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Two key conditions are required for the application of fine-line inkjet printing onto a flexible substrate
such as polyimide (PI): linewidth control during the inkjetting process, and a strong adhesion of the
polyimide surface to the ink after the ink solidifies. In this study, the properties of a polyimide surface
that was roughened through etching in a He/SF6 plasma, using a polystyrene nanosphere array as
the etch mask, were investigated. The near-atmospheric-pressure plasma system of the He/SF6

plasma that was used exhibits two notable properties in this context: similar to an atmospheric-
pressure plasma system, it can easily handle inline substrate processing; and, similar to a vacuum
system, it can control the process gas environment. Through the use of plasma etching, the poly-
imide surface masked the 120-nm-diameter polystyrene nanospheres, thereby forming a roughened
nanoscale polyimide surface. This surface exhibited not only a greater hydrophobicity—with a con-
tact angle of about 150� for water and about 30� for silver ink, indicating better silver linewidth
control during the silver inkjetting process—but also a stronger adhesion to the silver ink sprayed
onto it when compared with the flat polyimide surface.

Keywords: Polystyrene Nanosphere, Near-Atmospheric-Pressure Plasma, Surface Roughening,
Polyimide, Ink Jet.

1. INTRODUCTION
Flexible electronic devices are widely researched, as they
are the next generation of devices for technologies includ-
ing displays and photovoltaics (PV). Polymer substrates
such as polyimide (PI), polyethylene naphthalate (PEN),
and polyethylene terephthalate (PET) are widely used
as the substrates for these flexible devices. To form a
device structure on the polymer substrates, fine-line pat-
terns for microelectronics are required, and these patterns
can generally be formed by conventional integrated cir-
cuit (IC) fabrication techniques including lithography, thin
film deposition, and etching;1�2 however, conventional IC
fabrication techniques require expensive vacuum process-
ing equipment and it is difficult to increase the size of the
substrate.3

∗Author to whom correspondence should be addressed.

As an alternative to IC fabrication techniques, direct
printing techniques such as microcontact printing, nano
imprinting, screen printing, and inkjet printing4–11 have
been investigated. Among these techniques, difficulties
have been observed in microcontact printing and nano
imprinting, among others, regarding large-sized printing
areas. Screen printing requires high levels of ink consump-
tion and difficulties arise in the production of fine-line
patterns.12 In the case of inkjet printing, a lesser amount
of expensive ink is needed and the technique is performed
without substrate contact, meaning that the substrate is not
physically damaged during the inkjetting process.13 In the
current time period, the utility of inkjet printing technol-
ogy in the flexible electronics field has been researched
more intensively, due not only to its high throughput and
low cost, but also because it is capable of producing fine
metal lines on polymer substrates.
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Figure 1. The nanosphere lithographic (NSL) process used in the experiment to mask the PI surface with the polystyrene nanosphere array. Polystyrene
nanospheres (polystyrene collioid) with a 120 nm diameter were used.

Despite the above-mentioned advantages, to apply
the inkjet-printing technique for the production of
next-generation flexible electronic devices, greater fine-
linewidth control and a stronger adhesion of the
inkjet-printed metal lines to the substrate are required.14�15

To control the linewidth, numerous methods have been
investigated including inkjet-module quality enhancement
and substrate temperature control;16–20 however, these
methods do not enhance the adhesive qualities of the lines.
To enhance the adhesion of the lines to the substrate, tech-
niques such as adhesive use and surface treatment have
been explored, but it is difficult to control the linewidth
with such methods.21�22 Recently, the texturing of the poly-
mer surface to produce a microroughness resulted in an
enhancement of both linewidth control and the adhesion to
the substrate, whereby PI, which is greatly advantageous
because it is thermally and chemically stable, was used as
the substrate.23 In this method, to obtain a microroughened
PI surface, a thin, porous oxide layer was formed on the PI
surface as the etch mask. The oxide-layer-covered PI sur-
face was then etched using an oxygen-containing plasma
to form microroughness and finally, the oxide mask layer
was removed using a fluorine-containing plasma. Even
though the advantages of this fabrication method for the
fine metal lines of flexible electronic devices are appar-
ent, the surface-roughening process consists of numerous
steps.

Previously, a single monolayer, polystyrene sphere
array, with particles varying in size from tens of nanome-
ters to a few �m, was formed on various substrates with
the use of techniques such as spin coating, convective
assembly, and tilted-drain, using the polystyrene sphere
array as the mask for the etching.24–26 In this study, as a
simple method to form surface roughening on the PI sub-
strate, a polystyrene sphere array that had been coated onto

the PI substrate was etched away together with the PI sur-
face using a He/SF6 plasma, thereby forming a nanoscale
surface roughness in one step. After the formation of the
nanoscale roughened PI surface, the properties of the sur-
face, in terms of their possible application in silver inkjet
printing, were investigated.

