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a  b  s  t  r  a  c  t

The  surface  morphology  evolution  of polyimide  (PI)  that was  treated  with  an Ar  ion beam  was  explored
using  a hybrid  ion  beam  system.  A  hole-like  nanostructure  formed  on PI  during  the Ar  ion beam  treatment
at  a  lower  fluence,  but  PI formed  3D  porous  nanostructures  with  a mean  diameter  of  ∼90  nm  at  a higher
fluence.  The  chemical  binding  energy  and  the  composition  of the  Ar ion  irradiated  PI  were  analyzed  using
vailable online 19 December 2011
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FT-IR and  XPS  spectra,  which  revealed  that  the  polymer  chain  scissioning  increased  with  increasing  Ar
ion treatment  duration,  i.e.,  fluence.  The  surface  hardness  and  the  elastic  modulus  of  PI increased  from
1.17 to 1.62  GPa  and  4.06  to 5.41  GPa,  respectively,  with  respect  to  the  Ar  ion beam  treatment  duration.

© 2011 Elsevier B.V. All rights reserved.
ardness

. Introduction

Polyimide (PI) is a well known polymer with unique proper-
ies (e.g. recyclable, light weight, flexible, good thermal stability,
nd heat and chemical resistance) as well as excellent biocompat-
bility properties. Thus, PI has become a very common polymer
n the semiconductor industry, electronics, sensors, the car indus-
ry, as well as in biomedical applications [1–3]. However, its
urface properties are not adequate in terms of wettability, elec-
rical conductivity, gas transmission, mechanical properties, such
s hardness and elasticity, or adhesion for the above mentioned
pplications. For these reasons, a variety of surface modification
echniques, such as chemical etching, plasmas, corona discharge,
on beam and others techniques, have been adopted in order
o improve the various properties of PI [4–8]. Previous reports
ave shown that the surface treatment of PI with different ion
eam/plasma irradiation affects the structural, mechanical, opti-
al, electrical, and chemical properties of PI [2,3,6–11]. Kucheyev
t al. reported that the hardness and the elastic modulus increase
hile the tensile strength decreased for PI that is irradiated with
eV  ions (H, He and C). These properties linearly depended on the
on fluence and superlinearly depended on the electronic energy
oss [10]. Additionally, during the O2 or 100 keV N+ ion beam irra-
iation of PI, the surface roughness and the peel strength increased
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more, while the contact angle decreased with respect to the ion
dose [8,11].

However, no reports have examined the effects of a low energy
(∼keV) Ar ion beam on the 3D porous surface morphological evo-
lution of PI in detail. In this work, it was reported that a low energy
broad Ar ion beam treatment created peculiar 3D porous nanos-
tructures on the PI surface. Any changes in the chemical bonds
that were caused by the Ar ion beam treatment were explored
using chemical analysis, which revealed that the chain scissioning
increased in PI with increasing Ar ion beam treatment duration. The
mechanical properties, including the hardness and the elastic mod-
ulus, were measured using Nano-indentation, and the coefficient
of friction (COF) was  determined for the PI surfaces that were cov-
ered by the nanostructure using a tribo-experiment. The improved
mechanical properties were explained in terms of the surface mor-
phology as well as the chemical composition changes that were
induced by the Ar ion beam treatment.

2. Experimental details

The Ar ion beam treatment of PI was carried out in a
hybrid ion beam system. The sample coupons with dimensions of
10 mm × 10 mm × 20 �m were placed in the ion beam chamber,
and the chamber was  evacuated to a base pressure of 2 × 10−5 mbar.
The distance between the ion source and the substrate holder was
approximately 15 cm.  Ar gas was  introduced into the end-Hall type

ion gun at a flow rate of 8 sccm, and the anode voltage was kept
constant at 1 keV with a current density of 50 �A/cm2. A radio fre-
quency (r.f.) bias voltage was  applied to the substrate holder at
−600 V with a corresponding current of 44 mA. The Ar ion beam

dx.doi.org/10.1016/j.apsusc.2011.12.042
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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ig. 1. SEM images of the untreated and Ar ion beam treated PI surfaces with (a–
reatment.

