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Abstract: The atmospheric pressure He-H2O plasma jet has been analyzed and its effects on the
Kapton polyimide surface have been investigated in terms of discharge power effect. The polyimide
surfaces before and after plasma treatment were characterized using atomic force microscopy (AFM),
X-ray photoelectrons spectroscopy (XPS) and contact angle. The results showed that, increasing the
discharge power induces remarkable changes on the emission intensity, rotational and vibrational
temperatures of He-H2O plasma jet. At the low discharge power ≤5.2 W, the contact angle analysis
of the polyimide surface remarkably decrease owing to the abundant hydrophilic polar C=O and
N–C=O groups as well as increase of surface roughness. Yet, plasma treatment at high discharge
power ≥5.2 W results in a slight decrease of the surface wettability together with a reduction in the
surface roughness and polar groups concentrations.
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1. Introduction

Nowadays, flexible electronics, such as wearable health monitoring devices, flexible solar cells,
medical implants, and flexible displays, have great interest over the conventional silicon-based
semiconductor technology as it is easily conform to curved surfaces and is stretchable [1,2].
The widespread applications of flexible electronics has resulted in active research in the polymer-based
electronics [3–6]. Polyimide is considered to be a promising flexible substrate due to its excellent
optical, mechanical, thermal stability and low dielectric constant properties [7,8]. Yet, it is seldom
used in its pristine form, as pristine polyimide surface is usually inert and partially hydrophobic.
Thus, the inherited polyimide surface characters lead to poor wettability and/or a weak inter-facial
interaction between polyimide (as flexible substrate) and the metal/semiconductor pattern. That is
why surface modification of the polyimide is an important process which enables full usage of the
relatively excellent polyimide’s bulk properties [9].

So far, various surface treatment techniques have been proposed to modify polyimide
surface, such as wet chemical treatment [10,11], ultraviolet radiation graft [12], laser and ion
beam treatment [13,14]. Wet chemical treatment improve the surface roughness and hence yield
better mechanical interlocking. The increasing environmental awareness and time constraints has
prompted searching for new eco-friendly technology to improve surface characteristics of polyimide
surface. Plasma technology has been proposed as an efficient technique to modify surfaces [15–20].
Plasma technology of surface modification has an advantage as it is dry, efficient, rapid, clean with
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no residual solvents, and its surface penetration limited to several angstroms [18]. In contrast to laser
and UV radiation treatment methods, plasma can introduce a wide range of functional groups on
the polyimide surface. Plasma is composed of a reactive species such as ions, electrons and radicals.
These active species interact with the exposed surfaces and expect to induce modifications to the
surface morphology as well as the surface chemistry. The route of surface modifications depends on
the plasma discharge parameters. In other words, the specific mechanism or the role of plasma species
on polymer surface treatment is still a debatable issue. For better control of the treatment processes,
it is essential to correlate between the discharge parameters and the physical and chemical properties
of the polyimide surface. To the authors’ knowledge, the effect of the discharge power on the plasma
parameters as well as the polyimide surface has not been addressed yet. Plasma plays a crucial role in
heating the polymer to be treated. Thus, accurate measurement of the gas temperature in the plasma is
vital, since gas temperature strongly influences the sample bulk properties. At atmospheric pressure
conditions, the gas temperature is comparable to the rotational temperature Trot of gas molecules
owing to their fast collisional relaxation [21]. In the current work, polymide polymers samples are
treated by atmospheric pressure He/H2O plasma mixture. The plasma treatment was performed at
various discharge power values, fixed treatment time of 30 s and gas flow rate. The pristine and plasma
treated polymide samples were characterized by atomic force microscopy (AFM), X-ray photoelectron
emission spectroscopy (XPS) and contact angles (CA) measurements.

