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Surface Modification of Polystyrene by Femtosecond Laser Irradiation
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In this paper, the effect of laser fluence on polystyrene (PS) surface wettability was investigated.
It was found that the PS surface could be modified into highly hydrophilic with water contact angle
(WCA) of 12.7° from the original WCA of 88.2° with micro-pits created on the surface. It was also
found that the laser texturing process had a negligible effect on the transparency of the laser textured
PS substrate probably due to the shallow surface structure created. The effect of various laser pa-
rameters on the micro-pits structures was investigated. The correlation between the surface water
contact angle and the micro-pits structures has been attempted.
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1. Introduction

Polymer surface wettability modification to either hy-
drophilic or hydrophobic has various applications. For in-
stance, a hydrophilic surface can improve the surface wet-
tability and adhesion, which can be applied in coating and
joining applications. A super-hydrophobic surface with low
hysteresis has a self-cleaning function, which is similar to
the lotus leaf surface. Polymer surface modification has
become an actively studied area recently [1-4]. Polystyrene
(PS) is a widely used polymer in biotechnologies and mi-
crofluidics. Controlled surface wettability modification of
PS is highly desirable for PS based biomedical and micro-
fluidic devices. Different treatment methods can be used
for polymer surface modification, such as the electron
beam irradiation[5], plasma treatment [6; 7], ion beam
treatment [8; 9] corona discharges [10], wet-chemical etch-
ing [11], and laser irradiation. Laser irradiation is a non-
contact clean technique compared with other surface treat-
ment methods. Ultrashort pulsed laser are increasingly em-
ployed for polymer surface treatment recently due to its
short pulse duration and high laser intensity. The thermal
effect is minimized and it can treat the material in a local-
ized position with high precision. Owning to its high laser
intensity, it can be applied to treat different materials in-
cluding polymers, metals and semiconductors [12-18]. In
this investigation, we demonstrated that infrared femtosec-
ond laser could induce highly hydrophilicity on PS material
surface through laser direct irradiation under different pro-
cess parameters. The effects of laser fluence on surface
morphology and its surface wettability were investigated.
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2. Experimental set-up

A commercial polystyrene sheet with a thickness of 1.2
mm was used in the experiments. The PS samples were
treated with a Ti:Sapphire based fs laser (Quantronix inte-
gra-C, USA) with a central wavelength of 795nm. The la-
ser pulse duration was 130fs with a maximum power out-
put of 1.5W and the repetition rate was fixed at 1 KHz. The
beam profile was approximately Gaussian and it was fo-
cused to the sample surface by a Scanlab galvanometer
scanner. The focal spot size was around 30 pm in diameter.
The laser treatments were conducted in an ambient air en-
vironment at room temperature of around 21°C and relative
humidity of around 60%. The PS sample surface was treat-
ed under different laser fluence. The surface properties af-
ter laser treatment were analyzed using X-ray photoelec-
tron spectroscopy (XPS) (ESCALAB 250Xi, Thermo Sci-
entific, UK), optical microscope (ZEISS Axioskop 2 MAT)
and optical profilometer (Alicona, USA). A sessile drop
method was applied in the surface water contact angle
(WCA) measurement. WCA was measured by using VCA
Optima (VCA-2500XE AST Products, Inc. USA) with a
fixed water droplet size of 1 pl.

3. Experimental results and discussion

PS surface was scanned at a high scanning speed: 200
mm/s with a fixed repetition rate at 1 KHz. The hatching
line spacing was fixed at 200 pm. A matrix of pits was cre-
ated with pitch density of 200 um. The laser fluence was
varied from 1.5 J/em? to 193.9 J/em?. The effect of laser
fluence on water contact angle was shown in Fig.1. As laser
fluence increased the surface water contact angle decreased
to highly hydrophilic (around 12.7°) from original 88.2°,
this was due to the created pits on the surface. With pits
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created on the surface, water droplet can easily penetrate
into the surface. Thus the surface became hydrophilic. The
effect of laser fluence on the size and depth of the pits was
depicted in Fig. 2. The radius of pits increased from 8.86
pum to 21.04 um as fluence increased from 4.8 J/cm? to
36.6 J/cm?2. The depth of pit was increased from 0.98 pm to
2.79 pm with fluence increased from 4.8 J/cm? to 36.6
J/cm?. Since the depth of pits was pretty small, the trans-
parency of material was maintained after laser treatment
which will be discussed later.
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Fig. 1 Surface water contact angle at different laser fluence.
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Fig. 2 Radius and depth of pits at different laser fluence.

As shown in Fig.2, the radius and depth of pit increased
with laser fluence. The increased size of pit further influ-
enced the water contact angle of PS surface. The effect was
shown in Fig.3. The increasing radius and depth of pit
made the water droplet easier to penetrate into the surface.
Thus the surface became more hydrophilic as the size of pit
increased. The water contact angle decreased to around 20°
when the depth of pit increased to 2.79 pm.

The effect of the pit matrix density on surface wettabil-
ity was also investigated as shown in Fig.4. The scanning
speed was varied from 200 mm/s to 700 mm/s, and the
spacing between the pits was varied from 200 um to 700
um. The water contact angle increased from 15° to 80° as
the spacing between the pits increased from 200 um to 700
pm.

Water contact angle (%)

Fig.