2. EXPERIMENTAL DETAILS
For a PI sample, the PI coated with the 120-nm-diameter
polystyrene nanosphere array was used. A nanosphere
lithography (NSL) method was used to coat the

Figure 2. Near-atmospheric-pressure-plasma etching system used in
this experiment to roughen the PI surface with the polystyrene nanosphere
array using He/SF6 plasmas. The pressure of the system was maintained
at about 500 Torr, which was slightly lower than the atmospheric pres-
sure, for easier and safer control of the gas environment.
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polystyrene nanosphere onto the PI surface. The NSL
process is a very simple method that does not require
any exposure or deposition processes. The NSL allows
for the uniform arrangement of a polystyrene nanosphere
with particles that vary in size from tens of nanome-
ters to a few �m; furthermore, it can also control
the number of layers. The NSL process used in the
experiment is shown in Figure 1. First, the 120-nm-
diameter polystyrene nanospheres (polystyrene collioid)
were sprayed on the deionized water. For self-assembly
of the polystyrene nanospheres, an adequate amount of
surfactant was dropped on the deionized water. Depend-
ing on the amount of surfactant added, a monolayer or
multi-layer polystyrene array was formed on the surface
of the deionized water. Finally, the PI film picked up the
polystyrene nanospheres and the polystyrene-nanosphere-
array-covered PI film was dried in preparation for its use
as the mask for surface roughening.
The surface roughening of the PI film covered with

the polystyrene nanosphere array was carried out using
an etching system with near-atmospheric-pressure plasma
that was operated at about 500 Torr, which was slightly
lower than the atmospheric pressure, to control the purity
of the gas environment. The plasma etching system used

Figure 3. Scanning electron microscope (SEM) images of (a) the PI
surface after the coating with the polystyrene nanosphere array and
(b) the PI surface after the etching of the PI surface. The PI surface
coated with the polystyrene nanosphere array was etched using the near-
atmospheric-pressure plasma while flowing He/SF6 (5 slm:0.3 slm) for
4 min, and by applying 6 kV (30 kHz)–6 kV (60 kHz) to both the upper
electrodes and the bottom electrode.

in the experiment, shown in Figure 2, was composed of
350–400 �m-thick, Al2O3-covered aluminum electrodes
(three upper electrodes and one lower electrode). With
the center electrode grounded, 30 kHz of AC power was
applied to the two side electrodes and 60 kHz of AC
power was separately applied to the bottom electrode to
form more-stable and higher-density plasmas. A reactive
gas mixture composed of He and SF6 was fed to the slits
located between the top electrodes.
The contact angle on the PI surfaces before and after

the surface roughening was measured not only with water
but also with a conductive silver ink. The silver ink (Amo-
greentech B-30) was composed of 20-nm-diameter silver
particles dissolved in an organic solvent. The ink density,
viscosity, and surface tension were 1.3 g/cm3, 16.3 cP, and
32.3 dyne/cm, respectively. To test the adhesion, the sil-
ver ink was spin coated on the PI surface for 30 sec at

Figure 4. Water contact angles measured on the flat PI surface after the
plasma treatment with (a) different AC voltages and (b) different process
times. For (a) AC voltages from 4 kV–4 kV to 6 kV–6 kV were applied
to the plasma source for 2 min, while flowing He/SF6 (5 slm:0.3 slm),
and for (b) the PI surface was treated with the He/SF6 (5 slm:0.3 slm)
plasma from 0 to 4 min, while applying AC voltages of 6 kV–6 kV to
the plasma source.
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Figure 5. Silver ink contact angles measured on the flat PI surface after the plasma treatment with (a) different AC voltages and (b) different process
times. For (a) AC voltages from 4 kV–4 kV to 6 kV–6 kV were applied to the plasma source for 2 min while flowing He/SF6 (5 slm:0.3 slm), and for
(b) the PI surface was treated with the He/SF6 (5 slm:0.3 slm) plasma from 0 to 4 min while applying AC voltages of 6 kV–6 kV to the plasma source.

2000 rpm, soft baked for 30 min at 150 �C, and finally,
hard baked for 1 h at 200 �C. The contact angle was mea-
sured with a contact angle analyzer (SEO, Phoenix 450)
while tilting the PI substrates at various angles. The sur-
faces of the PI were observed using a field emission scan-
ning microscope (FE-SEM, Hitachi S-4700).

