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ABSTRACT: In this study, polyimide was treated by atmospheric pressure dielectric barrier discharge plasma using a
helium and/or helium-oxygen mixture gasses. The polyimide was placed between copper electrodes with dielectric
material installed on the cathode electrode. To investigate the surface treatment, the plasmas as a function of power,
treatment time, and plasma gasses were introduced on the polyimide substrate. The experimental results show that the
polyimide treated by dielectric barrier discharge plasma increases the wetting property. This property can be attributed
to the surface roughness and the water compatible functional groups. The roughness increases by helium plasma
treatment and can be further improved by increasing plasma power or the presence of oxygen in the helium-oxygen
mixture plasma. On the other hand, the plasma surface treatment led to formation of oxygen related functional groups
of −C−−O and −OH.

KEYWORDS: surface modification, dielectric barrier discharge, polyimide

INTRODUCTION

Polyimide represents an important class of high
performance polymers that exhibits a very high glass
transition temperature, ductility, thermal oxidative
stability [1, 2], and chemical resistance [2, 3], cou-
pled with relatively low permittivity and dielectric
losses up to very high temperatures [1, 4] and ex-
cellent mechanical properties [4, 5]. Polyimide has
been employed for use in aerospace, membranes
for gas separation [6, 7]. In electronic application,
polyimide has been used to act as substrate material
in flexible electronic technology. Hydrophobic sur-
face characteristic is a limitation on the polyimide
application, which results in poor wettability and
adhesion [8, 9]. One of feasible ways to enhance the
wetting property is by using atmospheric pressure
plasma treatment. The treatment may be able to en-
hance surface roughness and alter surface chemical
compositions with the increase of more reactive sites
or polar groups of polymer which beneficially for
stronger bonds to the matrix in the composite ma-
terial applications [10, 11]. Here, we demonstrated
the effects on a dielectric barrier discharge (DBD)
plasma treatment on polyimide surface with a he-
lium and/or helium-oxygen mixture at atmospheric
pressure.

MATERIALS AND METHODS

Polyimide film was employed as substrate. Poly-
imide is a semi-aromatic polymer, which was
cleaned by using an ultrasonic machine. The de-
tailed sample preparation procedures of the sample
surface before plasma treatment consist of some
steps: (a) the polyimide samples were cleaned by
using ethanol (CH3CH2OH) liquid, the ultrasonic
power was set at 80 watt with temperature of 33 °C
(20 min), (b) the rinsing liquid was changed by
using a new CH3CH2OH liquid, the ultrasonic power
was set at 80 watt for 10 min, and (c) the samples
were dried by using a vacuum oven for an hour with
temperature of 50 °C. During plasma treatment, the
samples were placed between cathode and anode
electrodes with interelectrode distance of 3 mm. A
13.56 MHz radio frequency power supply was used
to generate plasma discharge. These electrodes
are cooper with identical size of 113×20×22 mm
and dielectric material with thickness of 1 mm was
installed at the cathode side as shown in Fig. 1. The
plasma power was set at 200–300 W. The generated
helium and helium-oxygen mixture plasma with a
variety of oxygen content and plasma power were
employed as polyimide surface treatment.

The front view of the treated surfaces was im-
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Fig. 1 Schematic view for DBD plasma treatment at atmospheric pressure.

aged by scanning electron microscopy (SEM Phe-
nom World, Eindhoven, Netherlands). Before imag-
ing, the treated polyimide surface was coated with
a gold layer by using an ion sputtering instru-
ment (SC7620) for 30 s with setting current of
10 mA. Atomic force microscopy (NanoScope IV
SPM, Veeco, USA) was used to examine the surface
morphology of the treated polyimide surface which
was acquired by using tapping mode. Contact angle
measurement was conducted by the sessile drop
technique on the surface of the treated polyimide
surface. Deionized water drops test were carried
out on each of the samples by using 0.4 µl size
droplet on each of the testing. The wetting property
level of the polyimide treated by plasma was mea-
sured using a static contact angle analysis system
(JC2000A) from Powereach, Shanghai Zhongchen
Digital Equipment Technology, Co. Ltd., Shanghai,
China. Fourier transform infrared (FTIR) spectra
of polyimide were characterized by using Thermo
Nicolet Nexus 670 (USA), Smart iTR (Diamond
ATR) with the spectral range of 4000–650 cm−1, at
the resolution of 4 cm−1.