xposure time varied from 5 to 60 min, corresponding to an ion
uence ranging from 9.6 × 1016 to 11.5 × 1017, respectively. The
aching thickness or depth of the PI treated by Ar ion beam was
easured about 3.38 nm/min using an atomic force microscope

AFM, Parksystem).
The surface morphology of the Ar ion beam treated PI was

tudied using a scanning electron microscope (SEM, NanoSEM, FEI
ompany). The Ar ion induced chemical change in PI was  analyzed
sing Fourier transform infrared spectroscopy (FT-IR, Infinity Gold
T-IR, Thermo Mattson) and X-ray photoelectron spectroscopy
XPS, PHI 5800 ESCA system, Physical Electronics). A nanome-

hanical testing instrument (Triboindentor, Hysitron Inc.) with a
erkovich diamond tip (approximate radius of curvature of 150 nm)
as used to measure the mechanical properties of the Ar ion beam

reated PI surfaces. The single indentation mode was adopted in
ferent treatment durations and (f) variations in the hole size for the Ar ion beam

order to estimate the average values of the hardness and the elastic
modulus for each of the samples up to a maximum load of 250 �N.
The friction behavior of the PI sample was measured against a glass
ball with a diameter of 6 mm using a custom-made device. The slid-
ing distance was set to 1 mm at a constant speed of 10 �m/s. The
measured frictional force in the steady sliding regime was  divided
by the normal force to estimate the average coefficient of friction.

3. Results and discussion

3.1. Surface morphology studies
The SEM images of the top view of the PI samples that were
treated using the Ar ion beam are shown for different treatment
durations in Fig. 1. The pristine PI substrate did not exhibit a specific



 Surface Science 258 (2012) 3841– 3845 3843

s
f
m
(
f
i
n
m
f
i
w
t
w
e
e
b

d
a
w
i
e
a
i
t
i
r
m
g
t
p
p
n
p
3
b
t
F

3

a
a
T
t
m
r
t
p
t
w
w
o
g
c

s
t
a
a
c
t
o
w
C

Sk. Faruque Ahmed et al. / Applied

urface pattern (Fig. 1(a)), while a certain hole structure started to
orm after Ar ion beam treatment for 5 min. After Ar ion beam treat-

ent for 10 min, holes formed with an average diameter of 25 nm
Fig. 1(c)). These types of nanoscale holes are generally observed
or the chemically treatment of the heavy ion tracks of polyimide,
n filter or membrane applications [12]. Fig. 1(d) shows the 3D
anostructure that formed over the PI surface after the 30 min  treat-
ent, whereas 3D porous nanostructures formed after irradiation

or 60 min  in Fig. 1(e). The diameter of the holes increased with
ncreasing Ar ion treatment duration in Fig. 1(f). The Ar ion beam

ith a high colliding energy roughened the PI surface primarily
hrough a physical ion bombardment because of the high atomic
eight of the inert gas [8].  Also, the Ar ion treatment promoted the

tching process and the impact of the active species that was  gen-
rated in the Ar plasma, which increased the roughness as the ion
eam treatment duration increased.

The morphology changed with increasing Ar ion treatment
uration, even though the energy of the incident Ar ions was fixed
t 1 keV for the anode voltage of the ion gun. The morphology that
as induced by the ion/plasma irradiation was not only due to the

on species of the plasma but also depended on the total deposited
nergy of all of the species that were contained in the ion/plasma
nd the rate of the energy deposition as well as the ion beam
ncident angle [9,13].  During the ion irradiation on the polymer,
he radiation affected the entire range of the ion track, produc-
ng a high yield, and the bond breakage of the organic molecules
esulted in the formation of an ensemble of smaller molecules,
any of which may  be volatile [14,15]. The displacement of the tar-

et atoms by the energetic collisions can cause permanent damage
o a polymer mainly in the form of chain scissioning through the dis-
lacement of the atoms from the polymer chains, creating various
atterns of dots, steps, nano-pores, emboss-like nanostructures,
anofibers, and one-dimensional straight wrinkles to highly com-
lex hierarchical undulations [9,13,16–18]. In Fig. 1, the hole and
D porous nanostructure patterns that formed on PI were induced
y the polymer etching, and the chain scissioning and fragmenta-
ion mechanism was confirmed using the FT-IR and XPS analysis in
igs. 2 and 3.

