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Abstract

After the atmospheric pressure plasma treatment of polypropylene (PP) film surface, we measured the contact angle of the surface by

using polar solvent (water) and nonpolar solvent (diiodomethane). We also calculated the surface free energy of PP film by using the

measured values of contact angles. And then we analyzed the change of the contact angle and surface free energy with respect to the

conditions of atmospheric pressure plasma treatment. Upon each condition of atmospheric pressure plasma treatment, the contact angle and

surface free energy showed optimum value or leveled off. Through AFM analysis, we also observed the change of surface morphology and

roughness before and after plasma treatment. The surface roughness of PP film showed the highest value when the plasma treatment time was

90 s. Finally, we analyzed the change of chemical compositions on the PP film surface through XPS. As the result of analysis, we observed

that polar functional groups, such as –CO, –C=O, and –COO were introduced on the PP film surface after atmospheric pressure plasma

treatment.
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1. Introduction

PP film is a very versatile polymer material to be

used in many industrial fields, such as the protective

film of other films, food packaging, etc. PP film is

widely used in forms of complex and blend with other

polymers because of its light and good mechanical

properties and low processing costs [1,2]. In spite of

having many good merits, however, PP film has hydro-

phobic characteristics because a basic repeating unit is

only hydrocarbon. In general, a hydrophobic film has

poor wettability, adhesion, and printability [3]. Especially

when it binds with a polar polymer, the problems like

poor adhesion and easy detachment occur because the

difference of surface free energy in the interface between

two polymers is quite large. Many studies have been

done to overcome these problems through plasma treat-
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ment [4]. One of those studies is a process using

atmospheric pressure plasma. Unlike other plasma equip-

ment, atmospheric pressure plasma can treat materials in

air without vacuum system. Also, it is possible to use

various gas species. Especially, inert gas species, such as

Ar, He, etc., are mainly used to generate plasma flame.

The electrical energy applied from plasma reactor

dissociates the inert gas into electrons, free radicals,

ions, photons, and metastable species. The free radicals

and electrons created in the plasma collide with the

material surface and rupture covalent bonds. At this

stage, free radicals created on the material surface may

then combine with oxygens and moistures in air to

provide thermodynamically preferred functional groups

on the surface. Also, inasmuch as plasma can penetrate

to only a limited depth (several molecular layers), bulk

properties of the most delicate materials remain

unchanged [5–8]. One can introduce polar functional

groups on the PP film surface after breaking C–C, C–H

bond by using the atmospheric pressure plasma treatment
logy 192 (2005) 1–10
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of PP film surface without changing bulk properties of

PP film. If polar functional groups are introduced on the

PP film surface, the wettability and surface free energy

of PP film increase. And then one can easily bind a

hydrophilic polymer film onto the modified PP film

surface [9–13].

Accordingly, in this study, we observed the change of the

surface free energy and morphology of PP film with respect

to the conditions of atmospheric pressure plasma treatment.

The parameters of atmospheric pressure plasma treatment

were plasma treatment time, plasma treatment power, and

Ar gas flow rate. We inspected how each condition of

plasma treatment influenced the surface characteristics of PP

film. Generally, the concentration of the polar functional

groups introduced on the polymer surface by plasma

treatment changes according to the outer environments, like

temperature and time. This is because polymer chain has a

higher degree of freedom at the surface than in the bulk.

And the polymer chain shows a tendency to be reoriented or

recovered to the original condition. Because plasma treat-

ment is mainly used to modify surface rather than bulk, it is

important to inspect the aging effect of polymer chain on the

surface with respect to exposure time in air [14]. Therefore,

we also observed the change of the contact angle and

surface free energy with respect to aging time in air after

atmospheric pressure plasma treatment.
Fig. 1. The schematic diagram of an atmo
2. Experimental

2.1. Materials and equipment

A transparent PP film of isotactic polypropylene(IPP)

with a thickness of 80 Am, a melt index of 11 g/min, and

a density of 0.9 g/cm3 offered by Korea Petrochemical

Ind. was used. Distilled water and ethyl alcohol were

used for cleaning PP film. Distilled water and diiodo-

methane were used for contact angle measurements. PP

film was cut into small pieces of 3�3 cm and cleaned

with ethyl alcohol and distilled water before plasma

treatment. The cleaned samples were kept in the vacuum

desiccator.

