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Abstract

This study elucidates the patterning of pentacene by adjusting its surface energy. The surface energy was modified by self-assembled
monolayer treatment and exposure to ultra-violet (UV) light through a quartz-glass mask. Then, following pentacene deposition, dipping in water
was used to remove pentacene from the UV-exposed area. The adhesion energy and the intrusion energy were analyzed to determine the
mechanism of this patterning process. The variation of the intrusion energy with the surface energy was found to be the main issue in pentacene
patterning. The characteristics of pentacene-organic thin film transistors were also measured to confirm the proposed method.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The pentacene-based organic thin film transistor (OTFT) has
received much attention because it is fabricated at low
temperatures on plastic substrates at low cost [1-3]. Carrier
transport in pentacene-based OTFT is generally dominated by
the characteristics of the interface between the pentacene film
and the gate dielectric [4,5]. Numerous studies of the self-
assembly monolayer (SAM) have been performed to modify
effectively the gate dielectric surface to improve carrier mobility
[6,7]. The SAM layer changed the gate dielectric surface from
hydrophilic to hydrophobic, enabling the pentacene molecules
to align vertically to form the w-orbital. Additionally, given
suitable process design, the difference between the hydrophilic
and hydrophobic properties is important in the patterning of an
organic film [7-9].

Recently, Masahiko Ando et al. demonstrated a simple
method for controlling surface polarity (hydrophilic or
hydrophobic) using an SAM layer and exposure to ultra-violet
(UV) light to pattern the pentacene film [10]. However, the
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details of the variation of the surface energy have not been
discussed. The method left the unwanted high-resistivity
pentacene film around the pentacene channel; this may cause
cross-talk and the flow of leakage current in OTFT array.
Furthermore, the exposure of the backside to UV light depends
on a highly transmitting substrate, such as quartz-glass. Such a
substrate limits the range of applications since several plastic
substrates do not exhibit high transmissivity. This study
develops a top-exposure method that can be easily combined
with conventional lithography using a quartz mask. The film
was dipped into de-ionized (D.1.) water to remove the unwanted
pentacene film and prevent crosstalk and the flow of leakage
current. The interfacial binding energy and the intrusion energy
were analyzed to demonstrate that the dipping was a lift-off
process and that the patterning complete was governed by the
intrusion among pentacene, the substrate (hydrophilic or
hydrophobic) and the D.I. water.

2. Experiments
In the patterning of the pentacene film, an attempt was made

to control the surface polarity by exposure to UV light
(wavelength: 175-285 nm, power: 40 mW, dose: 0.043 mW/
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Fig. 1. Effect of exposure time to UV light on (a) the surface contact angle and
(b) the polar and disperse components of the surface free energy following
ODMS treatment.

cm?). First, the silicon oxide was cleaned by acetone,
isopropanol and acetone solution in that order. Then, the
sample was dipped in the dissolved liquid ODMS to make the
surface of the silicon oxide hydrophobic. The concentration of
ODMS was 10 mM. Then, the surfaces were partially exposed
to UV light for time varying from 0 to 30 min. As displayed in
Fig. 1, the contact angle and the surface free energy were
controlled by the duration of exposure to UV light. The contact
angle was obtained by the Contact Angle System of KRUSS for
universal surface testing (model GH-100). Three standard
liquids (D.I. water, diiodo-methane and ethylene glycol) were
applied to measure contact angles and thus extract the surface
free energy of the dielectric. Then, the surface free energy was
calculated using the Fowkes and Young approximation [11,12].

To clearly compare the device characteristics, the device
fabricating process was split into two parts. In the first part, the
pentacene active region was defined by shadow mask. It was

deposited by thermal evaporation onto regions that had
undergone ODMS treatment (Sample A) and onto regions that
had undergone ODMS treatment followed by 30 min of
exposure to UV (Sample B). The scale of shadow mask ranged
from 300 um to 700 um and the scale of UV exposure mask was
several centimeters. The thickness of the pentacene film was
around 100 nm and the deposition rate was ~ 0.5 A/s. 100 nm-
thick Au pads were deposited through a shadow mask as source/
drain contacts. Then, all of the samples were dipped in D.I.
water and both the pentacene film and the source/drain contact
in Sample B were lifted-off. Sample A’ refers to sample A after
dipping in D.I. water to check the functionality of the
transistors.

In the second part, the scale of the UV exposure mask ranged
from 300 pm to 700 pm to define the pentacene active region
without using the shadow mask. Sample A” was the devices
fabricated by the proposed lift-off method. The process
conditions of Sample A” were the same as those of Sample A’,
except that the pentacene patterning methods was different. The
width and length of the device channel were defined as 600 pm
and 200 pm. An OTFT was fabricated using a conventional
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Fig. 2. The fabricated OTFT under various conditions.
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Fig. 3. AFM images of the pentacene deposited on (a) Non-UV-exposed and
(b) 30-min UV-exposed regions of ODMS treated substrate and (c) image and
height data of the intermediate region. The non-linear z-axis scale was shown in
respective AFM images. In panel (c), the steps between these two areas were
approximately 100 nm — similar to the thickness of the pentacene film,
implying that the pentacene film was almost completely removed.

process without ODMS treatment or exposure to UV to serve as a
control. This device was the conventional device. Fig. 2
schematically depicts devices with different conditions.