.2. Fourier transformed infrared spectra analysis

The FT-IR spectra of the Ar ion beam treated PI samples were
nalyzed at different treatment durations in Fig. 2(a). The peaks
t 835 cm−1and 890 cm−1 were assigned to the C H deformation.
he peak at 3080 cm−1 was assigned to the C H stretching, and
he medium peak at 1470 cm−1 was assigned to the C H bending

odes [19]. The different weak, medium and strong peaks in the
egions of 1050–1250 cm−1 and 1223–1290 cm−1 corresponded to
he C O and C O C stretching bonds, respectively. The strong
eaks that were observed at 1520 and 3486 cm−1 were due to
he N H stretching, and the peaks at 1620 cm−1 and 1780 cm−1

ere caused by the C O asymmetric bond. The peak at 3625 cm−1

as attributed to the O H bond. The broad prominent bands were
bserved because of the imide stretching and the cyclic imide
roups near 1120 cm−1 and 1385 cm−1, respectively, which were
haracteristics of PI [20].

Almost all of the above-mentioned bonds were gradually scis-
ioned after the Ar ion beam treatment, which was confirmed by
he decrease in the intensities of almost all of the peaks. The relative
bsorbance I/I0 (where I0 and I are the absorbance of the untreated
nd Ar ion beam treated PI samples, respectively) of some of the
haracteristic bonds was plotted against the Ar ion treatment dura-

ion in Fig. 2(b). It can be seen that, although the relative absorbance
f all of the characteristic bonds decreased, the C H and O H bonds
ere scissioned at almost the same rate, whereas the scissioning of

 H at 890 cm−1 and the N H bonds was comparatively rigorous.
Fig. 2. (a) FT-IR spectra of the untreated and Ar ion beam treated PI and (b) changes
of  in the relative absorbance (I/I0) for different bonds with respect to the Ar ion beam
treatment duration.

On the other hand, the imide group and the C C bonds, although
scissioned, were relatively stable compared to the N H and C H
bonds.

3.3. XPS analysis

The details of the chemical bonding states of carbon, oxygen,
and nitrogen were also studied by analyzing the core-level XPS
spectra of the elements. Fig. 3(a) shows that the oxygen atomic frac-
tion increased from 13.1 to 21.4% as the Ar ion treatment duration
increased from 0 to 60 min, while the carbon and nitrogen con-
tents decreased from 80.6 to 75.8% and 6.3 to 2.9%, respectively.
In particular, the decrease in the nitrogen amount was significant
with increasing Ar ion treatment duration because of the selec-
tive sputtering of oxygen and nitrogen by the Ar ion beam and the
resulting change in the different functional bonds, such as carbonyl
(C O), imide (C N), and carboxyl (C O) [8,19].  In the XPS full spec-
tra of untreated PI (not shown here), the C1s peaks at approximately
286.4 eV for the untreated polyimide, N1s peaks at approximately
402.4 eV, and O1s peaks at approximately 532.5 eV are observed.
The C1s XPS spectra here were shifted to a lower binding energy
by approximately 1.8 eV due to an electron charging effect. Ektess-
abi and Hakamata also observed the similar type shifting of peak
position due to charging effect of Ar, O2 and N2 irradiated PI films

[20]. The C1s core level XPS spectra of the untreated and the Ar ion
beam treated PI were deconvoluted into four peaks having binding
energies of 284.6, 285.6, 286.4, and 288.5 eV for the C C/C H, C N,
C O, and C O bonds, respectively, in Fig. 3(b) [11]. Fig. 3(c) shows
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range that was estimated for the hardness and the elastic mod-
ulus of the Ar ion beam treated PI was comparable to the MeV
light ions (such as C, H and He) and the Si ions irradiated PI, even
though these values depended on the type of radiation, dose rate
ig. 3. (a) The variations in the atomic fractions of C, N and O on the PI surface from
PS  with respect to the Ar ion beam treatment duration, (b) deconvolution of the
1s peak for the untreated and 60 min  Ar ion treated PI and (c) the variations in the
ond fraction with respect to the Ar ion beam treatment duration.

