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a b s t r a c t
Surface texturing of polycarbonate glass is carried out for improved hydrophobicity via controlled laser
ablation at the surface. Optical and physical characteristics of the laser treated layer are examined using
analytical tools including optical, atomic force, and scanning electron microscopes, Fourier transform
infrared spectroscopy, and X-ray diffraction. Contact angle measurements are carried out to assess the
hydrophobicity of the laser treated surface. Residual stress in the laser ablated layer is determined using
the curvature method, and microhardnes and scratch resistance are analyzed using a micro-tribometer.
Findings reveal that textured surfaces compose of micro/nano pores with ﬁne cavities and increase the
contact angle to hydrophobicity such a way that contact angles in the range of 120◦ are resulted. Crystallization of the laser treated surface reduces the optical transmittance by 15%, contributes to residual
stress formation, and enhances the microhardness by twice the value of untreated polycarbonate surface.
In addition, laser treatment improves surface scratch resistance by 40%.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Adhesion of dust onto surfaces results in a loss of optical transmittance from transparent/semi-transparent surfaces and remains
a challenging problem for solar applications. In photovoltaic applications, optical transmittance of the protecting glass becomes
critical issue to sustain efﬁciency and output power of the photovoltaic cells over long periods. Although a glass layer protects the
photoactive area from environmental hazardous, dust accumulation at the glass surface lowers device efﬁciency and the output
power in the long term because of the reduced optical transmittance. Similarly, in solar thermal applications dust accumulation
on mirrors has signiﬁcant negative impact on performance. This
situation becomes signiﬁcantly important in the areas where dust
accumulation is unavoidable such as dry and desert environments.
One of the solutions to prevent or minimizing the dust accumulations at the protective glass surfaces is to texture the surface
for enhancing hydrophobic while creating a self-cleaning effect at
the surface. Superhydrophobic surfaces have been shown to have
remarkable water-repelling and self-cleaning properties [1–6]. To
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improve hydrophobic characteristics, nano/micro texturing of the
surface becomes necessary, similar to the surfaces that are widely
observed in nature, such as lotus leaves, rice leaves, red rose
petals, ﬁsh scales, etc. [7–12]. Many techniques and processes
have been developed to enhance the hydrophobicity of surfaces
[13–21]; however, some of these techniques involve multi-step
procedures and harsh conditions or required specialized reagents
and equipment. Some of these techniques include phase separation [13], electrochemical deposition [14], plasma treatment [18],
sol–gel processing [19], electrospinning [20], and solution immersion [21]. In addition, surface free energy of substrate materials
can be modiﬁed through altering chemical composition at the
surface via chemical and physical reactions, and introducing coating or alloying elements. Micro/nano texturing of surfaces have
many challenges in terms of cost, processing time, equipment, and
skilled man power requirements; however, it was demonstrated
that laser controlled ablation can be used effectively to texture
surfaces at micro/nano levels [22]. Since laser surface processing
involves precision operation and non-mechanical contact, mechanical and chemical defects can be minimized at the surface with
considerably high processing speed. Although laser controlled
ablation has several advantages over the conventional surface texturing processes, thermal effects on textured surfaces, and optical
and mechanical characteristics need to be examined in detail,
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particularly, to achieve desired surface textures pertinent to
improve hydrophobicity for photovoltaic applications.
Polycarbonate glass is one of the candidates to replace silicon base protective glasses for photovoltaic applications. This
is because of its high transmission of solar radiation, low density, high fracture toughness, and mechanical ﬂexibility. However,
polycarbonate glass surface is hydrophilic and it is hard to repel
accumulated dust particles from the surface [23]. Since dust accumulation at the protective glass surface reduces the solar radiation
energy reaching the photovoltaic surface, preventing dust accumulation at the protective glass surface becomes necessary to improve
solar transmission. This can be achieved via texturing a polycarbonate glass surface while creating a hydrophobic affect. It should
be noted that reduced transmission efﬁciency (as deﬁned through
the solar energy reaching at the photovoltaic active surface area
over the solar energy reaching at the protective glass surface)
lowers photovoltaic device output power. Utilizing chemical or
thermal processes to texture polycarbonate glass via crystallization reactions have advantages over other texturing methods such
as mechanical texturing. This is because of chain ﬂexibility of polycarbonate molecules in the glass structure, which presents high
crystallization ability when subjected to solvents such as acetone
[23]. Considerable research studies were carried out to examine
hydrophobicity improvement for polycarbonate surfaces [24–31].
The effects of crystallization on hydrolytic stability of polycarbonate were studied by Zhou et al. [24]. They demonstrated that
the surface-crystallized polycarbonate glass had better hydrolytic
stability than amorphous polycarbonate glass because of: (i) the
reduced rate of the elongation at break of surface-crystallized polycarbonate glass, which was much smaller than that of amorphous
polycarbonate glass during hydrolysis, (ii) the impact strength
of amorphous polycarbonate glass reduced rapidly in the early
stage of hydrolysis, (iii) the stability of the chemical structures of
surface-crystallized polycarbonate glass, which was higher than
that of amorphous polycarbonate glass during hydrolysis, resulting in fewer changes in the glass transition temperature. A new
chemical technique for preparation of superhydrophobic polymer surfaces was introduced by Yilgor et al. [25]. They indicated
that a spin-coated parent polymer by a dilute solution containing hydrophobic silica and polymer forming tetrahydrofuran thin
ﬁlm resulted in rough surfaces with homogeneously distributed
silica particles in 1–10 m range and the coated surfaces displayed superhydrophobic characteristics with large contact angles
and low hysteresis. Superhydrophobic and superhydrophilic polycarbonate glasses by tailoring chemistry and nano-texturing due
to plasma processing were studied by Palumbo et al. [26]. They
showed that etching process allowed for formation of nanopillars tens of nanometers wide and up to a micrometer high, which
were responsible for a unique behavior of the surface. Hierarchical
polymeric textures through solvent-induced phase transformation were examined by Cui et al. [27]. The ﬁndings revealed that
crystallization of the polymer led to the formation of a hierarchical structure composed of microporous spherulites covered with
nano-ﬁbrils, which in turn resulted in superhydrophobic wetting
behavior. Forming a superhydrophobic polycarbonate ﬁber network from hydrophilic polycarbonate through electrospinning was
studied by Li and Barber [28]. They indicated that complex surface geometries were obtained after the process, which in turn
improved the wetting behavior of polycarbonate ﬁber network.
A method for creating superhydrophobic polymer surfaces was
introduced by Hurst et al. [29]. The method combined sanding and
reactive ion etching treatment of the polymer surface generating
micro and nanoscale surface roughness, which was followed by
subsequent coating of a ﬂuorinated silane molecule modifying the
surface chemistry. They indicated that the resulting polymer surfaces retained their superhydrophobicity over long periods while

