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This study investigates how the fringing field affects the total current flow within a
conducting polymer. In order to extract the fringing field component of bar pattern
resistors, a solvent-assisted patterning method using subtractive photolithography was
successfully established for the conducting polymer poly(3-hexylthiophene). By com-
paring the current quantities of unpatterned and patterned resistors, a conductance
factor for the fringing field was calculated, proving to be almost constant regardless
of the resistor length. It is therefore concluded that the length as well as the width of
the conducting polymer film need to be suitably patterned for the precise operation
of organic electronic devices. In this regard, the patterning method developed will be
useful for the fabrication of micro-scale devices.

Keywords poly(3-hexylthiophene); P3HT; photolithography; lift-off; fringing field

Introduction

Recently, newly emerging systems based on organic materials have been the subject of
research into their potential use in flexible displays, transparent devices, and large-area
devices [1–3]. The challenges posed by such applications are based on obtaining organic
materials with special characteristics, like mechanical flexibility and optical transparency
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Color versions of one or more of the figures in the article can be found online at
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in the visible light range. Moreover, these organic materials also have roll-to-roll pro-
cess compatibility, such as is required for screen-printing and ink-jet processes [4–7].
However sophisticated they may be, these organic electronic devices also require fine pat-
terning technology to produce high performance integrated system as silicon integrated
circuits (ICs) that exhibit high-speed, low-power consumption, and interference-resistance
operation. High-speed operation requires a narrower channel length in transistors, and low-
power consumption can be achieved by blocking leakage current paths. In large-scale ICs,
electromagnetic interference or coupling can occur among metal/high-k dielectric/metal
components. A number of processing steps must therefore be included in patterning in
order to achieve these issues. Though many patterning methods have been suggested so
far, there is no direct replacement for photolithography among them [8]. Thus, at present,
photolithography remains the only process suitable for reproducible and fine patterning in
mass-production.

Photolithography of conducting polymers using a dry etching process has already has
been reported [9]. In this, the necessity of dry etching over wet was emphasized because
of the severe undercut in comparison to the organic layer that occurs below the photoresist
layer that occurs in the case of wet etching. However, in spite of the fine patterns obtained
with dry etching, it is expected that the oxygen radicals produced during this process may
disrupt the underlying organic films through material degradation and undesired substrate
etching. Such side effects can be avoided if a wet etching process can be established, and
a vacuum-free process will help reduce the total process time and enable much larger-area
systems to be manufactured.

In this paper, a solvent-assisted patterning technology for conducting polymers is
demonstrated, which is based on photolithography. In order to ensure precise and fine
patterns, a lift-off process has been adopted. In addition, the fringing field component of
the conducting polymer is extracted by subtraction of two current components, in the form
of both a patterned and unpatterned bar resistor. Finally, micro-scale patterns are used to
prove the effectiveness of the newly developed solvent-assisted patterning method.

Experimental

For the conducting polymer, regioregular poly(3-hexylthiophene), or rr-P3HT, was pur-
chased from Solaris Chem. To purify and remove any residual metal catalysts from its
synthesis, a Soxhlet extraction process was performed as previous studies [10]. A 0.01 g
sample of rr-P3HT was dissolved in 1 mL of mono-chlorobenzene by stirring for 24 hours,
and the solution was then filtered. For spin coating under conditions of 1500 rpm and 10 s,
the thickness of the rr-P3HT used was 40 nm. In order to ensure solubility, rr-P3HT films
were first dipped into the different solvents typically used during photolithography. In the
cases of acetone (used as a photoresist stripper), n-methyl pyrrolidone (NMP, also used as
a photoresist stripper), tetra-methyl ammonium hydroxide (TMAH, used as a photoresist
developer), and propylene glycol monomethyl ether acetate (PGMEA, used as a photoresist
solvent), the rr-P3HT films did not dissolve; which is consistent with previously reported
results [9, 12].

A commercialized negative photoresist, AZ2035, was spin-coated (thickness =
2.5 mm) and pattered by i-line (365 nm) onto a SiO2/Si wafer that had been prepared
by cleaning with piranha solution (mixture of H2SO4 and H2O2). The rr-P3HT solution
was then spin-coated onto this patterned photoresist layer. After drying at 100◦C for 10 min,
the AZ2035 was removed using a commercial photoresist stripper, AZ400T.
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Figure 1. The process flow chart for (A) rr-P3HT patterning, and (B) rr-P3HT resistor fabrication.

Bar type resistors were fabricated as follows: First, two electrodes were deposited
through a shadow mask on a SiO2/Si wafer (Cr/Au = 10 nm / 100 nm). The lengths (L)
between the two electrodes were varied as 50, 80, 130, 180, and 230 μm; and all widths
(W) were identical at 1000 μm. The current-voltage characteristics were measured with a
HP4156 parameter analyzer. A flow chart depicting all these processes is depicted in Fig. 1.