An atmospheric pressure plasma reactor with a relatively

low power ranging from 30 to 500 W was used. This

equipment generating plasma with radio frequency (RF)

power of 13.56 MHz was developed by Plasmart. A

schematic diagram of an atmospheric pressure plasma

reactor used in this study was presented in Fig. 1.

2.2. Plasma treatment of PP film

The cleaned PP film was put on the sample die of an

atmospheric pressure plasma and fixed up below glow

discharge. Plasma treatment time, range, and rate were set
spheric pressure plasma apparatus.



Table 1

The surface free energy (cL), dispersion (cL
d), polar (cL

p) components, and x1�4 coefficients for the probe liquids

Liquid cL(mJ/m2) cL
d(mJ/m2) cL

p(mJ/m2) x1 x2 x3 x4

Water 72.8 21.8 51.0

Diiodomethane 50.8 48.5 2.3

Water and diiodomethane 1.53 7.80 0.22 3.65
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by using digital sensor. The film samples were treated with Ar

gas plasma.

Each PP sample was treated by using the following

conditions: treatment time of 30, 60, 90, 120, and 150 s, RF

power of 40, 70, 100, 130, 160, and 190 W, Ar gas flow rate

of 3, 6, 9, 12, 15, and 18 l/min (LPM). Aging time in air was

fixed up by 5 min until the measurement of the contact

angle after plasma treatment of PP film. The effects of an

atmospheric pressure plasma treatment with respect to each

parameter were surveyed by changing only one variable.

2.3. Contact angle measurement and surface free energy

calculation

The contact angle of the plasma-treated PP film was

directly measured by face manual contact angle meter

(Model CA-D/DT/A). The volume of the drop placed with

microsyringe on the PP film surface was 3 mm3. The

readout of contact angle was performed within 30 to 60 s for

all measurements. The remaining 10 were used to calculate

the arithmetic mean except the maximum and minimum

value of the 12 measured contact angles.

The surface free energy of PP film was calculated with

the measured contact angles. Owens–Wandt geometric

mean equation modifying Fowkes equation in more general

forms was used for calculating the surface free energy in this

study [3,12,15,16]. The known values of two liquids (water

and diiodomethane) are presented in Table 1.
3. Results and discussion

3.1. Effect of plasma treatment time on the change of the

contact angle and surface free energy

The change of the contact angle and surface free

energy with respect to plasma treatment time is presented

in Table 2 and Fig. 2, respectively. The change of the
Table 2

The average contact angles of water and diiodomethane with respect to

plasma treatment time (plasma power, 100 W; Ar gas flow rate, 6LPM;

aging time, 5 min)

Plasma treatment time (s)

0 30 60 90 120 150

Water (8) 111.48 79.63 73.42 65.82 72.30 70.19

Diiodomethane(8) 55.08 44.54 41.80 35.30 43.91 41.94

Fig. 2. The change of the surface free energy with respect to plasma

treatment time (plasma power, 100 W; Ar gas flow rate, 6 LPM; aging time

5 min).
contact angle and surface free energy with respect to

plasma treatment time is measured at every 30 s from 0

to 150 s. When other plasma treatment conditions except

time are fixed up, the contact angle showed the lowest

value at 90 s, and the surface free energy showed the

highest value at 90 s. The contact angle in 120 and 150 s

after passing over 90 s increased, and the surface free

energy in 120 and 150 s after passing over 90 s

decreased. Therefore, the surface modification of PP film

by atmospheric pressure plasma is more lucrative in a

relatively short plasma treatment time.

3.2. Effect of plasma treatment power on the change of the

contact angle and surface free energy

The change of the contact angle and surface free energy

with respect to plasma treatment power is presented in

Table 3 and Fig. 3. In the same manner, after fixing up

other plasma treatment conditions except RF power, the

change of the contact angle and surface free energy with

respect to plasma treatment power was measured with

increasing the power from 40 to 190 W. As presented in

Table 3, both water contact angles and diiodomethane

contact angles decreased until plasma RF power became

100 W. Both water contact angles and diiodomethane

contact angles increased after passing over 100 W. The

contact angle with respect to plasma treatment power

showed the lowest value at 100 W. The surface free energy
,



Table 3

The average contact angles of water and diiodomethane with respect to plasma power (plasma treatment time, 90 s; Ar gas flow rate, 6LPM; aging time, 5 min)

Plasma treatment power (W)

0 40 70 100 130 160 190

Water (8) 111.48 75.38 73.66 65.82 67.29 68.73 72.58

Diiodomethane(8) 55.08 51.33 39.26 35.30 38.73 41.72 34.88
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showed the highest value when plasma treatment power

was 100 W. Consequently, the surface modification of PP

film by an atmospheric pressure plasma is the most ideal at

the relatively low power of 100 W.