3. Results and discussion
3.1. Surface energy analysis

As presented in Fig. 1, the solid line represents the contact angle
ofthe D.I. water with the dielectric surface. Before exposure to UV
light, it was approximately 48.5° on bare SiO, and 90° on an
ODMS-treated SiO, surface. Apparently, the ODMS transformed
the SiO, surface from hydrophilic to hydrophobic. Following
exposure to UV light, the contact angle decreased rapidly with
time. After 600 s exposure, the contact angle dropped to be around
30°. After 25 min of exposure, the contact angle approached the
limiting measurable angle of the instrument — about 5+5°.
Researchers have stated that UV light efficiently destroyed the
organic film (ODMS) and altered the surface polarity [13]. The UV
light excites such chemical bonds as C—C, C—H and C-Si,
forming radicals [13]. Such radicals are active oxygen species such
as ozone or atomic oxygen, which are generated by the excitation
of atmospheric oxygen molecules by UV [13]:

0, + hv—0(1D) + O(3P). (1)

Hence, ODMS molecules may be converted to volatile
species such as CO, and H,O that could be removed
immediately [13].

The variation in the contact angle represented the change in
surface energy. The surface energy was calculated using the
Fowkes and Young approximation, as in the following equation
[11,12];

(1+ cosO)y, = 2(v&y$)"* +2(v3vp)"/? 2)

where 0 was the measured contact angle; y; was the surface
free energy of the testing liquid and was the sum of its
dispersion part ¢ and its polar part yf; 7S and y8 were the
dispersion and polar components, respectively, of the surface
free energy of the solid surface. The contact angles of three
standard liquids (D.I. water, diiodo-Methane and ethylene
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Fig. 4. Effect of exposure to UV light on the adhesion energy Evefores Eafier and
intrusion energy £ following ODMS treatment.
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glycol) were measured to obtain the values of 73 and yB. The
inset of Fig. 1(a) plots the measurements. The 78 and P values
of these standard liquids can be used to calculate the Y and 78
values of the dielectric surface. Also, the total surface free
energy of the solid g can be estimated by

Ys =95 + s (3)
Fig. 1(b) plots the calculated results of ¢, Y8 and ys. UV

light illumination changed mostly the polar component of the
dielectric surface.
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Fig. 5. (a) The transfer characteristics of various OTFT. Conventional devices were
OTFT without any ODMS treatment or UV exposure. Sample A was with
pentacene deposited onto ODMS-treated dielectric. Sample B was with pentacene
deposited onto 30 min UV-exposed ODMS-treated dielectric. Sample A’ represents
the sample A after the water dipping. (b) The output characteristics of sample A’.

Table 1
Extracted parameters of OTFTs under various conditions
Conventional ~ Sample A Sample B Sample A’
upg (cm*/Vg) 0.17 0.26 0.11 0.22
Viw (V) 67 -6 —-734 —7.34
Too/Losr >10° ~10® ~10° >10°
S.S. (V/dec.) 1.73 0.69 3 0.74
Ng (em™ 2eV™ 1) 6.04x10 228x10"%  10.64x10'%  2.46x10"

3.2. Adhesion energy analysis

Fig. 3(a) presents the atomic force microscopic (AFM)
images of the pentacene deposited on the regions that had not
been exposed to UV and that had been exposed to UV for
30 min. The AFM image was obtained by the tapping mode
using an AFM model Dimension 3100, Digital Instrument. The
AFM image demonstrated that the exposed pentacene had larger
grains than the unexposed pentacene. This result agrees with
results published [14] — that pentacene formed larger grains on
surfaces of higher surface energy. Differences in surface energy
led to different results after dipping in D.I. water. The AFM
image in Fig. 3(b) reveals that, after dipping, the pentacene film
on the non-exposed area was almost unchanged while that on
the area that had been exposed to UV for 30 min was removed.
The steps between these two areas were approximately 100 nm —
similar to the thickness of the pentacene film, implying that the
pentacene film was almost completely removed.

An attempt was made to characterize the adhesive properties
of the pentacene film and the substrate surface to elucidate the
patterning mechanism. The adhesion energy between materials,
given by the following equations, has been presented elsewhere
[15,16]:

Ebefore = 2(\/ Yge’Yg + \/ Vgng) (4)

where Eperore denotes the adhesion energy between pentacene
and the substrate before dipping in water; yp. and yge are the
polar component and the dispersion component of the surface
energy of pentacene, and Y8 and 7% are the polar component
and the disperse component of the surface energy of the
substrate. As displayed in Fig. 4, the adhesion energy before
dipping in water was slightly increased after exposure to UV
energy before dipping in water. This result was interesting since
an increase in adhesion energy does not explain the water-
removable characteristic.