RESULTS AND DISCUSSION

Fig. 2 shows the SEM images of an original poly-
imide (Fig. 2a) and polyimide treated by DBD
plasma (Fig. 2b-f). A smooth surface on the
polyimide without plasma treatment was shown
(Fig. 2a). The different plasma condition affected
the roughness of the polyimide film surface. First
of all, higher source power evidently differenti-
ated the surface roughness (Fig. 2b-c). Fig. 2b is
a polyimide treated by helium plasma (4 l/min)
for 20 s with power of 200 W which shows a
surface roughness with cluster formation, whereas
the increase of plasma power to 300 W led to a
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Fig. 2 SEM images of polyimide before and after
DBD plasma treatment. (a) polyimide without treat-
ment, (b and c) polyimide treated by helium plasma
(4 l/min) for 20 s with power of (b) 200 and (c) 300 W,
(d and e) polyimide treated by helium-oxygen mixture
plasma (4 l/min He+ 10 ml/min O2) with power of 200 W
for (d) 20 and (e) 40 s, (f) polyimide treated by helium-
oxygen mixture plasma (4 l/min He+ 60 ml/min O2) with
power of 200 W for 20 s.
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uniform roughness of the surface (Fig. 2c). This
relates to uniformity of the generated plasma sheath
during the surface treatment, indicating that the
plasma discharge generated with 300 W may be able
to provide a homogeneous treatment than 200 W
[13–15]. Furthermore, polyimide surface was also
influenced by treatment time. It was shown that
polyimide treated by helium-oxygen mixture plasma
(4 l/min He + 10 ml/min O2) with power of 200 W
for 40 s (Fig. 2e) had a rougher surface compared to
shorter treatment time of 20 s (Fig. 2d). Meanwhile
in the DBD plasma generated with helium-oxygen
mixture gasses, the oxygen content can clearly affect
the treated polyimide surfaces. It was shown that
polyimide treated by helium-oxygen mixture plasma
(4 l/min He + 60 ml/min O2) with power of 200 W
for 20 s (Fig. 2f) had a rougher surface compared to
lower oxygen content of 4 l/min He + 10 ml/min
O2).

Surface morphologies of polyimide treated by
atmospheric pressure plasma were shown in Fig. 3.
The root mean square (RMS) surface roughness was
evaluated to be 0.897 nm for untreated polyimide.
With the introduction of DBD plasma, the RMS sur-
face roughness was raised to 2.288 and 4.657 nm for
polyimide treated by helium plasma (4 l/min) for
20 s with power of 200 and 300 W, respectively. The
surface roughness was further improved with addi-
tion of oxygen into the plasma. It shows the RMS
surface roughness of 6.871 nm for polyimide treated
by helium-oxygen mixture plasma (4 l/min He +
60 ml/min O2) with power of 300 W for 20 s. The
result revealed that polyimide surface treated by
DBD plasma showed rougher surface than original
surface. With the introduction of plasma treatment,
the surface roughness was raised by increasing the
plasma power. It clearly shows that polyimide
treated by helium plasma (4 l/min) with plasma
power of 300 W (Fig. 3c) was rougher than that
of plasma with 200 W (Fig. 3b). Furthermore the
surface roughness could be improved by presence
of oxygen gas with flow rate of 60 ml/min mixed
with helium (4 l/min) on the plasma discharge
(Fig. 3d). We concluded that surface roughness of
polyimide treated by DBD plasma can be improved
by increasing plasma power or oxygen content.

Fig. 4 shows the effect of plasma treatment
and ageing process as a function of time on wa-
ter contact angles as a representative for surface
wettability. The presence of hydrophilic oxygen-
related functional groups, which acts primarily to
adsorp water molecules, increases wetting property
of the surface and the water contact angle decreases
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Fig. 3 Surface morphologies of (a) polyimide without
treatment, polyimide treated helium plasma (4 l/min) for
20 s with power of (b) 200 and (c) 300 W, (d) polyimide
treated by helium-oxygen mixture plasma (4 l/min He +
60 ml/min O2) with power of 300 W for 20 s.

correspondingly [16, 17]. In the effect of plasma
treatment time, the measurement demonstrates that
the average water contact angle of the polyimide
without treatment was 81.58° and reduced to 17.42,
15.52, 12.56, 9.83 and 7.25° for polyimide treated
by helium gas DBD plasma (4 l/min) with plasma
power of 200 W for 15, 20, 25, 30 and 60 s,
respectively (Fig. 4a). It indicates that the func-
tional groups (−OH) increased due to the plasma
treatment.

Fig. 4b shows the recovering of water contact
angle as a function of time. Normally, plasma
treatments on the polymer surface are used to in-
crease hydrophilicity by increasing the surface en-
ergy. However, due to the dynamic movement at
uppermost of the surface through the rotation and
the movement of the polymer chains, the modi-
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Fig. 4 The water contact angle. (a) the water contact
angle of polyimide treated by DBD plasma with helium gas
(4 l/min, 200 W) as a function of treatment time, (b) the
evolution of the water contact angle of polyimide treated
by plasma (4 l/min He, 200 W) as a function of ageing
time.

fication effect is not permanent [18]. It shows
that the induced treatments on the wettability of
DBD plasma are temporary since the contact angle
increases with ageing time. The average contact
angle measured after treatment was 7.86° (Fig. 4b).
It increases to around 44.57° in one day and further
increases by ageing time to 53.24, 56.55, 66.79,
72.22 and 74.37° in 2, 3, 4, 5 and 6 days, re-
spectively. The recovering of water contact angle
suggests the decrease of surface free energy with
ageing time which is caused by the reorientation of
induced polar chemical groups into the bulk of the
material [19–21].