3.3. Effect of Ar gas flow rate on the change of the contact

angle and surface free energy

Ar gas flow rate is an important parameter to control the

density of the plasma generated in the plasma reactor [15].

While other plasma treatment conditions except Ar gas flow

rate were fixed up, the change of the contact angle and

surface free energy with respect to Ar gas flow rate was

measured with increasing Ar gas flow rate from 3 to 18

LPM.

As shown in Table 4 and Fig. 4, the lowest value of the

contact angle appeared at 6 LPM. The contact angles above

6 LPM increased a little more than those of 6 LPM. Also,

the surface free energy showed the highest value at 6 LPM.

Therefore, the introduction of the polar functional groups on

the PP film surface is advantageous at the Ar flow rate over

at least 6 LPM.

3.4. The overall effects of plasma treatment conditions

The overall effects of plasma treatment conditions, such

as time, power, and Ar gas flow rate, on the change of
Fig. 3. The change of the surface free energy with respect to plasma

treatment power (plasma treatment time, 90 s; Ar gas flow rate, 6 LPM;

aging time, 5 min).
surface free energy show that the surface free energy

increases due to the contribution of dispersion component

but not polar component. In other words, the contribution

of oxygen containing polar functional group on the surface

free energy is rather small. This reason can be explained

by structural characteristic of PP film. PP film is composed

of a hydrocarbon backbone and side methyl groups.

In Fig. 5, the change which can occur on the PP film

surface during plasma treatment is simply presented by three

steps. It is likely that PP film surface forms cross-linked

network structure or is oxidized by the mechanism, as

shown in Fig. 5.

At first step, because the stability by the electron-

donating effect of the near alkyl group is the highest in the

tertiary carbon atom, the tertiary carbon radical is quickly

formed by the abstraction of the tertiary hydrogen. The

quickly formed tertiary carbon radicals react with radicals

in the near polymer chain. And then cross-linked network

structure is formed on the polymer surface.

At the second step, after the hydrogen on the secondary

carbon is abstracted by plasma, oxygen containing func-

tional groups, such as –C–OH, –CO–OH, and –C=O are

introduced on the polymer surface. It is considered that

surface oxidization by plasma is mainly occurred at

secondary carbon site in this step.

At the third step, there are two possible reactions. One is

that the radical generated by the abstraction of tertiary

methyl group forms three dimensionally cross-linked

structures by reacting with the near polymer chain. The

other is that the process of surface oxidization proceeds a

little more by the abstraction of hydrogen in the methyl

group. However, for carboxyl group to be introduced on the

polymer chain by the abstraction of the primary hydrogen in

the methyl group is more difficult than the reaction oxidized

by the dissociation of other bonds. Therefore, a small

amount of carboxyl group (–COOH) appears on the

polymer surface. This result can be proved by the XPS

analysis of plasma-treated PP film. After plasma treatment,

while the amounts of –C–O and –C=O are a little high by

15.3%, the amount of carboxyl group (–COOH) introduced

on the PP film surface is very low by 1.2%. This fact

indicates that the reaction, which is oxidized after the

abstraction of hydrogen from methyl group having primary

carbon atom, is more difficult than that from secondary

carbon atom.

According to the above mechanism, the surface free

energy change of PP film can be summarized as follows.



Table 4

The average contact angles of water and diiodomethane with respect to Ar gas flow rate (plasma treatment time, 90 s; plasma power, 100 W; aging time, 5 min)

Ar gas flow rate (l/min)

0 3 6 9 12 15 18

Water (8) 111.48 80.10 65.82 69.29 67.59 70.76 71.64

Diiodomethane (8) 55.08 51.97 35.30 43.56 41.15 38.55 41.36
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When the surface of PP film is treated by atmospheric

pressure plasma under a particular condition, it forms cross-

linked network structure due to the intrinsic structural

characteristics, and it results in the fast decrease of molecular

orientation in the macrostructure of polypropylene surface.

As the molecular orientation decreases on the surface, the

dispersion interaction (induced dipole–induced dipole inter-

action) between a nonpolar liquid (diiodomethane) and the

polypropylene surface rapidly increases [2,4,12,19]. The

dispersion contribution did not show any significant increase

above those conditions. It is considered that the molecular

orientation of macrostructure does not change a lot above

those conditions.