2. Materials and Methods

The atmospheric pressure plasma jet APPJ set-up is shown in Figure 1. The APPJ set-up is similar
to that described in [18]; The discharge power (18 kHz) is applied to a tungsten wire (1 mm diam.)
placed at the center of a quartz capillary tube of 2.5 mm in diameter. The tungsten wire acts as a
power electrode, while the grounded electrode is a copper strip wrapped on the outer diameter of
quartz capillary tube. The discharge generated inside the quartz tube then with gas flow, it can be
blown outside the tube orifice. The He-H2O vapour mixture is introduced to the plasma jet via a
bubbling system containing distilled water, carried by a secondary He flow. The H2O vapour content
in the He-H2O vapour plasma jet is adjusted to be 0.15% of the total flow rate. The total He-H2O flow
rate delivered at a flow rate 10 L/min is controlled by (Darhor) flow meter. The discharge power V
waveform at the discharge electrode was measured using high-power probe 1000:1 (P6015A), directly
attached to the tungsten wire; while the discharge total current I was monitored using current probe
(Tektronix TCP202, Tektronix, OR, USA). The total discharge power (Vp−p) and current waveforms
are displayed on digital oscilloscope (DPO4054B, Tektronix, OR, USA). The polyimide samples to
be treated were cut-off from commercial Kapton tape, washed by deionized (DI) water in ultrasonic
cleaner for 10 min and dried. The samples were placed on glass plate at distance of 5 mm from the
jet orifice.

The plasma emission spectra were measured using a Ocean Optics USB2000 spectrometer (Ocean
Optics, Winter Park, FL, USA) equipped with a intensified charge-coupled device (ICCD), with a
spectral range of 240–900 nm. The 2nd positive system of N2 (C3Πu − B3Πg),4ν = −1 in range of
345–362 nm, have been used to determine the Trot and Tvib using SPECAIR software (version 3.0) [22].
The chemical composition of the pristine and plasma treated polyimide surfaces were measured by
X-ray photoelectron spectroscopy, using a flood gun for charge compensation. The XPS spectra and
data analysis including peak fitting were performed by Thermo Avantage software (version 5.932).
The surface morphology of the pristine and plasma treated polyimide films were investigated with
atomic force microscopy (AFM, Bruker Icon Dimension, Billerica, MA, USA), with ultra-sharp silicon
tip. The images were collected utilizing contact mode operated in the open air. For contact angle
measurements 10 µL of blue ink, deionized (DI) water and glycerol were dropped individually on the
top of polyimide samples and the contact angle was estimated using sessile drop technique with a
digital microscope.
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Figure 1. Schematic diagram of the experimental set-up for He-H2O atmospheric pressure plasma
processing.

3. Results and Discussion

3.1. Electrical and Optical Characteristics of He-H2O Plasma Jet

A typical example of the total power-total current waveforms of the He-H2O plasma mixture is
presented in Figure 2a, in which the mixture total flow rate was set at 10 L/min. The He-H2O gas
mixture generates a very uniform discharge (plasma plume) as peaks are smooth and filamentary free
over the entire discharge powers. The discharge power (W) is calculated by integrating the product of
the discharge power and current over one cycle; according to the following equation (T = period of
the discharge):

Fig.2
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Figure 2. (a) Typical discharge power-total current waveform and (b) the discharge powers and the
peak current dependence of discharge power at a fixed flow rate.

W =
1
T
·
∫ T

0
I(t)V(t)dt (1)

with I(t) and V(t) being the measured power and current waveforms. As seen in Figure 2b both
consumed power and the discharge current increases almost linearly as the applied discharge power
increase. When the discharge power varies from 3.8 to 6.2 kV (Vp−p), the consumed discharge power
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increases from 4 to 12.5 W and the measured total current is from 22 to 40 mA. The linear increment of
both currents and dissipated power reflects the homogeneous nature of the discharge, i.e., streamer free.

