivalent circuit, is also a powerful tool
for circuit design and modeling.[15,16] However, it has a deep
physical meaning and many possible origins of the energy bar-
rier have been proposed, such as energy level mismatch be-
tween the Fermi level of the injection electrode and the highest
occupied molecular orbital (HOMO) level of an organic semi-

conductor with p-type conductivity, interfacial energy states,
interfacial dipoles, mirror charge, internal electric field gener-
ated by traps, and so on.[17,18] Furthermore, the contact resis-
tance has been found to be affected by many parameters, such
as the gate insulator,[19] metal deposition rate of the injection
electrodes,[20–22] injection electrode geometry,[23,24] or charge
transport through channel.[25]

The charge injection on metal–semiconductor interface is
a complex problem. There are a couple of charge injection
processes that can take place, such as direct tunneling, Fowler–
Nordheim tunneling, hopping through interfacial states, or
electric-field enhanced thermionic emission (i.e., the Schottky
effect).[6,26] The physics of inorganic semiconductor devices
in accordance to the charge injection recognizes two funda-
mental kinds of contacts: (i) Schottky contacts and (ii) ohmic
contacts.[27] The Schottky contacts provide rectifying behav-
ior, often exhibit high contact resistance, and the charge injec-
tion is ruled by the electric-field enhanced thermionic emis-
sion. The requirement for ohmic contacts with low contact
resistance is a common reduction of the definition because
the most important property of ohmic contacts is their non-
rectifying behavior (i.e., linear current–voltage, I–V , depen-
dence). Consequently, the ohmic nature of contacts of OFET
devices has often been verified by the linearity of the output
current characteristics in low-voltage region.[28–31] However,
the definition of the ohmic contacts through the contact resis-
tance Rc as

Rc =
∂V
∂ I

= const. (1)

has not been established for three-terminal devices, such as
transistors. Hence, a more detailed analysis of the contact re-
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sistance is required to confirm if the ohmic contact has been
achieved.

The present work is focused on OFET devices with pen-
tacene as an organic semiconductor and several metals are
used for source/drain contacts. The contact resistance is evalu-
ated by the transmission line method (TLM) for various gate–
source voltages and the voltage dependence is analyzed. We
show that the metals that are generally assumed to be suitable
for ohmic contacts of pentacene OFETs provide low contact
resistance but not ohmic behavior. In addition, the voltage
dependence is compared with several microscopic and macro-
scopic models to find the most suitable explanation.

2. Experimental details
In this study, OFET devices with top-contact bottom-gate

geometry were fabricated using silicon wafers with 110 nm
thermally grown silicon dioxide (SiO2) layer as the substrates.
The substrates were cleaned in an ultrasonic bath subsequently
by 20 vol.% ethanolamine aqueous solution, acetone, iso-
propyl alcohol, and in deionized water prior to further pro-
cessing. Poly(methyl methacrylate) (PMMA, Sigma-Aldrich)
was dissolved in toluene (Sigma-Aldrich) with a concentra-
tion of 3 wt.%. The PMMA solution was sonicated for

30 min and subsequently filtered through 0.22 µm sized poly-
tetra fluoroethylene (PTFE) filter to remove insoluble parti-
cles. The solutions of PMMA were spun on to the substrates
at 3000 rpm for 30 s and the prepared films were subse-
quently annealed at 160 ◦C for 90 min in ambient atmosphere
to remove residual solvent prior the deposition of semicon-
ducting layer. The PMMA film thickness estimated by Dek-
tak 150 (Bruker, USA) mechanical profilometer was 70 nm.
Consequently, the heavily-doped conductive Si wafers served
as a gate electrode, whereas a gate dielectric layer was the
PMMA/SiO2 bilayer. Then, a 100 nm-thick pentacene layer
was thermally evaporated in vacuum with pressure lower than
10−4 Pa with fixed deposition rate of 2.4 nm/min. After the
deposition of the semiconducting pentacene layer, selected
metal was thermally evaporated through the shadow mask to
form source and drain electrodes. Here, we used four differ-
ent metals (Au, Ag, Cu, Ge) for the source/drain electrodes.
The OFET devices had channel lengths L and width W of 50–
200 µm and 2.5 mm, respectively. The structure of the fabri-
cated OFETs is depicted in Fig. 1(a). The transfer and output
characteristics of the OFET devices have been recorded under
ambient atmosphere using a Keysight B1500A semiconductor
parameter analyzer (Keysight, USA).
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Fig. 1. (a) Sketch of fabricated OFET device, and (b) output and (c) transfer characteristics of the OFET devices using various metals for
source/drain electrodes. (d) Energy band diagram of pentacene and the materials applied for injection electrodes.