On the other hand, the surface free energy increases just a

little due to the contribution of polar component. This is

because the introduction of oxygen containing functional

group mainly occurs at the secondary carbon atom, and the

amount of the polar functional group to be introduced in the

other site is very small. Although the change of the dispersion

component by cross-linking is not noticeable after 30 s, the

amount of polar groups formed on the polymer surface

linearly increased until 90 s and did not change a lot at the

treatment conditions over 90 s. This means that the

introduction of polar group continuously proceeds in the

secondary carbon site or methyl group regardless of cross-

linking of surface until 90 s. After reaching an equilibrium

state due to the formation and the simultaneous breakage of

polar groups, the polar contribution is leveled off [2]. Thus,

we could confirm that the polar contribution did not change a

lot at the treatment conditions over 90 s, 100 W, and 6 LPM.
Fig. 4. The change of the surface free energy with respect to Ar gas flow

rate (plasma treatment time, 90 s; plasma power, 100 W; aging time, 5 min).
Before and after plasma treatment, the change of the contact

angle and surface free energy is compared, as shown in Table

5. As presented in Table 5, we could see that the surface free

energy was more affected from the nonpolar component

rather than from polar component.

In summary, the dispersion interaction contributes more

than the polar group contribution on the change of surface

free energy with increasing the plasma treatment conditions,

such as time, power, and Ar gas flow rate. However, we

would like to clarify the following fact. The mechanism

presented in Fig. 5 is the simplest model. The above

mechanism does not include all possible reactions, which

can occur on the PP film. In real system, polymer

structure is more complex than those depicted in Fig. 5.

When the PP film is treated by plasma, three-dimensional

network structure to be formed on the surface is more

complex than Fig. 5. This is because the long polymer

chain is entangled by single-bond rotation. Also, it cannot

be said that the above mechanism orderly proceeds. Just in

the first step, cross-linking reaction by the abstraction of

hydrogen in the tertiary carbon atom occurs so fast, and

all steps proceed nearly in the same time. However, it is

considered that there are no big differences in the basic

bond dissociation mechanism, which occurs when PP film

is treated by plasma, such as the stability order, tertiary

carbon radicalNsecondary carbon radicalNprimary carbon

radical.

3.5. Effect of aging time in air on the change of the contact

angle and surface free energy

As mentioned above, the concentration of the functional

groups introduced on the polymer surface by plasma

treatment changes with respect to time while depending

on environment and temperature. This is because the

polymer chain has much greater mobility at the surface

than in the bulk. Therefore, the polar functional groups

introduced on the surface eventually orients to the inside of

the polymer. Reversely, the low-molecular-weight fragments

rearranges into the surface to reduce the interfacial energy

[1,10–12,17,18].

In our study, the change of the contact angle and surface

free energy with respect to aging time in air was surveyed

from 0 to 90 min at room temperature under the atmosphere

of low-energy medium like air. To investigate the effect of

aging time in air, other plasma treatment conditions were

fixed up as follows: the treatment time of 90 s, the power of

100 W, and the Ar gas flow rate of 6 LPM. These were the



Fig. 5. Functionalization and cross-linking mechanism on the PP film surface with respect to plasma treatment.
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optimum conditions showing the lowest contact angle and the

highest surface free energy in the former experiment.

Table 6 and Fig. 6 present the aging effect in air upon time

after plasma treatment. The contact angle showed the lowest

value at 5 min. Also, the surface free energy showed the

highest value at 5 min. The contact angle and surface free

energy after 5 min did not change a lot. It is considered that

showing the lowest contact angle and the highest surface free

energy at 5 min is because the polar functional groups

unstably introduced on the surface are oxidized to form

peroxide by reacting with oxygen or water in air. Therefore,

the polarity of PP film surface becomes the highest at 5 min.

The surface free energy, however, does not show any

significant changes with respect to the increase of aging time

in air, except the increase at the initial stage of until 1 min and
Table 5

The comparison of contact angle and surface free energy between original PP and

pressure plasma-treated PP (plasma treatment time, 90 s; plasma power, 100 W;

Sample Water (8) Diiodomethane (8) Polar (mJ

a 114.48 55.08 0.29

b 65.82 35.3 10.51
the increase due to the polar contribution at 5 min. It is

considered that the polar functional groups are restricted in

their mobility because of cross-linking of surface polymer

chains [12]. The mobility of polar functional group decreases

because of cross-linked structure at the surface, and the

rearrangement of polar functional groups formed on the PP

film surface occurs little with increasing aging time in air.