The in situ diagnostics of the active species existing in the He-H2O plasma mixtures helps
to understanding the chemical/physical processes involved in the plasma-polyimide surface
interaction. Figure 3a depicts an emission spectrum in the wavelength range of 290–800 nm from an
atmospheric-pressure He-H2O plasma jet. The He-H2O mixture plasma spectra is clearly dominated by
He I atomic lines; 388.8, 438.8, 501.6, 587.6, 667.8, 706.5, and 728.1 nm. The spectral lines of He spectra
are identified using the NIST atomic spectra database [23]. Moreover, several molecular nitrogen
spectral bands in the range 330–420 nm, atomic oxygen O I at 777.41 nm and weak atomic hydrogen
Hff at 656.3 nm can be seen in the emission of the He-H2O plasma jet. The existence of OI , OH, N2,
Hff spectrum are inheriting as the air molecules interact readily with the He plasma jet and therefore
many dissociation processes occur. Fortunately, the presence of these excited species in the plasma
composition are very favorable in the surface treatment process. The spectral intensity of He I line
706 nm that indicates the presence of high-energy electrons is more intense than helium metastable
(spectral lines 388.8 and 501.6 nm), over the complete spectrum range. Thus, we conclude that only the
generated atoms or radicals modify the polyimide surface and contribute to hydrophilization.
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Figure 3. (a) Optical emission spectra of atmospheric pressure He-H2O plasma jet during treatment of
polyimide at a fixed flow rate of 10 L/min; (b) Peak emission intensities of N2 337, He 706 and OI 777
nm dependences of discharge power.

Figure 3b shows the emission intensities of OH (307.2 nm), He I (706.5 nm), N2 (337.1 nm) and
O I (777.2 nm) excited species dependences on the discharge power at a fixed He-H2O total flow
rate 10 L/min. As expected emission intensity of the considered plasma species are increased as the
discharge power is increased. Increasing the discharge power results in enhancement of the number
of high-energy electrons (∼12 eV). In consequence, these energetic generates more excited plasma
species through collisions with He atoms as well as the ambient air molecules. The spectral band of N2

(337.1 nm) has the highest intensity probably due to their low excitation energy (<12 eV). Helium atom
metastable penning ionization quenching with the surrounding N2 and O2 in the background air is
another factor to decrease the emission intensity of He lines.

The second positive system (SPS) N2(C3Πu − B3Πg) band spectra has been used as probe to
evaluate the vibrational Tvib and rotational Trot temperatures of the He-H2O plasma mixture. As seen in
Figure 4a, an excellent reproduction of the measured SPS N2 spectra was obtained for Trot = 376 K and
Tvib = 1650 K. The effect of discharge powers on the Tvib and Trot is displayed in Figure 4b. At the lower
discharge power, the Trot is almost equal to room temperature, and thus in thermodynamic equilibrium
with the background gas and hence can be equated with the gas temperature. Yet, since Tvib� Trot this
implies that the plasma is non-thermal equilibrium which is favorable for plasma enhanced chemistry.
As the discharge powers increases the Tvib and Trot increases from 3100 to 3650 K and 295 to 350 K,
respectively. As Tvib accounts for the energy transfer from high-energy electrons to other plasma
species, the increase of Tvib with discharge power suggests an increase of the discharge benefit for
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surface treatment. The increment of both Trot and Tvib with discharge power is probably a consequence
of the increase of the population of the higher-lying vibrational levels of the N2(C3Πu) radiative states
(see in Figure 3a).
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Figure 4. (a) Measured and synthetic spectra of the SPS of nitrogen in the spectra range 342–360 nm
(∆ν = −2), for He-H2O plasma mixtures; (b) Relationship between discharge power and vibrational
and rotational temperatures of at fixed gas flow rate.

3.2. Surface Characterization

3.2.1. Hydrophilic Effect Induced by Plasma at Various Discharge Powers

The adhesion characters of the the Kapton polyimide surface can be speculated using contact
angle (CA) measurements. As Figure 5 shows, the contact angles θ of pristine polyimide was ranging
from 52o–69o for blue ink, DI water and glycerol, respectively. Such high CA values characterize the
hydrophobic character of the pristine polyimide. The CA decreases rapidly after He-H2O plasma
treatment for 30 s at discharge power of 5.2 W. This confirms the improvement of Kapton surface
wettability, even for low discharge power as 5.2 W. As discharge power increases further up to 12.4 W,
the contact angles of the respective liquids slightly increased to higher values irrespective of liquid type.
The reduction in polyimide CA after He-H2O plasma treatment imply physical/chemical modifications
of the polyimide surface upon plasma treatment. The slight increment of the polyimide CA with the
plasma discharge power suggests that, the higher discharge power value is not favorable as plasma
parameter for polymer surface treatment.
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Figure 5. Contact angle θ measurements as a function of discharge power at conditions of total flow
rate 10 L/min and treatment time of 30 s for three various liquids.
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3.3. AFM Surface Morphology

