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The polycarbonate film (PC) surface was treated using glow discharge low-pressure air plasma. The modified surface was charac-
terized by contact angle, FTIR, XRD, AFM, and XPS analysis. The surface-modified samples were further investigated using T-peel
test for technical applications. The surface energy of the sample was estimated by measuring contact angle. The results show that,
after plasma treatment, the root mean square (RMS) roughness of PC film was gradually increased with exposure time. Plasma
treatment modified the chemical composition of the polymer surface and it made the surface to be highly hydrophilic. It was found
that the air plasma treatment increases the polar component of PC film.

1. Introduction

Polymers are generally macromolecules formed by the re-
peated linking of large number of small molecules. Polymers
are widely used in automobile, defense, electrical, and com-
puter components and so forth [1]. Nowadays organic poly-
mers are usually replaced by traditional engineering material
such as metals, glasses, and ceramics because of their good
characteristic features in physical and chemical aspects [2].
The low-surface energy of polycarbonate results in poor
adhesion of additional coatings, which leads the manufac-
turers to face more technical challenges [3]. Because of their
superior performance and low-cost the polymer-based mate-
rials are used in many areas. To modify polymer surfaces low
temperature, low-pressure plasma is commonly used [4]. In
modern days, various methodologies were developed to con-
vert polymer surface for enhanced wettability, adhesion, and
so forth, [5]. To modify the surface properties of polymers,
low-pressure cold plasma treatment is commonly used as
a dry process. The effect of plasma treatment depends on
internal and external parameters like type of plasma (DC, RF,
or microwave), the discharge power density, pressure, and

flow rate of the gas or gas mixture and exposure time [6]. The
surface of the polymer is activated during plasma treatment,
which brings about the chain session of the existing groups
on the surface of the polymer and creates new functional
groups such as –OH and –OOH [7, 8]. Air plasma is used to
increase polar functional groups (hydroxyl, carboxyl, ether,
carbonyl, etc.) which can successfully increase the surface
free energy of the polymer [9]. In the recent years the surface
treatment of PC was performed by many researchers to make
suitable polymer surfaces for adhesion [10]. In this work PC
films were treated with DC glow discharge air plasma under
different exposure times with an intension of improving the
intrinsic low-surface properties. The difference in hydro-
philicity of plasma-modified PC film was characterized by
measuring the contact angle as a function of treatment time.
The surface morphology of the modified PC film was ana-
lyzed using atomic force microscopy (AFM). The change in
crystallinity of the plasma-modified PC film surface was in-
vestigated by the X-ray diffraction (XRD) analysis. The che-
mical bonding on the surface of the film and functional
groups were found using XPS analysis. The surface adhe-
sion properties of surface-treated PC were widely studied
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Table 1: Operating parameters for plasma processing.

Discharge potential — 400 V

Discharge power (input) — 10 W

Pressure — 0.2 mbar

Exposure time — 1–25 min

Electrode separation — 3 cm

Plasma gas — Air

Samples — Polycarbonate film

using T-peel strength measurement for technical applica-
tions.

2. Experimental Setup and Methodology

Polycarbonate films of 160 μm thickness were cut into
5 cm × 5 cm sections for plasma treatment. PC films were
ultrasonically washed in acetone and with distilled water for
15 minutes and then dried before plasma treatment. DC glow
discharge plasma of low pressure was generated in a glass
chamber of 29 cm length and 10 cm internal diameter size.
Vacuum of 10−3 mbar was maintained inside the chamber
using a vacuum pump. Required vacuum was maintained
using fine control gas needle valve. Pirani gauge was used
for pressure measurement. Circular-shaped electrodes made
of aluminum with a diameter of 5 cm were fixed inside the
chamber. The electrodes were separated by a distance of 3 cm.
Air was used as the reactive gas. High-tension dc power sup-
ply of 1.5 KV was used. The PC films were placed perpen-
dicular to the discharge axis between the parallel electrodes
using a holder. The discharge potential and base pressure
were 400 V and 0.2 mbar, respectively. The operating param-
eters are listed in Table 1.

The weight of the sample was measured before and after
the plasma treatment, to estimate etching effects on the sur-
face layers of PC films using a microbalance and the loss
noticed was plotted against exposure time. The plasma-etch-
ing effect expressed by weight loss was calculated using the
following expression [11]:

Weight loss (%) =
⎡
⎣
(
Wut −Wpt

)

(Wut)

⎤
⎦× 100, (1)

where Wut and Wpt are the weight of untreated and plasma-
treated samples, respectively.