3. Results and discussion

The output and transfer characteristics of the fabricated
devices with four different injection electrode metals are pre-

sented in Figs. 1(b) and 1(c). Even though all devices exhibit

transistor behavior, the drain–source currents differ for vari-

ous injection electrodes. It should be mentioned here that the
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energy mismatch between the highest occupied molecular or-
bital (HOMO) of the hole-conductivity organic semiconduc-
tor and the Fermi energy of the electrode is recognized as an
injection barrier. Figure 1(d) illustrates the energy band dia-
gram of pentacene and the materials applied for injection elec-
trodes. Holes are transported in pentacene at the HOMO level
of 5.0 eV, while Au, Cu, Ag, and Ge have the Fermi energy
levels at 5.3 eV, 5.0 eV, 4.6 eV, and 5.0 eV, respectively.[32]

Note that Ge is a semimetal with the energy gap of 0.67 eV at
the room temperature. The selected materials provide a wide
range of energy barriers that can be used for study of the in-
jection through the interface between the electrode and organic
semiconductor. In accordance to IEEE 1620 standards,[33] the
field-effect mobility is estimated from the saturation region
where the drain–source voltage Vds is considerably larger than
the gate–source voltage Vgs reduced by the threshold voltage
Vth. Hence, the drain–source current Ids in the saturated region
of transfer characteristics in accordance to the gradual channel
approximation model follows the relation

Ids =
WCgµeff

2L
(Vgs−Vth)

2, (2)

where Cg is the gate insulator capacitance per unit of area and
µeff is the effective field-effect mobility. It should be noted
here that even though the effective mobility stands for charge
transport properties through the organic semiconductor, it is
affected by other processes, e.g., charge trapping in the or-
ganic semiconductor or insufficient injection from the source
electrode. The devices with various metals used for electrodes
exhibited the effective mobilities that are listed in Table 1.

Table 1. List of mobility values of of OFET devices using various
metals for source/drain electrodes. The effective value was extracted
by Eq. (2), whereas the contact-resistance-free value was estimated at
−40 V by Eq. (3). Errors represent the standard deviation through a
group of devices measured in the saturation region or fitting uncertainty
of the TLM model.

Metal
Mobility/cm2·V−1·s−1

Effective value Contact-resistance-free value
Cu 0.20±0.02 0.22±0.02
Au 0.19±0.01 0.22±0.01
Ag 0.16±0.02 0.21±0.02
Ge 0.010±0.004 0.19±0.09

Given that the devices differ by the injection electrode
only, the different effective mobilities should obviously origi-
nate in the injection barrier at the metal–organic semiconduc-
tor interface. Cu and Au are well known for smooth hole injec-
tion to pentacene, whereas Ag was reported to have a consider-
able energy barrier for holes.[34–36] Obviously, the device with
Ge electrodes exhibits significantly lower effective mobility.
Since the effective mobility is evaluated for an ideal OFET
with smooth injection, the suppression of the effective mobil-
ity represents the effect of energy barrier on injected charge

carriers. In other words, the contact resistance reduces the ef-
fective mobility. Meanwhile, the output characteristics in lin-
ear region (i.e., |Vds| � |Vgs−Vth|) show a linear relationship
between the applied voltage and output current for all injec-
tion electrodes, see Fig. 2; hence, the contacts exhibit ohmic-
like behavior. Because low resistance is not a requirement for
ohmic contacts, we should not denote it as the Schottky only
because of higher resistance value.
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Fig. 2. Detailed view of output characteristics linear region of the OFET
devices using various metals for source/drain electrodes. The output
characteristics were recorded for the gate–source voltage varied from 0
to −40 V (step 5 V).