To identify the possible morphological modifications of the polyimide surface upon plasma
treatment, AFM images have been taken. Figure 6 shows 3D-AFM images of the pristine polyimide
and plasma treated polyimide at varius discharge power. The scanned surface area for all polyimide
samples were 5× 5 µm2. The 3D-AFM image of the pristine polyimide surface shows no regular
features, meanwhile, plasma-treated ones reveal non-uniform node-like structure with relative
roughness varying with the discharge power. In other words, the discharge power significantly
affects the roughness of the plasma-treated polyimide surfaces. In general, it is expected that the
plasma excited species by interacting with polyimide surface either through polymer chain scission or
grafting radicals onto the polyimide surface enhance the polymer surface roughness [24]. The rougher
surfaces typically result in increase in mechanical interlocking with adhesives i.e. increase surface
wettability. The surface roughness Ra (evaluated from the AFM images) for pristine polyimide was
11.8 nm, and it changes to 266, 143, 100, 44.4, 41.7 nm for plasma discharge power of 5.2, 6.2, 8.0,
9.6 and 12.4 W, respectively. It is evident that, the low discharge power is more effective in altering
the polyimide surface morphology. The reduction in polyimide surface roughness with increasing
the plasma discharge power might be due to an increase in the surface mobility induced by high gas
temperature as observed in Figure 4b. Alternatively, cross-linking is another mechanism that is used to
reduce the surface roughness. Cross linking of polymer chain molecules increases with UV radiation.
The UV components of the plasma emission (λ ≤ 400 nm) increases with discharge power as seen in
Figure 3a,b. Therefore, we can conclude that the low discharge power induces more roughness surface
in compare with the high discharge power.

Figure 6. 3D-AFM images of polyimide before and after He–H2O plasma treatment at various discharge
power conditions and at a fixed gas flow rate and treatment time of 30 s.
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3.3.1. X-ray Photoelectron Spectra Analysis

X-ray photoelectron spectroscopy (XPS) technique is used to investigate the chemical composition
of the sample surfaces. Table 1 summaries the atomic concentration of C 1s, N 1s and O 1s as well as the
N/C and O/C ratios for the pristine and plasma treated polyimide as a function of discharge power.
The N/C and O/C ratio for plasma treated polyimide samples remarkably depends on the discharge
power. The N/C ratio from 6.8% (pristine) to 12.85% at plasma discharge power increased up to 9.6 W,
then it is slightly decreased to 11.8% as discharge power increased to 12.4 W. While, the O/C ratio
remarkably increased and peaked at 5.2 W, then it decreased as discharge power increased further.
The decrease of the O/C ratio at higher discharge power ≥5.2 W probably due chain scissions and
formation of low weight volatile byproducts such as CO or CO2. The O/C and N/C ratio values
for untreated and treated polyimide are comparable to the values reported by Inagaki et al. [25].
In general, the increase of the N/C and O/C ratio on the polyimide surface upon exposure to the
plasma is a clear evidence that plasma induces surface functionalization of the polyimide surface.
Moreover, the plasma discharge power control the type/intensity of functional groups created on
the plasma-treated polyimide surface. The concentration of the N and O based functional groups
affects the hydrophilicity efficiency of the polyimides surface. The increment of N/C ratio with plasma
discharge power results from N radical formation on the polyimide surface during plasma treatment.
Figure 3 shows the remarkable increase of the intensity of nitrogen band spectra as discharge power
increased. These results verify that the diffused air plays an important role in the performance of
atmospheric pressure plasma jet.

Table 1. XPS elemental analysis of the pristine and plasma-treated polyimide as a function of discharge
power at He-H2O flow rate of 10 L/min and treatment time of 30 s.