3. RESULTS AND DISCUSSION
The size of the polystyrene nanospheres controls the peak-
to-peak distances of the surface roughness formed after
etching. In this study, the polystyrene nanospheres with
the 120 nm diameter were used, and Figures 3(a) and
(b) show the FE-SEM images of the PI surface after
the polystyrene nanosphere-array coating and the PI sur-
face after the etching of the PI surface, respectively.

Figure 6. Images of the water contact angles on the plasma-treated PI sample, measured at the different tilting angles of (b) 0�, (c) 180�, (d) 30�,
(e) 45�, and (f) 60�. As a reference, the image of the water contact angle on the untreated flat PI surface was included in (a).

As shown in Figure 3(a), by using the coating method
shown in Figure 1, the polystyrene nanospheres were
coated relatively uniformly on the PI surface. The PI sur-
face coated with the polystyrene nanosphere array was
etched using the near-atmospheric-pressure plasma while
flowing He/SF6 (5 slm:0.3 slm) for 4 min, and by applying
6 kV (30 kHz)–6 kV (60 kHz) to both the upper elec-
trodes and the bottom electrode. As shown in Figure 3(b),
after the exposure to the He/SF6 plasma for 4 min, most
of the polystyrene nanospheres were etched away and a
textured PI surface with a peak-to-peak distance of about
120 nm and a depth of about 50 nm was exposed. By etch-
ing the PI surface coated with the polystyrene nanosphere
array, a uniformly-roughened PI surface could therefore
be directly obtained without further processing such as a
mask-layer removal process. The He/SF6 plasma used in

J. Nanosci. Nanotechnol. 15, 8176–8182, 2015 8179



Delivered by Ingenta to: Sung Kyun Kwan University
IP: 115.145.196.110 On: Thu, 01 Sep 2016 13:14:49

Copyright: American Scientific Publishers

Polyimide Surface Roughening by Plasma Etching Using Polystyrene Nanosphere Mun et al.

Table I. Values of the water contact angles, measured for various PI
substrate tilting angles after the surface roughening of the PI surface with
the He/SF6 (5 slm/0.3 slm) plasma at 6 kV–6 kV for 4 min.

Substrate Advancing contact Receding contact Contact angle
angle (�) angle (�) angle (�) hysteresis (�)

0 150 150 0
30 135 133 2
45 138 138 0
60 140 136 4
180 140 140 0

the experiment not only etched the PI surface but also
formed a hydrophobic surface; therefore, by using the
He/SF6 plasma to etch the PI surface, it was possible to
obtain both surface roughening and a hydrophobic surface.
The change of the PI surface to a more hydrophobic

surface through the He/SF6 plasma treatment was investi-
gated by treating flat PI samples using the He/SF6 plasma.
Figures 4(a) and (b) show the water contact angles that
were measured on the flat PI surface after the plasma
treatment with different AC voltages and different pro-
cess times, respectively. For Figure 4(a), AC voltages from
4 kV–4 kV to 6 kV–6 kV were applied to the plasma
source for 2 min while flowing He/SF6 (5 slm:0.3 slm),
and for Figure 4(b), the PI surface was treated with the
He/SF6 (5 slm:0.3 slm) plasma from 0 to 4 min, while AC
voltages of 6 kV–6 kV were applied to the plasma source.
As shown in the figures, with the increased application of
AC voltage to the plasma source, the water contact angle
on the plasma-treated flat PI surface was increased from
55� to about 84�. As shown in Figure 4(b), the increase
of the plasma treatment time increased the contact angle;
however, when the plasma treatment time was higher than
2 min at 6 kV–6 kV, the contact angle was almost satu-
rated and about 90� of the contact angle could be obtained
at 4 min for the flat PI surface.

Figure 7. Images of the silver ink contact angles on the plasma-treated PI sample, measured at the different tilting angles of (b) 0�, (c) 180�, (d) 30�,
(e) 45�, and (f) 60�. As a reference, the image of the silver ink contact angle on the untreated flat PI surface was included in (a).

Table II. Values of the silver ink contact angles, measured for various
PI substrate tilting angles after the surface roughening of the PI surface
with the He/SF6 (5 slm/0.3 slm) plasma at 6 kV–6 kV for 4 min. The
silver ink (Amogreentech B-30) was composed of 20-nm-diameter silver
particles dissolved in an organic solvent. The ink density, viscosity, and
surface tension were 1.3 g/cm3, 16.3 cP, and 32.3 dyne/cm, respectively.