The ohmic contact as defined by Eq. (1) needs to be
evaluated for the metal–organic semiconductor interface only;
thus, the linearity of the output characteristics in linear re-
gion may be misleading evaluation. The contact resistance can
be evaluated by various approaches, such as transmission line
method,[37,38] gated 4-probe measurement,[39] or Y-function
method.[40] The TLM is a popular model to evaluate the con-
tact resistance as superposition of the channel resistance Rch

and the contact resistance. Thus, if an OFET device is working
in linear regions, then the total device resistance Rtot follows
the relation

Rtot = Rc +Rch = Rc +
L

WCgµ0
(
Vgs−Vth

) , (3)

where the channel resistance scales with channel length L and
the contact resistance is a channel-length-independent param-
eter. Consequently, linear extrapolation of the total resistance
to the zero channel length (L = 0) provides the contact resis-
tance. The slope of the linear function is related to the channel
transconductance and can be used for estimation of the “con-
tact resistance-free” mobility µ0. The TLM plots for the OFET
devices with various injection electrode are depicted in Fig. 3.
At first glance, the voltage dependence of the total resistance
is clearly visible. Both injection and transport properties ex-
hibit dependence on the applied gate–source voltage. It has
been reported that the contact resistance and the mobility of
OFET devices are voltage dependent parameters.[19,41,42] Ob-
viously, even though the offset of the TLM plot deviates sig-
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nificantly for any selected voltage, the slope is almost con-
served. Consequently, the contact-resistance-free mobility of
about 0.22 cm2/V·s extracted from the TLM analysis illus-
trates almost identical charge transport through the organic
semiconductor layer and the suppression of the effective mo-
bility is caused by insufficient injection, see Table 1.
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Fig. 3. Transmission-line method analysis of the OFET devices using
various metals for source/drain electrodes under applied gate–source
voltages of −20 V, −30 V, and −40 V.

Figure 4 illustrates the voltage dependence of the esti-
mated contact resistances of the OFET devices using various

metals for source/drain electrodes. Although the Cu and Au
electrodes provide the lowest contact resistances, they also ex-
hibit dependence on the applied gate–source voltage. Because
ohmic contacts are defined by voltage independent contact re-
sistance, these metals provide only low-resistance nonohmic
contacts. In other words, the ohmic contacts are not formed,
even though the contact resistance is significantly decreased
in comparison with that of other metals. The voltage depen-
dence of contact resistance reflects the underlaying physics;
therefore, its detailed study is required. Various phenom-
ena have been suggested for the voltage dependence of in-
jection properties. The low-voltage low-temperature region
is usually ruled by the direct tunneling. A rise of temper-
ature supports the electric field-enhanced thermionic injec-
tion, while the increase of the applied electric field follows
the Fowler–Nordheim tunneling. Meanwhile, the injection
properties can also be affected by the charge transport proper-
ties. The macroscopic current density distribution is denoted
as ‘current crowding’ and the distribution is modeled by the
resistive network. The following part focuses on these phe-
nomena and examine suitability for the voltage dependence of
the organic transistor contact resistance.
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Fig. 4. Voltage dependence of observed contact resistance of the OFET devices using various metals for source/drain electrodes. Solid lines
stand for various models ((a) current crowding, (b) resistive network, (c) Fowler–Nordheim tunneling, and (d) thermionic injection) of the
contact resistance.

Current crowding in organic electronics is a well-

accepted phenomenon in sandwich structures such as OLED

devices,[43] it has also been suggested for OFET devices.[12]

Although there is a huge overlap of the source and gate elec-

trodes, in the steady state only the electrode’s edge contributes

to the charge injection. Hence, the injection process is a

balance between the organic semiconductor resistance in the

channel region and the metal contact resistivity. Consequently,

the charge is injected from an effective area that is defined as

a product of the channel width W and the transfer length LT

(the characteristic injection length).[12,23,44,45] The contact re-

sistance in the current crowding model is ruled by the carrier

concentration and follows[12]

Rc,CC =
(µC)−1

Vgs−Vth
+Rc,0, (4)

where Rc,0 is the voltage independent parasitic resistance and
µC is the product of mobility µ and effective capacitance C.
This model plays a role mostly in power devices with high
current densities, where self-heating takes place. Although it
is macroscopic model, it is based on the device physics and
electrothermal properties.

Another macroscopic model is the resistive network[9] us-
ing circuit theory concepts, where we break the problem into
small parts so that the circuit element dimensions will be in-
finitesimal small. In other words, the injection electrode re-
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gion can be divided into infinitely small slices, and the contact
resistance of each slice is represented by distributed parame-
ters (units per unit of length). Subsequent integration leads to
the contact resistance

Rc,RN =
1

W

√
ρc

µCg(Vgs−Vth)
+Rc,0, (5)

where ρc is the specific contact resistance dependent on the
energy barrier of the metal/organic semiconductor interface.
This model is applicable for large source/gate electrode area
overlap and it has a capability to include the device geometry
factors.