Discharge Power (W) C 1s (%) O 1s (%) N 1s (%) O/C (%) N/C (%)

0 71.6 23.9 4.52 33.3 6.3
5.2 58.3 36 5.7 61.7 9.8
6.2 60.9 32.7 6.4 53.7 10.5
8.0 61.8 31.2 7 50.5 11.3
9.6 63.4 28.5 8.1 45.0 12.8
12.4 66.6 25.40 8 38.1 12.0

To evaluate the type of the functional groups on the polyimide surface upon the plasma treatment,
we performed fitting for the high-resolution XPS peak spectra of C 1s, N 1s and O 1s as seen in
Figure 7a,d,g. All binding energy values were corrected to C 1s≈ 284.08 eV. The relative concentrations
of these components are shown in the Table 2. The C 1s peak of the pristine polyimide sample can
be resolved into four main components; peak at 284.08 eV assigned to C-C aromatic carbon; peak at
285.0 eV represents carbon atoms linked to nitrogen (C–N or C–N–C), peak at 286.0 eV assigned to
carbon atoms linked to oxygen (C–O) and finally peak at 288.0 eV assigned to carboxylic groups C=O
or N–C=O [9,26,27]. The N 1s spectrum exhibited two peaks; N–C–C at 398.9 eV and N–C=O from
amide group at 399.65 eV (Figure 7 (N 1s)). Further, the O 1s spectrum of the pristine polyimide
exhibited two peaks: O=C or O=C–N at 531.9 eV assigned to carbonyl and C–O at 532.8 eV as seen in
Figure 7 (O 1s).

After plasma treatment at various discharge power, the high resolution C 1s, N 1s and O 1s spectra
of the plasma treated-polyimide samples were observed to broaden and the peak position shifted
towards higher binding energy values. This observation suggests incorporation of oxygen-nitrogen
functional groups on the polyimide surface upon plasma treatment. Furthermore, the widening in
the N 1s and the asymmetry of O 1s for treated samples reveals an increased disorder on the surface.
Hence, changes of chemical groups that form the N 1s and O 1s spectra. The C 1s spectra of the treated
samples preserve the same four components (C–C, C–N–C, C=O and N–C=O) as for the pristine
sample, however, with varying intensity. In addition, a low-intensity peak (shake-up) around 291 eV
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assigned to π∗ can be seen in Figure 7 (C 1s). The N 1s spectra of the plasma-treated polyimide can be
resolved into 3 peaks at; 399.1 eV (C–N or C=N), 399.9 eV (N–C=O) amide group and 401.1 eV that
assigned to N-H2 (amine). The H atoms probably came from the H2O dissociation in the He-H2O
plasma jet. The O 1s peak resolved into two peaks: C=O (or N–C=O) carbonyl group at 531.9 eV and
C–O at 532.9 eV [27].

Table 2. Relative percentage of functional groups composed of high resolution C 1s, N 1s, and O 1s
spectra of the pristine and plasma-treated polyimide as a function of discharge power. Same discharge
conditions as Table 1.

Discharge Power (W)
C 1s

C–C (%) C–N (%) C–O (%) N–C=O (%) π − π (%)

0 47.8 12.1 3.7 6.6 0
5.2 23.3 15.5 4.9 12.1 0.5
6.2 26.2 16.0 3.8 13.3 0.75
8.0 26.6 16.7 3.5 13.94 1.2
9.6 29.0 18.3 2.4 12.26 1.5
12.4 30.3 21.9 1.73 11.5 1.5

Discharge Power (W)
N 1s O 1s

C–N (%) N–C=O (%) N-H2 (%) C=O (%) C–O (%)

0 2.0 1.7 0.0 16.24 9.9
5.2 2.2 2.8 0.75 20.4 15.4
6.2 2.3 3.6 0.95 17.8 14.2
8.0 2.5 4.0 0.9 15.1 14.6
9.6 2.6 4.0 0.7 15.7 12.7

12.4 3.0 3.7 0.5 13.6 12.6
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Figure 7. High resolution C 1s, N 1s and O 1s spectra of polyimide before and after He-H2O plasma
treatment, at various discharge power, a fixed gas flow rate and treatment time of 30 s.