The contact angle is defined as the angle between a
solid-surface and tangent of a liquid-vapour interface of a
liquid drop. The hydrophilicity of a solid-surface is usually
expressed in terms of wettability that can be estimated by
contact angle measurements. It is a simple and convenient
method to determine the surface wettability. Contact angles
are influenced by interfacial tension, roughness, and molec-
ular orientation in the polymer material.

The angle of contact was measured using sessile drop
method and surface energy was estimated. The liquids water
and glycerol with known γp (polar component) and γd (dis-
persive component) were used for calculating the surface
energy of PC film. The height (h) and radius (r) of the liquids

Table 2: Surface energy of liquids.

Liquid γ1 (mJ/m2) γd1 (mJ/m2) γP1 (mJ/m2)

Distilled water 72.8 21.8 51.0

Glycerol 64.0 34.0 30.0

were measured by using microscope and the contact angle
was calculated using the following equation [12]:

Contact angle (D) = sin−1(2rh)
(r2 + h2)

. (2)

Three readings were taken at different places of the sam-
ple surface and an average was determined. The error in the
measurement of contact angle was found to be ±2◦. Simi-
larly, the contact angle measurements were carried out with
respect to glycerol. The values of polar and dispersive com-
ponents of testing liquids are given in Table 2.

The polar and dispersive components of the surface
energy of the polymer film surface were calculated using the
Fowkes approximation [13]

γ1(1 + cos θ) = 2
(
γd1γ

d
s

)1/2
+ 2
(
γ
p
1 γ

p
s

)1/2
, (3)

where θ is the contact angle of testing liquids, γ1 is the liquid
surface tension, and γ

p
1 and γd1 are the polar and dispersive

components of the test liquids. Similarly, the solid-surface
tension (γs) is expressed in terms of its polar and dispersive
components

γs = γ
p
s + γds . (4)

The adhesion work Wadh, a quantity related to the surface
wettability, was estimated using the relation

Wadh = γ1(1 + cos θ). (5)

The surface polarity (P) of the plasma-treated polymer
films was estimated using the expression

P = γ
p
s(

γ
p
s + γds

) , (6)

where γs (mJ/m2) is the total surface energy of the polymer
film, and γ

p
s and γds (mJ/m2) are the polar and dispersion

components of surface energy of the polymer film [14].
FTIR spectra were taken for untreated and plasma-

treated PC samples to analyze the variation in absorption
bonds. The crystalline structure of the polymer films was in-
vestigated using XRD. The polymer crystallinity was evalu-
ated from the ratio of the diffraction peak areas before and
after the plasma treatment.

The surface morphology of PC films was analyzed by
atomic force microscopy (AFM). The difference in root mean
square (RMS) of the vertical Z-axis value, within the area of
observation, was noted as the change in surface roughness
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Figure 1: Treatment of air plasma results in loss of weight of PC
film.

of the plasma-treated polycarbonate film. The RMS can be
calculated using the following equation [15]:

RMSxy =

⎡
⎢⎢⎣

N∑

xy=1

((
Zxy − zaverage

)2
)

(N2)

⎤
⎥⎥⎦

1/2

, (7)

where Zaverage is the average Z-axis value within the observed
area, Zxy is the local Z-axis, value and N indicates the num-
ber of points observed. Every surface-roughness value was
calculated as the average of minimum 10 measurements, in
the different areas of observation on PC film surfaces.

XPS spectra for untreated and plasma-treated PC films
were taken to estimate the variation in surface elemental
composition [16].

To study the effect of plasma treatment on adhesion, that
is, to understand the effect of hydrophilic groups on bonding
strength, a standard T-peel test was carried out using CRE
machine at a rate of 100 mm/min at room temperature. For
the test a transparent adhesive tape of 5 cm width was pasted
over a length of 17 cm on the PC film. T-peel test was carried
out after fixing one end of the sample in one jaw and the
adhesive tape with a piece of paper adhered to it in another
jaw. The bond strengths were reported as force of peel per
unit length of sample width [17, 18].

3. Result and Discussion

3.1. Weight Loss Study. The interaction of ions, electrons,
and energetic species of neutral atoms with the surface of
polymer films causes rapid removal of low-molecular con-
taminants such as additives, processing acids, and adsorbed
species. The process is called plasma-etching. After plasma-
etching, ablation of polymer chain starts. This is either due
to the physical removal of molecules or fragments or the
breaking up of bonds, chain scission, and degradation pro-
cesses [19]. This causes loss in the weight of the film.
Figure 1 shows that the treatment of air plasma results in loss
of weight of PC film, which increases with treatment time.
The amorphous region of the PC surface undergoes more
etching process than the crystalline region [20–22]. Plasma
treatment removes etchable amorphous material from the
top layer of PC surface retaining the bulk properties which
reduces the etching rate.
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Figure 2: Variation of contact angle with respect to treatment time.

