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a b s t r a c t

The effect of device scaling on organic circuits’ performance was studied. Particularly, the
influence of contact resistance on the static and the dynamic behavior of the circuits was
investigated. For that purpose, an analytical model describing the voltage transfer charac-
teristics (VTCs) and the propagation delay was developed. Using the model, it was shown
that for OTFTs with channel lengths of less than 10 lm the contact resistance has negative
influence on both, the static noise margin (SNM) and the propagation delay. Moreover, the
model is in a good agreement with experimentally measured data. Scaling the lateral
dimensions of the transistors down to few lm limits the circuit performance due to contact
effects, and the 1–10 MHz frequency range operation required by some applications can
only be achieved by reducing the specific contact resistance, qc, 10–100 times. This need
for qc reduction highlights the importance of improving charge injection in organic transis-
tors that can usually be achieved by contact doping like in inorganic electronics.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Organic thin-film transistors (OTFTs) and organic elec-
tronic circuits have been in the focus of intensive research
due to their compatibility with low fabrication tempera-
tures, large-area processing and low costs, making them
good candidates for the realization of bendable and
stretchable electronics. Some of their most important
applications include driver circuitry for active-matrix
backplanes in displays [1–5] and low cost radio frequency
identification (RFID) tags [6,7]. In recent years many efforts
have been made to achieve a feasible performance and
meet the standards of these technologies in terms of stabil-
ity [8–10], low voltage operation [11–13], reproducibility
[14] and speed [15].

The switching speed of organic transistors and circuits
can be increased by scaling down the lateral dimensions

of the devices. However, for short channel transistors the
performance is limited by contact effects, so that the
effective mobility and the speed of the TFTs are reduced
and the stage delay of organic digital circuits is increased.
Normalized contact resistances ranging from 5 kX cm to
10 MX cm have been reported for organic and polymeric
thin-film transistors [16–20]. These values are high when
compared to their inorganic counterparts and have a
significant impact on the speed and the drive current of or-
ganic TFTs, mainly for transistors with shorter channel
length [18].

In the following, the impact of device scaling and con-
tact resistance on the organic circuits’ performance will
be investigated and discussed through analytical modeling
and experiments. The main focus will be on the static and
the dynamic behavior of organic CMOS inverters, as the ba-
sic building blocks of all digital circuits, and their limita-
tions due to contact effects. Optimal dimensions of the
transistors will be derived. Furthermore, strategies to
achieve organic digital circuits with high static noise mar-
gin and low stage delay will be described.
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2. Contact effects in organic thin-film transistors

The contact resistance of organic thin-film transistors is
defined by the work function of the materials forming the
electrical contact [18]. Furthermore, the contact resistance
is determined by the fabrication conditions and the device
geometry [21–23]. The resistance of a vertical contact is
described by RC = qc/A, where qc is the specific contact
resistance and A is the area of the electrical contact. For a
lateral contact geometry, the contact resistance of the me-
tal–semiconductor interface can be described by a 2nd or-
der ordinary differential equation [24]. Solving the
differential equation leads to the following expression of
the normalized contact resistance:

rc ¼ RC �W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qc � Rsheet

p
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LT

� �
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where Rsheet is the sheet resistance of the semiconductor
layer, W is the channel/electrode width, and LDS and LT

are the length of the source/drain contacts and the transfer
length, respectively as shown in Fig. 1. The transfer length
is defined as the distance over which most of the current
transfers from the semiconductor into the metal electrodes
and vice versa, and is given by:

LT ¼
ffiffiffiffiffiffiffiffiffiffiffi
qc

Rsheet

r
ð2Þ

The sheet resistance of the organic layer near the elec-
trodes can be approximated by the channel resistance of
the TFT operating in the linear region, for structures with
top source/drain electrodes [16]. For transistor structures
where the LDS is much larger than the transfer length, the
contact resistance can be expressed by RC � qc/(LT �W).
On the other hand, for small and very small contacts, the
contact resistance is increased and can be approximated
by RC � qc/(LDS �W).

For TFTs with bottom source/drain contacts, the growth
of molecules on the conductive electrodes leads to a disor-
dered organic film, while the molecules in the channel of
the TFT are highly ordered. As a consequence, the sheet
resistance near the source/drain contacts cannot be de-
scribed by the channel resistance and is given by [16]:

Rsheet-bottom ¼
1
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with lc being the charge carrier mobility in the contact
region, Cg being the gate capacitance per unit area, Lp

being the diffusion length of the charge carriers, k is the
Boltzmann’s constant, T is the absolute temperature, q is
the elementary charge and VG, VTH and VD are the gate,
the threshold and the drain voltage, respectively. If the
formation of the organic film is not affected by the drain
and source contacts, the charge carrier mobility lc is equal
to the intrinsic mobility, l0.

The measured normalized contact resistance is plotted
as a function of the gate charge per area for different TFT
structures in top and bottom contact configuration as
shown in Fig. 2(a). The top contact (TC) transistors [21] ex-
hibit 10 times smaller contact resistances than the bottom
contact (BC) ones [16,21]. As mentioned before, the reason
for this is the alignment of the organic molecules, which
has an influence on the electronic structure of the semi-
conductor. However, these large contact resistances can
be reduced by self-assembled monolayer (SAM) treatment
of the source/drain electrodes (Fig. 2(a)) [25]. The SAM
treatment changes the growth conditions of the organic
molecules near the contacts, resulting in an ordered film.
This leads to an increase of the lateral conductivity of the
organic film (lc and Lp increase), which reduces the
transfer length and the contact resistance of the bottom
source/drain TFT structures. In this case the contact
resistance is comparable to that of TC structures (Fig. 2(a)
– Myny et al. data). For high drain voltages, the sheet resis-
tance can be approximated by Rsheet-bottom � 1/(lc � Cg �
(VG � VTH � VD/2)), which is equivalent to the sheet resis-
tance of TC structures.

Although, TC structures exhibit lower RC, their minimal
channel length is usually limited by the resolution of the
fabrication technique, which typically involves shadow
masking [21,26,27] and does not allow for aggressive scal-
ing of the transistors down to sub micrometer range. In re-
cent years, few research groups presented top source/drain
organic TFTs and circuits with channel lengths down to
5 lm [28,29]. However, the realization of organic transis-
tors and circuits with top source/drain contacts is complex
compared to the fabrication of transistors with bottom
source/drain contacts. Therefore, in this study we will fo-
cus on transistors with bottom-contact geometry, whose
cross-section is shown in Fig. 1. As discussed above, the
contact resistance can be reduced by SAM treatment and
made comparable to that of TC structures (Fig. 2(a)) and
the metal contacts can be fabricated by standard photoli-
thography or imprinting [30], allowing for scaling of the
channel length (LCH) down to few tens of nanometers.

The drain current of a thin-film transistor operating in
the linear region can be described by:

ID ¼
W
LCH
� Cg � leff � VG � VTH �

VD

2

� �
� VD ð4Þ

were leff defines the device charge carrier mobility includ-
ing the contact resistance effects and is given by:

leff ¼
LCH

LCH þ rc � Cg � l0 � VG � VTH � VD
2

� � � l0 ð5Þ

Similar equations can be derived for the drain current in
the saturation region.

Fig. 1. Cross-section of a bottom-contact coplanar organic thin-film
transistor.
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