Thus, the plasma-treated polypropylene surface can still

maintain the polar functional groups formed on the surface by

atmospheric pressure plasma treatment.

3.6. XPS analysis

To analyze the change of chemical compositions on the

PP film surface and the chemical binding state, XPS(ES-
atmospheric pressure plasma-treated PP; (a) original PP and (b) atmospheric

Ar gas flow rate, 6LP M; aging time, 5 min)

/m2) Nonpolar (mJ/m2) Surface free energy (mJ/m2)

16.97 17.26

36.38 46.89



Table 6

The average contact angles of water and diiodomethane with respect to aging time in air (plasma treatment time, 90 s; plasma treatment power, 100 W; Ar gas

flow rate, 6LP M)

Aging time in air (min)

0 1 3 5 10 30 60 90

Water (8) 111.48 72.56 72.44 65.82 70.88 72.40 74.38 72.22

Diiodomethane (8) 55.08 42.51 39.15 35.3 41.17 40.29 42.80 40.42
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CALAB MK II, V.G Scientific East Grinstead, UK, [Mg Ka

1253eV, 90]) was used. We compared original PP (a) with

plasma-treated PP (b), as shown in Fig. 7. The plasma

treatment conditions of 90 s, 100 W, and 6 LPM, which

showed the highest value of the surface free energy, were

used for preparing a sample (b).

Table 7 shows quantitative atomic percent concentration

and ratio of samples (a) and (b). The obvious change between

samples (a) and (b) is that oxygen contents of 2.998% in the

original PP increased to oxygen contents of 9.034% for

plasma-treated PP. Namely, after plasma treatment, the

percent ratio of O/C increased from 3.177% to 10.188%.

From Table 7, we can confirm that the polar functional

groups containing oxygen are introduced on the PP film

surface. Fig. 7 presents the survey spectra of the samples (a)

and (b). Through Fig. 7, we can know that C1s peak

decreases a little while O1s peak relatively increases.

Fig. 8 presents the graph separating the peak of the

samples (a) and (b) in the C1s level through curve fitting. As

shown in Fig. 8(a), one peak at binding energy of 285.2 eV

represents the peak of the hydrocarbon. The low peak at the

binding energy of 286.5 eV corresponds to the binding

energy of the –CO bond. It is considered that the low peak

corresponding to the binding energy of the –CO group

appears due to the oxidization of original PP film in air or

intrinsically contained oxygen in the original PP film [1].

Fig. 8(b) shows three peaks at the binding energy of 286.8,

287.9, and 289.8 eV and one peak at the binding energy of
Fig. 6. The change of the surface free energy with respect to aging time in

air after plasma treatment (plasma treatment time, 90 s; plasma power, 100

W; Ar gas flow rate, 6 LPM).
285.4 eV. These peaks correspond to each –CO, –C=O, –

COO, and C–C/C–H bond. From Fig. 8, we could confirm

that the polar functional groups containing oxygen with

higher binding energy were introduced on the PP film after

atmospheric pressure plasma treatment [10,16,18].

Table 8 shows the percent peak area of samples (a) and

(b) calculated from C1s core level spectra. While the

amount of weakly oxidized –CO in sample (a) decreased

by 7.4%, in sample (b), the amounts of –C=O and –COO

corresponding to high binding energy increased by 7.9%

and 1.2% in the plasma-treated sample (b). Relatively, in

sample (b), the amount of hydrocarbon decreased by

83.5% due to the increase of oxygen.

3.7. AFM analysis

The surface morphology of PP film with respect to

plasma treatment time was surveyed. The conditions of

plasma treatment were fixed at 100 W and 6 LPM. Only

treatment time was changed at every 30 s from 0 to 150

s. The area surveyed for AFM analysis was 5�5 Am.

Three points at each sample were measured and

averaged.
Fig. 7. XPS survey scan spectra of original PP (spectrum (a)) and plasma

treated PP (spectrum (b)).



Table 7

Atomic percent concentration and ratio of original PP and atmospheric

pressure plasma treated PP; (a) original PP and (b) atmospheric pressure

plasma-treated PP

Sample C N O Si O/C

a 94.369 0.694 2.998 1.938 3.177

b 89.318 0.792 9.037 0.851 10.118

Table 8

Percent peak area of XPS C1s core level spectra of original PP and

atmospheric pressure plasma-treated PP; (a) original PP and (b) atmospheric

pressure plasma-treated PP

Sample C–C/C–H C–O C=O COO

a 89.6 10.4 – –

b 83.5 7.4 7.9 1.2
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As shown in Fig. 9, at first, the surface is etched

sharply. Again, the sharp peaks are etched roughly.