Therefore, the intrusion energy £y caused by the interaction
among water, pentacene and the dielectric surface was
calculated. This intrusion energy causes a change in the
adhesion energy:

Eafier = Evefore — E1 (5)

where E, g, denotes the adhesion energy after dipping in water.
The intrusion energy is calculated using the following equation:

B =20/ ¥l + ¥+ ¥ ¥ el + Yt — [+ i)

(6)
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where Y5, and y;{, are the polar and disperse components of the
surface energy for the dipping solution, which was D.I. water
herein. Fig. 4 also plots the calculated intrusion energy E; and
the adhesion energy after dipping in water, E,ge. Ep increased
significantly after exposure to UV light. Consequently E, ., fell
to less than zero after exposure to UV. Specifically, the £, of
the unexposed region was 58 mJ/m? and that of the region that
had been exposed for 30 min was — 38 mJ/m”. This fact
explained the experimental results in Fig. 3(b). The unexposed
area of the pentacene was almost unaffected because F,ge, Was
large; the area of the pentacene film that had been exposed to
UV for 30 min was removed by dipping in water because E,ger
was negative. Also, the large difference between the E,g., of the
unexposed area and that of the exposed area completely
explained the capacity for patterning the pentacene film.
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Fig. 6. (a) The transfer characteristics of various OTFT. Sample A’ was the
device defined by shadow mask during pentacene evaporation. The pentacene in
Sample A” was patterned by the suggested method. (b) The output
characteristics of sample A’ and Sample A”.

3.3. Device characteristic

The electronic characteristics were demonstrated to confirm
that the patterning scheme was feasible for the OTFT. All
electrical characteristics were measured using Agilent 4156 and
Agilent 4284 analyzers. Fig. 5(a) compares the transfer
characteristics of OTFT under different conditions. Table 1 lists
the typical parameters such as mobility, threshold voltage, on/off
current ratio, sub-threshold swing and the extracted interface
state density (Ng). The mobility and threshold voltage were
extracted by the slope and the intercept of the square root of /
versus Vg plot in Fig. 5. The interface state density was extracted
by the method proposed in Ref. [17].

The ODMS-treated OTFT (Sample A) markedly outper-
formed the conventional devices without ODMS treatment. A
steep subthreshold characteristic and a low interface trap density
were obtained. High-quality, low-defect pentacene can be
obtained if the surface energy of pentacene is matched to that
of the dielectric [18]. The surface energy of the dielectric of
Sample A was 41 mJ/m?. This value matched the surface energy
of pentacene and explained the good performance of Sample A.

Sample B with 30 min UV exposure after the ODMS
treatment underperformed the conventional devices, indicating
that 30 min of exposure to UV removed the ODMS layer.
Additionally, extra defect states were created during long
exposure to UV light. After dipping in water, Sample B was
removed from the substrate and no electrical characteristics
were obtained.

The characteristics of Sample A were analyzed after it was
dipped in water, when the sample was denoted Sample A’.
Sample A’ exhibited a similar mobility, subthreshold swing and
interface state density as Sample A. Some residual water
molecules may have been responsible for the slight increase in
the threshold voltage and the off-state current, which phenom-
enon must be further studied. Fig. 5(b) plots the output
characteristics of Sample A’. No hysteresis was observed when
the drain voltage was scanned from 0 V to — 30 Vand then from
—30Vto 0OV

Finally, the transfer characteristic of Sample A” were
compared to those of Sample A’ in Fig. 6(a). The curves of
the square root of I, versus Vg were also plotted. Compare to
Sample A’, an almost identical performance was obtained from
Sample A”. For Sample A”, a mobility of 0.21 cm?*/Vs, a
threshold voltage of around — 7.6 V and an on/off current ratio
around six orders were obtained. The minimum drain current
(Imin) of Sample A” was a bit larger than that of Sample A’.
Different remaining water content may be the plausible reason.
As shown in Fig. 6(b), the output characteristics of Sample A”
was matched those of Sample A’. The results demonstrated the
effectiveness of this pentacene patterning technology.

4. Conclusion

The surface energy of a gate dielectric was controlled for
pentacene patterning using ODMS surface treatment, partial
exposure to UV light and water dipping. The SiO, gate
dielectric with ODMS treatment exhibited surface energy as low
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as 41 mJ/m?. The surface energy increased significantly when
the ODMS-treated dielectric surface was irradiated by UV light
(wavelength: 175-285 nm, power: 40 mW). After 30 min of
exposure to UV, the surface energy increased to155 mJ/cm?.
The difference between the surface energies influenced the
pentacene growth, the adhesion energy between pentacene and
the dielectric surface and the intrusion energy when the
pentacene was dipped in water. Even though the pentacene
seemed to adhere most strongly to the dielectric surface after
exposure to UV, it was easily removed by dipping in water
because the high intrusion energy greatly reduced the adhesion
energy. The pentacene on the non-UV-exposed area (low
surface energy) remained unchanged during dipping in water.
Pentacene-OTFT fabricated by the proposed method was
characterized. After they had been dipped in water, a mobility
of 0.21 cm?/Vs, a threshold voltage of — 7.6 V and an on/off
current ratio around six orders were obtained. The proposed
technology is compatible with conventional lithography
systems and is applicable to OTFT arrays.
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