The behavior of the C 1s, N 1s and O 1s components intensity with plasma discharge power are
remarkable as seen in Table 2. The C–C or (C=C) bond intensity remarkably decreases from 47.8% to
23.3% as discharge power increased to 6.2 W, beyond which it is slightly increased to 30.3% as discharge
power increased up to 12.4 W. The C–N–C bond intensity continuously increases with the discharge
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power from 12.1% to 21.9%. Meanwhile, both of C–O and C=O (N–C=O) bonds intensities increases
rapidly and show plateau peak, then slightly decreases as discharge power increases. The bonding
energy of the C–N, C–C and C–O bonds are 3.5, 3.6 and 3.7 eV, which are lower than that of C=O
bond (11.09 eV). This suggest a chain breaking at the C–N–C, C–C and C–O bounds induced by
plasma species. The remarkable increment of the nitrogen bonds (C–N and N–C=O ) on plasma-treated
polyimide surface attributed to the rich nitrogen species on the plasma as observed in Figure 3; nitrogen
active species properly bonded to carbon atoms at defected sites of the treated polyimide surfaces.
Alternatively, it may be due to the rearrangement of N on the polyimide surface due to plasma
interaction with the surface [28]. The slight increase of the C–C or(C=C) bond ratio at high discharge
power ≥6.2 W may be due to the cross-linking [9] caused by the abundance of UV radiation existed in
the He plasma emission as seen from Figure 3. The UV photons (λ ≤ 400 nm) remarkably increases as
the plasma discharge power increased. The high resolution N 1s and O 1s spectra components shows
similar dependences on the discharge power as that of their comparable components of C 1s as seen in
Table 2.

From these results, it can be concluded that at the low-moderate discharge power the plasma
functionalization of polyimide surface takes place through breakage weak covalent C–N and C–O
bonds which results in opening the imide ring. Later, it is saturated with other free oxygen/nitrogen
species and forming various nitrogen/oxygen containing functional groups. These groups that
containing oxygen/or nitrogen bonded to carbon are polar and tend to improve the hydrophilic
properties of polyimide surface. The shift in the peak binding energy for carbon and nitrogen spectrum,
as well as the higher percentage of the O=C bond in the O 1s spectra, is another indicator of opening
the imide ring and conversion of surface imide to amide functional groups through oxygenation and
amination of the C–N bond.

4. Conclusions

In this work, an atmospheric pressure plasma jet generated in He+H2O mixtures has been
investigated as well as their effects on polyimide surface. The electrical characteristics shows that
the input power and discharge currents increases with the increase of the discharge power. Different
radicals and excited species produced in the plasma jet have been identified. The Trot and Tvib of
He+H2O plasma mixtures are measured by OES. The optical characterization shows that, the emission
intensity of various species, Trot and Tvib, increase with discharge power, which indicates that
the input power generates new plasma species as well as heating the plasma. The Trot is much
lower than Tvib, and thus non-equilibrium plasma is favorable for plasma polyimide processing.
The polyimide CA rapidly decreases after plasma treatment for 30 s and at low discharge power of
5.2 W irrespective of liquid type. Increasing the discharge power slightly increases the polyimide CA.
AFM images revealed an increased roughness of polyimide surface treated at low power of 5.2 W,
however, the maximum roughness of the treated samples decreases as the discharge power increased,
which supports the CA observations. XPS analysis identified polar groups such as C–O, N–C=O,
C=O and other nitrogen containing functional groups such as C–N and NH2 on the plasma treated
polyimide surfaces. The plasma-functionalized polyimide surface promote adhesion for subsequence
interlayers deposition processes. The concentration of the polar groups (C–O, N–C=O, C=O) decreases
as discharge power increases beyond 5.2 W. High discharge power increases high gas temperature,
hence increases molecules surface mobility leading to reduced the surface roughness. In addition,
it generates strong UV emission that results in increasing the cross-linking of the C–C bond which
decreases the hydrophilic polar group concentrations i.e. high discharge power condition decreases
the plasma functionalization efficiency of polyimide surface.
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