Fig. 5 shows the infrared spectra of polyimide
surface with and without DBD plasma treatment.
Plasma treatment of polymers results mainly in two
mechanisms of ablation of the polymer and/or graft-
ing of new species on the surface of the sample [18].
Chemical structure alteration of polyimide due to
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Fig. 5 FTIR spectra. (a) the spectra with wavenumber
range of 650–1800 cm−1: (P1) polyimide without plasma
treatment, (P2) polyimide treated by helium plasma
(4 l/min, 200 W, 20 s), (P3) polyimide treated by helium-
oxygen mixture plasma (4 l/min He + 60 ml/min O2)
with power of 200 W for 20 s. (b) the spectra with
wavenumber range of 3000–4000 cm−1 of (P4) polyimide
without plasma treatment, (P5) polyimide treated by
helium plasma (4 l/min, 200 W, 20 s), (P6) polyimide
treated by helium-oxygen mixture plasma 4 l/min He +
60 ml/min O2) with power of 200 W for 20 s.

the plasma treatment can be observed through the
peak change of infrared band in the region. The
formation of low-molecular-weight compounds are
produced when activated species in the plasma col-
lide with the polymer surface with enough energy
to cause the scission of the polymer chain [22].
Fig. 5a shows infrared spectra within the range
650–1800 cm−1, which characterized specific bonds
appearing around 725 cm−1 (C−−O bending) [12],
1093 cm−1 (C−O−C bond) [12], 1168 cm−1 (C−C
bending) [12], C−N stretching (two peaks i.e. 1247,
1379 cm−1) [2, 5], aromatic C−−C ring stretch (two
peaks i.e. (1501 cm−1) [5, 21], (1600 cm−1) [12]),
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1717 cm−1 (C−−O symmetrical stretching vibrations
of imide groups) [2, 5, 23], 1776 cm−1 (C−−O asym-
metrical stretching vibrations of imide groups) [5,
12, 24]. It was shown that the increase in infrared
intensity peaks of polar groups of C=O and C–
N after surface treatment of polyimide treated by
helium plasma (P2) was higher than that of oxygen-
containing plasmas (P3).

Fig. 5b shows the high resolution infrared spec-
tra within the range 3000–4000 cm−1. Infrared
spectra at 3650 and 3480 are hydroxyl O−H groups,
and secondary aromatic amine stretching vibration,
respectively [25, 28]. These intensities of stretch-
ing peak of polyimide treated by plasmas with
a helium (P5) and helium-oxygen mixture (P6)
were slightly increased compared to the polyimide
without plasma treatment. It was shown that the
O−H stretching of the treated surface can be fur-
ther improved by presence of oxygen gas on the
plasmas. The treatments with plasmas of reactive
gas such us O2 or oxygen-containing plasmas are
able to remove organic contaminants from polymer
surfaces and produce the formation of functional
groups on the surface by cracking the C−O−C or
C−−O bonds in polyimide to produce many dangling
oxygen (O) bonds [22, 26, 27]. It was shown that
the presence of O species led to the increase of
OH on the polyimide surface treated by plasma.
Band at the range of 3000–3100 cm−1 corresponds
to C−H stretching mode [25]. Hence, the carbon
structure of polyimide surface was influenced by
plasma treatment as the intensity peak of the treated
polyimide increased due to the helium and helium-
oxygen mixture plasma treatments.

It was shown that the DBD plasma treatment
enables the increase in surface roughness of poly-
imide (Fig. 3) and enhancement of the functional
groups of−OH and C−−O (Fig. 5). On the other hand
the wettability evaluation shows that the water con-
tact angle of the treated polyimide was lower than
that of the untreated polyimide surface (Fig. 4a),
which indicates the wetting enhancement on the
treated polyimide surface. The improvement on
the wettability property due to the formation of
water compatible functional groups and the surface
roughness enhancement was consistent with study
carried out by Wenzel who stated that the increase
of surface roughness will enhance the wettability
caused by the chemistry of the surface and con-
versely, in the hydrophobic surface which chemically
do not have the water compatible functional groups,
the increase of surface roughness led to reduce the
wettability [29].

CONCLUSION

In this study, characteristics of the polyimide surface
treated by plasmas were clearly changed. Plasma
treatment of polyimide raised the wetting property
of the surfaces which was demonstrated by reducing
the water contact angle. These improvements could
be attributed to the increased surface roughness
and the water compatible functional groups (−OH)
on the polyimide treated by DBD plasmas. The
water contact angle reduced by increasing plasma
treatment time. Further characterization on the
wettability showed that the wetting effect was not
permanent as the contact angle increased by age-
ing time in several days. The characterization of
chemical structure demonstrates the formation of
oxygen related functional groups of−C−−O and−OH
as indicated by increasing of the infrared intensity
peaks on polyimide treated by helium and oxygen-
containing helium plasmas.
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