{w) joy jo yd

/
-

|

|

I|

|
-
l_/
-

P
(17}

Fluence (Jicrn’}

3 The changing of WCA and depth of pit with laser

fluence.
a0
80 .
704 *
5 60 §
2
o 5
E -
£ a0+
& (]
g 30~
204
W
10+
T T - T T » T o T
200 300 400 500 800 T00

Pit distance {pm)

Fig. 4 Effect of pit distance on surface WCA

Fig. 5 Pits created under different laser fluence at a) 0 J/cm? b)
23.1 J/cm? and ¢) 48.4 J/cm? measured by an optical microscope.
The scanning speed was fixed at 200mm/s with hatching density
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at 200 pm).
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As shown in Fig. 5, the laser treatment created micro-
pits array surface pattern on the originally-hydrophilic PS
surface with a WCA of around 88.20. The micro-pits pat-
tern increased the surface roughness even though most of
the material area is unprocessed, so the water droplet can
easily penetrate into the surface and the surface becomes
more hydrophilic and even super hydrophilic. This is fol-
lowing Wenzel’s model that surface roughness amplifies
the wettability, which means that with increasing surface
roughness, a hydrophilic surface will become more hydro-
philic and even superhydrophilic and a hydrophobic sur-
face will become more hydrophobic and even superhydro-
phobicity.

One advantage of this method is that the material main-
tains highly transparent after laser treatment as shown in
Fig. 6. Six areas inside the red rectangular were treated at
different laser fluence: 193.9 J/cm?, 169.5 J/cm?, 130.2
J/em?, 86.5 J/cm?, 48.4 J/cm?, 23.1 J/cm? with a water con-
tact angle of 12.70°, 15.04°, 15.87 °,16.95°, 17.19° and
38.82° respectively. The transparency of pristine PS was
around 90% in visible wavelength. After laser treatment,
the transparency drops to 85% to 89% in the visible wave-

length as shown in Fig.7.

Six laser treated
areas inside

AAAAAAAAAAAAAAAAAAAAAAAA}
AAAAAAAAAAAAAAAAAAALAAAA/
AAAAAAAAAAAAAAAAAAANAAAA/
AAAAAAAAAAAAAAAAAAAAAAAA/
AAAAAAAAAAAAAAAAAAAAAAAA/

Fig. 6 Laser treated area at the fluence of 193.9 J/cm?, 169.5
J/em?,130.2 J/em?, 86.5 J/cm?, 48.4 J/cm?, 23.1 J/cm? (all includ-
ed in the red rectangular area). Scanning speed was fixed at 200
mm/s with a 200 pm hatching density. After laser treatment the

sample became highly hydrophilic (as small as 12.70°), while the
material transparency was maintained.
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Fig. 7 Material transparency before and after laser treatment
measured by a photo spectrometer (wavelength varied from 200
nm to 1500 nm).

It is known that oxygen-containing groups on the sur-
face such as C-O, C=0, and O-C=0 are responsible for the
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change of surface hydrophilicity [3]. To investigate this
effect, X-ray photoelectron spectroscopy (XPS) analysis of
chemical bonds was conducted. Cls spectra of pristine and
laser treated sample at a fluence of 193.9 J/cm? were shown
in Fig.9. The main peak C-H or C-C bond was at around
285.0 eV. The sub-peaks C-O bond and C=O bond were at
286.3 eV and 288.3 eV respectively [6]. It is known that
hydrophilic surface especially super hydrophilic surface
tends to reduce its hydrophilicity over time. Thus the stabil-
ity of WCA of the laser treated surface was investigated
over time as shown in Fig. 8. The PS surface became hy-
drophilic (WCA of 12.7°) after laser treatment at fluence of
193.9 J/cm?, after one month the WCA recovered to 63.7°.
This may due to the slow reaction between surface and air.
Thus XPS analysis was also conducted on laser treated
sample after one month. The XPS analysis shown that, the
recovery of surface water contact angle was due to the de-
creasing of surface polar groups on the PS surface over
time as presented in Table 1. The PS sample was stored in
an open air environment.

Table 1 Polar and non-polar groups formed on PS surface over
time. (1) pristine PS, (2) laser treated sample at 193.9
J/cm? at 0 days and (3) laser treated sample at 193.9
J/em? after one month.
Sample Non-polar  Sum of Polar group Water contact
N groups C- C-0O and C=0/0O- le(©

O C/C-H(at%)  C=O (at.%) angle(%)

1 100 - 88.2

2 76.28 23.72 12.7

3 84.57 15.43 63.7

Water contact angle (*)

3

4
Sample No.

Fig. 8 Variation of WCA of laser treated sample over time.
Laser treated sample at the fluence of (1) 193.9 J/cm?, (2) 169.5
J/em?, (3) 130.2 J/em?, (4) 86.5 J/em?, (5) 48.4 J/cm? and (6) 23.1
J/em?.
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Fig. 9 XPS spectra of (a) pristine surface and (b) laser treated
surface at 193.9 J/cm? and (c) laser treated surface at 193.9 J/cm?
after one month.

4. Conclusion
A matrix of micro-pits was created on the PS surface by
fs laser irradiation. The PS surface was modified to highly

hydrophilic with WCA of 12.7° from pristine WCA of 88.2°.

With micro-pits created on the surface, water droplet can
easily penetrate into the surface, thus the surface became
hydrophilic. The substrate maintains high transparency
between 85% to 89% after the laser treatment probably due
to the shallow depth and low pit density. It was found that
as size, depth or density of pit matrix increased, the surface
became more hydrophilic which was consistent with Wen-
zel’s model. The stability of laser treated surface over time
was investigated. The recovery of WCA was found on laser
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treated hydrophilic surfaces, which was due to the decreas-
ing of polar groups over time.
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