Substrate Advancing contact Receding contact Contact angle
angle (�) angle (�) angle (�) hysteresis (�)

0 30 30 0
30 30 30 0
45 30 26 3
60 27 26 1
180 28 28 0

Using the silver ink described in the “Experimental”
section, the contact angles on the plasma-treated flat PI
surface were also measured under the plasma treatment
conditions in Figure 4, and the results are shown in
Figures 5(a) and (b) for different AC voltages and different
plasma treatment times, respectively. Silver ink typically
has a lower surface tension (<30 mN/m) compared with
water (>70 mN/m) due to an organic solvent used in the
ink. As shown in the figures, the contact angle of the sil-
ver ink on the flat PI surface without the plasma treatment
was therefore ∼0� and, even though the contact angle was
increased with the increased application of AC voltage to
the plasma source, the highest contact angle at 6 kV–6 kV
of AC voltages was about 22� and no further increase of
the contact angle was observed after 2 min.
The contact angles were also measured after the plasma

treatment under the conditions shown in Figure 3(b).
Figures 6(b)–(f) show the water contact angles on the
plasma-treated PI sample measured at different tilting
angles from 0� to 180�. As a reference, an image of
the water contact angle on the untreated flat PI surface
was also included as Figure 6(a). The measured values
of the water contact angles are also shown in Table I.
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As shown in Figure 6 and Table I, after the surface rough-
ening of the PI surface with the He/SF6 (5 slm/0.3 slm)
plasma at 6 kV–6 kV for 4 min, the water contact angle
was increased from about 90� to 150�, and an improved
hydrophobic surface property was therefore observed after
the surface roughening. In addition, when the PI sample
was tilted, the water droplet did not roll off the PI surface
in accordance with the lotus effect,27�28 and the difference
between the advancing contact angle and the receding con-
tact angle was close to 0�, indicating that the water droplet
was in full contact with the PI surface.

The silver ink contact angles were also measured on
the PI surface after the plasma treatment. Figures 7(b)–(f)
show the silver ink contact angles on the plasma-treated
PI sample measured at different tilting angles. The silver
ink contact angle on the untreated flat PI surface is shown
in Figure 7(a) as a reference. The silver contact angle val-
ues are also shown in Table II. As shown in Figure 7 and
Table II, after the surface roughening of the PI surface
under the same conditions in Figure 6, the silver ink con-
tact angle was also increased from 22� to 30�, similar to
the water contact angle in Figure 6, indicating that it may
be possible to decrease the silver ink linewidth in a more
controlled manner. The hysteresis angle was also very low,
indicating that the adhesion of the silver ink to the PI sur-
face might have been improved after the roughening.

The adhesive property between the silver ink and the
PI surface before and after the surface roughening was
investigated by a cross-cut tape test (ASTM D3359B). The
PI sample coated with the polystyrene nanosphere array
was etched under the conditions in Figure 6 and, as a
reference, the flat PI sample was also was treated under

Figure 8. The adhesive property measured between the silver ink and
the PI surface before and after the surface roughening using a cross-cut
tape test (ASTM D3359B). The PI sample coated with the polystyrene
nanosphere array was etched under the conditions in Figure 6 and, as a
reference, the flat PI sample was also treated under the same conditions.
The silver ink was spin coated on both the surface-roughened and flat PI
samples and, after the sintering, the adhesive properties were measured
with the tape testing.

the same conditions. The silver ink was spin coated on
both the surface-roughened and flat PI samples and, after
the sintering, the adhesive property was measured with
the tape test and the results are shown in Figure 8. As
shown in Figure 8, for the flat PI surface, most of the
silver layer was peeled off by the tape testing while, for
the surface-roughened PI surface, no peeling of the silver
layer was observed, indicating an improved adhesive prop-
erty after the surface roughening that was possibly due
to the increased contact area between the silver ink and
the PI surface. It is therefore believed that, after a He/SF6

plasma etching of a PI surface coated with a polystyrene
nanosphere array, as presented in this study, it is possible
to enhance both linewidth control and adhesion.

4. CONCLUSIONS
In this study, to roughen the PI surface more easily, a
PI surface masked with a 120-nm-diameter polystyrene
nanosphere array was formed using the NSL technique,
and both the polystyrene nanospheres and the PI surface
were etched together using a He/SF6 plasma. By etching
the PI surface masked with the polystyrene nanospheres, a
nanoscale surface roughness measuring 120 nm wide and
50 nm deep could be easily formed in one step. In addition,
a hydrophobic surface was obtained through the etching of
the PI surface with SF6 gas. Compared to the flat PI sam-
ple treated with the same plasma, the surface-roughened
PI sample exhibited an improvement of the silver ink con-
tact angle from 22� to 30�, indicating the improved fine-
linewidth control of the silver inkjet line; the silver ink’s
adhesive property was also improved by increasing the
contact area between the silver ink and the PI surface. It is
believed that the surface-roughening method used in this
study can be applied to improve both linewidth and the
adhesion of inkjetted materials to the flexible substrates
that are required for next-generation flexible electronics.
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