Results and Discussion

Figure 2 shows optical microscopy images of (A) an unpatterned resistor and (B) a patterned
resistor. To clarify the current paths, these are depicted by arrows in the schematics (SA)
and (SB). For the unpatterned resistor, when a voltage (V2) is applied the current will flow
between the two electrodes, E1 and E2, through three different paths: the shortest path
(i(R)); and two side paths, i(RF1) and i(RF2), that arise as a result of the fringing field. The
total current (i2) is therefore simply determined by the sum of i(R), i(RF1) and i(RF2):

i2 = i(R) + i(RF1) + i(RF2) = V2

R
+ V2

RF1
+ V2

RF2

= (G + GF1 + GF2)V2 (1)

Where R is the resistance of the patterned region in Fig. 2 (SB), and RF1 and RF2 are
the respective resistances of the two side paths. G, GF1 and GF2 are the conductance values
for R, RF1 and RF2, respectively. When V1 is applied to a patterned resistor, the total current
(i1) is expressed as GV1. If it is assumed that V = V1 = V2, and by subtracting i1 from i2,
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Figure 2. Optical microscopy images of (A) unpatterned resistor, and (B) patterned resistor; where
L = 50 μm, and (SA) and (SB) are schematics of the current paths of unpatterned and patterned
resistors, respectively.

the conductance of the fringing field can be determined as follows:

GF = i2 − i1

V
(2)

where GF is the sum of GF1 and GF2. From equation (2), the parasitic conductance induced
by the fringing field is extracted directly for the specific applied voltage, V .

One condition that must be checked in adapting the aforementioned equations is
that the contact of the two materials (rr-P3HT and Au) is ohmic. Figure 3 shows the
current-voltage characteristics, and from the linearity of Fig. 3(A) it is clear that the rr-
P3HT-Au contacts are ohmic for both unpatterned and patterned resistors. It should also
be noted that the current for each of the different lengths was measured at a constant
voltage of 10 V. In Fig. 3(B), all of the unpatterned resistors show a greater current
flow than the patterned resistors. Specifically, the unpatterned resistors exhibit current
values that vary from 0.34 μA at L = 50 μm to 0.14 μA at L = 230 μm; whereas
with patterned resistors the current varies from 0.24 μA at L = 50 μm to 0.03 μA at
L = 230 μm. Furthermore, the contact resistance (for L = 0) of the patterned resistors is
∼33.7 M�. Therefore, the conductance (G) of rr-P3HT itself is 0.125 μS for L = 50 μm,
which is similar to previously reported values [13]. The conductivity is calculated as
1.56 mS/cm.

From equation (2), the fringing field components (GF) were calculated as 9 nS in Fig.
3(C). Interestingly, there appears to be no relationship between L and GF, which has two
important meanings: First, is that the fringing field effect cannot be avoided unless the
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Figure 3. The current-voltage characteristics, (A) current-voltage relationships for L = 50 μm, (B)
current-resistor length relationship for V = 10 V, and (C) conductance, GF, by fringing field.

conducting layer is patterned; and thus a very fine electrode patterning (small L) is not
sufficient for high performance. In other words, two-dimensional patterns are the most
meaningful for high performance devices. Second, organic field effect transistors strongly
require an active layer patterning. Normally, the channel length reduction for scaling has
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Figure 4. Optical microscopy images of (a) mask pattern, and (b) patterned P3HT. All have a
diameter of 15 μm.

been utilized for patterning; however, from these results for the fringing field effect, it is
clear that the channel width must also be considered.

The usefulness of the lift-off process for fine patterning is demonstrated by the two
optical microscopy images shown in Fig. 4. In this, the left image depicts the Cr-mask
patterns, which have a diameter of 15 μm. For the patterned rr-P3HT, the right image shows
a circular array almost identical in size, which contradicts the findings of a previous report
[9]. In other words, a wet etching process can also produce a fine and reproducible pattern.
The previous report also demonstrated that wet-etching patterning suffers limitations caused
by a severe undercut phenomenon [9]. However, in this work, 15 μm-sized circles were
successfully patterned as a mask. If more precise exposure systems are permitted, then finer
patterns will undoubtedly be formed.

Conclusion

In conclusion, the solvent-assisted patterning of an organic conducting film was success-
fully demonstrated by means of photolithography and a lift-off process, which enables an
identically-sized pattern to be transferred from a mask to the rr-P3HT film. Through a
comparison of patterned and unpatterned rr-P3HT resistors, it was found that the fringing
effect is not dependent on variations in the resistor length. Thus, the width as well as the
length of a conducting film must be taken into consideration for patterning. Using this newly
developed solvent-assisted lithographic patterning technique, micro-scale organic devices
can be fabricated. This patterning method will therefore be useful for the development of
high performance organic devices.
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