3.2. Contact Angle, Surface Energy, and Work of Adhesion.
The variation in contact angle of PC films for different
treatment times and for different test liquids is shown in
Figure 2. It shows that the contact angle on the untreated
surface is 70.3◦ and 67.3◦ for distilled water and glycerol,
respectively. The contact angle values considerably reduced
after the plasma treatment even for short exposure times
(3 min) shifting them to lower values 61.2◦ and 58.5◦ for
water and glycerol, respectively. The contact angle values do
not change significantly with longer exposure times although
slightly smaller values are observed for exposure times in the
25-minute range.

The PC film surface becomes more hydrophilic due to
plasma treatment and the decrease in contact angle is relative
to the rate of chemical changes taking place.

The adsorption characteristics of PC surface depend on
the adhesion work. It controls all the physical interfacial
changes happening on the polymer surface. The work adhe-
sion (Wadh) and polarity were calculated using (5) and (6).
It was observed that work adhesion Wadh and polarity of
the untreated PC films were 97.3 mJ/m2 and 0.702. After
25-minutes of plasma treatment the values increased to
136.72 mJ/m2 and 0.803, respectively.

Figure 3 shows a plot of surface energy γs from the mea-
sured contact angles on the PC surface as a function of ex-
posure time. Plasma treatment appears to increase the sur-
face energy upto 25 minutes exposure time. Similar trend was
observed for the polar component (γ

p
s ), it was mainly due to

the incorporation of polar groups such as CO, COO, and OH
[23, 24]. The properties such as wettability, adhesion strongly
depend upon the surface energy.

3.3. FTIR Analysis. FTIR spectra were taken for PC samples
both untreated and plasma-treated as shown in Figure 4.
The characteristic absorption bonds as observed from the
untreated sample were identified as (A) C–O stretching vib-
ration, (B) C=O stretching vibration, and (C) CH3 stretching
vibration. The absorption bonds C–O and C=O increase due
to plasma treatment which also create unsaturated –C=C–
bonds.
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Figure 3: Surface energy of PC film with respect to treatment time.
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Figure 4: FTIR spectra of untreated and treated PC film.

3.4. XRD Results. XRD spectra were used for analyzing the
crystalline structure of PC film. The ratio of diffraction peak
areas before and after plasma treatment was used for the
analysis of crystal structure. The peak was more intense for
the treated film due to the increase in crystallinity. There were
no major changes in the shape or position of the diffraction
peaks after plasma treatment (Figure 5 and Table 3).

3.5. Surface Analysis: AFM Results. The surface modification
as well as the change in morphology of the PC film was
measured by AFM analysis. Figure 6 shows the AFM images
of the untreated PC film and treated film exposed to air
plasma for different time duration. Figure 6(a) shows the
surface of the untreated PC film which is comparatively
smooth. Figures 6(b), 6(c), and 6(d) show that the surface
roughness of the PC film increased after plasma treatment
which indicates the improvement in wettability and bonding
strength.

It was observed that the values of root mean square
(RMS) roughness increase when treatment time increases
as shown in Figure 7. The plasma treatment removes few
monolayers from the surface of polymer film increasing the
roughness which in turn improves wettability and bonding
strength. The adhesion depends strongly on the type of polar

Table 3

Pos.
[◦2Th.]

Height
[cts]

FWHM
[◦2Th.]

D-spacing
[Å]

Rel. Int.
[%]

Before plasma treatment

17.0848 162.40 4.0000 5.18576 100.00

After plasma treatment

17.0320 561.29 4.0000 5.20171 100.00

XRD pattern of PC film
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Figure 5: XRD spectrum of untreated and plasma-treated PC films.

functional groups attached to the plasma-modified PC sur-
face.

3.6. XPS Analysis. The XPS spectrum of the plasma-treated
and untreated PC film is shown in Figures 8(a) and 8(b). It
was observed that C1s and O1s were dominant components.
After plasma treatment, the intensity of O1s peak increases
and C1s peak decreases in the surface of the PC film. The
inclusion of the oxygen-containing polar groups onto the
polymer surface may be the reason for the increase in hy-
drophilic property. Since the PC film was treated in air
plasma, some nitrogen-containing group was added onto the
surface. For the untreated PC film, there is no peak due to
N1s but for the plasma-treated, there is a small peak. The
atomic concentration of the N1 element increases.

Increase in oxygen content and decrease in carbon con-
centration were observed on the PC surface. Figures 9(a)
and 9(b) show the C1s and O1s peaks, respectively, of the
high resolution XPS spectra of the untreated PC sample.
The amounts of chemical bonds present in the film were in
proportion to the area of individual peaks. Figures 10(a) and
10(b) show the C1s and O1s peaks of polycarbonate sample
treated with air plasma.