Generally, this phenomenon repeats periodically [10,15].

The small peaks increase until 60 s. The rough peaks

appear between 90 and 120 s. Finally, the surface at 150 s

becomes a little smoother than the surface of original PP

film. Table 9 presents the values of RMS roughness and

averaged RMS roughness of each PP film. Fig. 10 is a

graph showing the averaged RMS roughness with respect

to treatment time. From Fig. 10, we can know that the

surface roughness at 90 s rapidly increases, which

represents the highest roughness value.
Fig. 8. C1s spectra of original PP (a) and plasma-treated PP (b).
It is very difficult to draw certain correlation between the

change of RMS roughness and the change of surface free

energy with respect to plasma treatment time. This is because

the change of RMS roughness observed through AFM

occurs due to the peaks under microlevel in the region of

5�5 Am, while the structure affecting the surface free energy

of PP film is analyzed under macromolecular level. It is

considered that the RMS roughness is affected more due to

big and high peaks than small and low peaks. As shown in

Fig. 9, the surface roughness rapidly increased because of the

big and high peaks formed at the treatment time of 90 s.

These big and high peaks eventually become small peaks

through etching as the treatment time increases. This process

repeats periodically.
4. Conclusions

We got the following conclusions from our experiment.

When the conditions of the plasma treatment were the

treatment time of 90 s, the power of 100 W, the Ar gas flow

rate of 6 LPM, and the aging time of 5 min in air, the contact

angle showed the lowest value, and the surface free energy

showed the highest value. The change of the surface free

energy with changing plasma treatment conditions is mainly

affected by the contribution of nonpolar group rather than that

of polar group. Although polar groups are formed on the

surface through plasma treatment, the amount of polar groups

formed becomes constant above certain plasma treatment

conditions. This reflects the plasma characteristics are mainly

affecting surface property. The amount of polar groups

formed is leveled off after reaching an equilibrium state due

to the formation and the simultaneous breakage of polar

groups above certain plasma treatment conditions. The
Table 9

RMS roughness of PP film with respect to atmospheric pressure plasma

treatment time

Treatment

time (s)

RMS roughness (2) Average RMS

roughness (2)

0 45.0 47.0 59.3 50.4

30 40.2 49.7 66.7 52.2

60 31.8 38.2 75.6 48.5

90 65.6 96.2 107 89.6

120 56.3 58.4 58.6 57.8

150 32.4 36.3 49.4 39.4



Fig. 9. The surface morphology of PP film with respect to plasma treatment time.
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surface free energy change of PP film is mainly affected by

fast cross-linking on the surface.

The polar group formed on the surface of PP film treated

by plasma under the conditions of 90 s, 100W, and 6 LPMdid

not show any significant changes with respect to aging time in

air. This is because the mobility of polar groups weakens due

to the cross-linking of the film surface treated under those

conditions. Thus, it is considered that controlling the degree

of cross-linking and the amount of polar group on the surface
Fig. 10. The change of average RMS roughness with respect to plasma

treatment time.
acts as a major role to control the aging effect in air and

surface wettability.

Through XPS analysis, we qualitatively and quantita-

tively confirmed that the polar functional groups, such as

–CO, –C=O, and –COO were introduced on the PP film

surface after an atmospheric pressure plasma treatment.

As shown in the survey scan spectra of XPS, the percent

of oxygen containing groups increased from 2.998% to

9.039%. The increase was limited. It is considered

because the polar groups are mainly formed from the

abstraction of hydrogen in secondary carbon atom, and

the formation and disappearance rate of polar groups

become equilibrated.

Finally, AFM results showed the highest RMS rough-

ness value at the treatment time of 90 s, the power of

100 W, and the Ar gas flow rate of 6 LPM. The PP film

surface showed a tendency to be preferably smooth after

long treatment time. The change of the surface roughness

with respect to plasma treatment time repeats periodically

according to the formation and disappearance of the peak

due to the etching. We did not observe a certain

correlation between the change of RMS roughness and

the change of the surface free energy with respect to

plasma treatment time. It is considered because the

change of RMS roughness observed through AFM occurs

due to the peaks under microlevel, while the dispersion

interaction due to the orientation of macromolecular level

affects the change of the surface free energy.
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