There are several microscopic models for the
metal/organic semiconductor interface. However, direct tun-
neling will be not discussed in detail here because it is a
voltage independent contact resistance and causes ohmic be-
havior of contacts. The so-called Fowler–Nordheim tunneling
is common for applied voltages V higher than energy barrier
height ΦB (V > ΦB/e, where e is the elementary charge) and
is characterized by the current–voltage dependence

I ∝ V 2 exp

(
−4d
√

2mΦ3/2

3eh̄V

)
, (6)

where d is the effective electrode separation, m is the effective
electron mass, and h̄ is the reduced Planck constant. Hence,
the contact resistance in the OFET device follows the relation

Rc,FN =
R0V0

Vgs−Vth−1/2
exp
(
− V0

Vgs−Vth

)
+Rc,0, (7)

where R0 and V0 are fitting constants. It should be noted that
even though Fowler–Nordheim tunneling has been proposed
for OFET devices,[46] it is not a common model. The model is
applicable for devices with high local electric fields that make
the energy barriers more narrow.

The electric field-enhanced thermionic injection is also
known as the Schottky emission. Briefly, the height of the
potential barrier is lowered due to the combination of the ap-
plied electric field and the image force. The current through
the metal/organic semiconductor interface is expressed by the
thermionic emission (Schottky) current ISch enhanced by the
electric field E as follows:

I = ISch exp

(
β
√

E
kT

)
, (8)

where β =
√

e3/4πε0εr is the Schottky parameter and kT is
the thermal energy (ε0, εr, and k are the dielectric constant of
vacuum, the relative dielectric constant of the organic semi-
conductor, and the Boltzmann constant, respectively). For a
three-terminal structure, such as an OFET device, the contact
resistance can be derived from the relation[47]

Rc,Sch = RSch
(Vgs−Vth)/VSch

exp
(√

(Vgs−Vth)/VSch
) +Rc,0, (9)

where RSch and VSch are the characteristic resistance and volt-
age, respectively. The characteristic resistance RSch is propor-
tional to the zero-field energy barrier, whereas the characteris-
tic voltage VSch is related to the electric-field coefficient β/kT .
This model should be suitable for energy barriers lowered by
the electric field.

Obviously, the macroscopic models such as current
crowding and resistive network cannot follow the voltage de-
pendence of the contact resistances sufficiently, whereas the
microscopic levels are in good agreement with the experimen-
tal results. The precision of the fit is evaluated using the ad-
justed coefficient of determination as depicted in Fig. 5. There
is no significant difference between the Fowler–Nordheim tun-
neling and electric field enhanced thermionic injection (Schot-
tky emission) models. Interestingly, both microscopic models
fit the experimental data for various energy barrier heights, as
well as applied voltages. Even though this analysis does not
allow us to distinguish between electric field driven tunneling
and potential barrier lowering processes, both are caused by
local electric fields and/or electrostatic field of charges (im-
age charge). As a result, the energy barrier plays a key role for
charge injection and causes the voltage dependence of the con-
tact resistance. Hence, all materials provide so-called Schot-
tky contacts even for low contact resistance. In other words,
electrode materials such as Au and Cu provide lower contact
resistance; however, we cannot denote them as the ohmic con-
tacts.
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Fig. 5. Evaluated adjusted coefficient of determination for fittings
shown in Fig. 4. The models are current crowding (CC), resistive net-
work (RN), Fowler–Nordheim tunneling (FN), and thermionic injection
also denoted as Schottky emission (Sch).

4. Conclusion
We have reported the voltage dependences of contact re-

sistances observed on pentacene OFET devices with four dif-
ferent source/drain electrodes, namely, Cu, Au, Ag, and Ge.
The metals selected for the electrodes provide a wide range
of energy barriers for charge injection to give us a chance to
investigate low and high contact resistances. All of the fab-
ricated devices exhibited strong voltage dependence of the
contact resistance, which is in disagreement with the defini-
tion of ohmic contacts. A detailed comparison with macro-
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scopic and microscopic models for the voltage dependence of
the contact resistance has revealed the possibility of Fowler–
Nordheim tunneling and electric field enhanced thermionic in-
jection (Schottky emission). Hence, even though we are able
to reach relatively low contact resistance, there is no ohmic
contact at all.
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