The C1s are represented by three Gaussian functions
which correspond to the different bonding states 284.5 eV
aromatic C–H, 285.0 eV aliphatic C–H, C–C, and 286.24 eV
aromatic C–O correlated in Figure 9(a). The O1s were se-
parated in two components corresponding to the binding
energy 531.72 eV C=O and 533.01 eV C–O as shown in
Figure 9(b).

The plasma-treated PC films showed additional C1s
peaks at 287.54 eV, 288.24 eV which may be due to C=O/O–
C–O, O–C=O, and O–CO–C groups, respectively [25]. After
plasma treatment, the C–C groups decrease, C–O and addi-
tional oxygen-containing functional group increases with
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Figure 6: AFM image of (a) untreated (b) 3 min treated (c) 5 min treated and (d) 10 min treated PC films.
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Figure 7: Variation of RMS value with respect to treatment time.

respect to treatment time. These polar groups are responsible
for the increase in the surface hydrophilicity of the PC films.

3.7. Adhesion Analysis. Both the plasma-treated and un-
treated samples were tested to understand the effect of hydro-
philic groups on bonding strength using T-peel test. For the
untreated PC film, the peel strength was noted as 2 N/cm and
for the 10-minute plasma-treated PC film, the peel strength
was 3 N/cm, which indicates the increase in bond strength
due to plasma treatment. The plasma treatment of polymeric
surface is commonly believed to be effective because it creates
wettable polar surfaces on which the adhesive may spread
spontaneously and thus provide extensive interfacial contact.
The treatment of polymer film in a plasma environment
incorporates hydrophilic groups, which contribute to the

XPS spectrum of PC films
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Figure 8: XPS spectrum of untreated and plasma-treated PC film.

increase in wettability. As a result, the adhesion layer spreads
on the surface more easily. Moreover, when these functionali-
ties come into contact with adhesive material, it forms a weak
bond due to Van der Waal’s force. This force of attraction
between the plasma-treated polymer surface and adhesive
material contributes to the absorbed increase in bonding
strength. AFM images reveal the increase in surface rough-
ness and hence the increase in effective surface area due to
plasma treatment. There was mechanical anchoring of adhe-
sive on the surface of the PC film [26].

4. Conclusion

Low-pressure soft plasma treatment has been used to modify
the PC film surfaces. It was found that the plasma treat-
ment modified the surfaces both in chemical composition
and morphology. The plasma treatment increased polar



6 International Journal of Polymer Science

Untreated PC 1s

Peak Area FWHM GL%

0

1

2

290 288 286 284 282

Binding energy (eV)

285 eV

286.242 eV

284.502 eV

90962.23

11195.95

2090.806

1.23 eV

1.07 eV

0.37 eV

48%

60%

25%

C

Posi iont

(a)

Peak Area FWHM GL%

0

1 533.012 eV

531.722 eV 38209.27

8391.929

1.21 eV

1.21 eV

65%

70%

Binding energy (eV)

Posi iont

536 534 532 530538

Untreated PC O1s

(b)

Figure 9: XPS spectra of (a) C1s peak (b) O1s peak of untreated PC film.

Peak Area FWHM GL%

0

1

reated PC 1sC

Binding energy (eV)

2

3

4

285.012 eV

286.242 eV

284.592 eV

287.542 eV

288.432 eV

66011.36

11308.25

2431.252

2963.122

1.25 eV

1.26 eV

0.5 eV

0.83 eV

0.83 eV

46%

73%

27%

81%

85%

290 288 286 284 282

Posi iont

reated PC 1sT

283 .0823

(a)

Peak Area FWHM GL%

0

1

531.556 eV

533.166 eV

69794.65

3094.773

1.99 eV

1.06 eV

37%

92%

536 534 532 530

Binding energy (eV)

528

Posi iont

reatedreatedT PC O1s

(b)

Figure 10: XPS spectra of (a) C1s peak (b) O1s peak of plasma-treated PC film.

functional groups onto the surface of the PC film causing
decrease in contact angle and increase in surface energy. The
FTIR spectra showed the increase in absorption bonds due
to plasma treatment. AFM and XRD characterization studies
showed increase in surface roughness and increased crys-
tallinity on the PC film. XPS analysis detected polar groups
on the PC film. The plasma treatment enhanced the bond
strength of the PC surface as indicated by T-peel strength test.
This proves that the adhesion can be improved by plasma
treatment. All the changes in PC surface made the films more
hydrophilic.
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