he variations in the binding components of the C C, C N, C O, and

O bonds on the PI surface after the Ar ion beam irradiation. These

ariations were obtained from the integral intensities of the peaks
f each chemical bond in Fig. 3(b). The results in Fig. 3(c) were con-
istent with Fig. 3(a). As the Ar ion treatment duration increased,
ce Science 258 (2012) 3841– 3845

the C C, C N and C O bonds decreased from 43.2 to 39.4%, 38.4
to 34.1% and 12.9 to 5.4%, respectively because the C O and C N
bonds were broken. However, the increase in the components of
the C O bonds from 5.4 to 21.1% was  attributed to the rearrange-
ment of the carbon atoms through the formation of the C O C, or
C O N bonds [11]. In general, scissioning and cross-linking occur
during the irradiation of PI, and these processes depend upon the
type of radiation, the dose rate and the environment such, as ion
beam or plasma. Either cross-linking or scissioning can dominate
the affected PI layer after ion irradiation [11,21].  XPS as well as
the FT-IR analysis revealed that the chain scissioning in PI occurred
during the Ar ion beam treatment, which induced the hole and 3D
porous nanopattern structures.

3.4. Mechanical properties

Fig. 4(a) shows the variations in the hardness and the elastic
modulus of the Ar ion beam treated PI with respect to the treatment
duration for a 250 �N load. The hardness and the elastic modulus
of Ar ion beam treated PI increased from 1.17 to 1.62 GPa and 4.06
to 5.41 GPa, respectively, with increasing treatment duration. The
Fig. 4. (a) The changes in the hardness and the elastic modulus of PI that was treated
using an Ar ion beam for different treatment durations and (b) the variations in the
coefficient of friction with respect to the Ar ion treatment duration. The inset shows
the  variations in the coefficient of friction with respect to the sliding distance.
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nd environment, such as ion beam or plasma [10,22,23].  Gener-
lly the hardness and the elastic modulus of a polymer increase
hrough a cross-linking phenomena that is induced by ion beam
rradiation [10,16,23].  Shah et al. observed the chain scissioning
henomena for PI that was irradiated by 3 MeV  protons, and the
ardness increased as the fluence increased [24]. The surface hard-
ess and the elastic modulus of the PI surfaces rapidly increased for
r ion beam treatment durations of up to 30 min  and then slowly

ncreased slowly up to 60 min. These results were consistent with
he morphological evolution of the holes and the 3D morphology
efore the treatment duration reached 30 min  and the 3D porous
anostructure for treatment durations above 30 min, respectively,

n Fig. 1. Generally, the surface nanostructure of the polymer
educes the hardness as well as the elastic modulus [13,16], but the
nalysis showed that the chemical composition changed because
he Ar ion beam treatment played a dominant role in the surface
trength or hardness of PI.

Fig. 4(b) shows that the coefficient of friction (�) for PI decreased
ith increasing Ar ion beam treatment duration, and the inset

hows the changes in the coefficient of friction with respect to
he sliding distance. The decreased friction might be due to the
ncreased hardness and the surface nanostructure evolution during
he Ar ion beam treatment [22,25]. The results in Fig. 4(b) suggested
hat the nano-structures evolved after the Ar ion beam treatment,
hich reduced the contact area as the glass ball slid over the Ar

on beam treated PI surface (see Fig. 1), reducing the coefficient of
riction. Also, the coefficient of friction decreased because of the
ubricating effects of the graphite-like and carbon-rich amorphous
tructures that formed on the surface of the polymer during the ion
eam irradiation process [17,25].

. Conclusions

The evolution of the 3D porous nanostructures with a mean
iameter of ∼90 nm and the mechanical properties of the PI sur-
ace were studied using an Ar ion beam treatment for 5–60 min.
he chemical composition and the binding energy were analyzed
sing the FT-IR spectra and the XPS spectra, which revealed that
he scissioning of the various bonds in the polymer chain increased

ith increasing Ar ion treatment duration. The hardness and the

lastics modulus of the PI increased from 1.17 to 1.62 GPa and
.06 to 5.41 GPa, respectively, as the Ar ion beam treatment dura-
ion increased because of the changes in the chemical composition

[
[
[

ce Science 258 (2012) 3841– 3845 3845

during the Ar ion beam treatment. The tribo measurements showed
that the coefficient of friction decreased with increasing Ar ion
beam treatment duration.
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