demonstrating the stability of the micro and nanoscale surface
roughness and the hydrophobic surface coating. Superhydrophobic
surfaces, from hydrophobic or hydrophilic polymers via nanophase
separation or electrospinning/electrospraying, were investigated
by Papadopoulou et al. [30]. They demonstrated that the ﬁlms, produced by hydrophilic polymers via electrospinning/electrospraying
method, were hydrophobic and a narrow contact angle range was
observed. However, ﬁlms produced by the same polymers and their
blends via phase separation presented a wide range of contact
angles in contrast to the case of hydrophobic polymers. The ﬁndings, therefore, revealed that the detrimental role of random surface
morphology on contact angle values could be counterbalanced by
the inherent hydrophobicity of the polymer. Nanocarbon-induced
rapid transformation of polymer surfaces into superhydrophobic
surfaces was studied by Han et al. [31]. The method consisted of
dipping polymer sheets in a solvent in which the polymer was partially soluble and then inducing solution crystallization by dipping
the sheet in a poor solvent for several seconds. They demonstrated
that the resulting surfaces had superhydrophobic features.
Although crystallization of polycarbonate glass provides
micro/nanosize textures at the surface, once the crystallization is
completed surface morphology and attenuation characteristics of
the crystallized surface change because of the rigidity of molecular
chains in the crystalline structure [23]. Consequently, optical transmittance reduces considerably for the crystallized surface despite
the hydrophobicity of the surface increases signiﬁcantly. Although
laser ablation of polycarbonate surface triggers crystallization process because of the thermal effects, this undesirable effect may
be minimized under the high speed and controlled ablation process. In addition, laser treatment alters the mechanical properties
of the treated section; such as microhardness enhancement at the
surface and residual stress formation in the treated layer. Nevertheless, laser control ablation can minimize the changes in the
mechanical properties and, at the same time, it can form a surface texture improving the hydrophobicity. In the present study,
laser texturing of polycarbonate glass via laser controlled ablation
is presented. Topology, hydrophobicity and mechanical characteristics of the ablated surfaces are examined using the analytical tools.
Mechanical characteristics include microhardness, scratch resistance, and micro-stresses are presented. The analytical tools used
include optical, scanning electron, and atomic force microscopes, Xray diffraction, Fourier transform spectroscopy, micro-tribometer,
and goniometer.

2. Experimental
Polycarbonate glass of 3 mm thickness was used as workpieces.
Polycarbonate glass was derived from A PBA (p-hydroxypheyl) and
it had excellent optical clarity with high toughness. The CO2 laser
(LC-ALPHAIII) delivering nominal output power of 2 kW was used
to irradiate the workpiece surface. The nominal focal length of the
focusing lens was 127 mm. The laser beam diameter focused at the
workpiece surface was ∼0.25 mm. Argon assisting gas emerging
from the conical nozzle and co-axially with the laser beam was
used. Laser treatment tests were repeated several times by incorporating different laser parameters and laser treatment parameters
leaded to the desired surface quality in the sense of wetting were
selected. The details of laser treatment process are given in [22].
Laser treatment conditions are given in Table 1.
Material characterization of the laser treated surfaces was carried out using optical microscope, SEM, AFM, and XRD. Jeol 6460
electron microscopy is used for SEM examinations and Bruker
D8 Advanced having CuK␣ radiation is used for XRD analysis ( = 1.54180 × 10−10 m). A typical setting of XRD was 40 kV
and 30 mA and scanning angle (2) was ranged 10◦ –60◦ . Surface

B.S. Yilbas et al. / Applied Surface Science 320 (2014) 21–29

23

Table 1
Laser treatment conditions used in the experiment.
Scanning speed
(mm/min)

Peak power (W)

Frequency (Hz)

Nozzle gap (mm)

Nozzle
diameter (mm)

Focus setting
(mm)

Argon pressure
(kPa)

600

2000

1500

1.5

1.5

127

600

roughness measurement of the laser-melted surfaces was performed using a 5100 AFM/SPM Microscope by Agilent in contact
mode. The tip was made of silicon nitride probes (r = 20–60 nm)
with a manufacturer speciﬁed force constant, k, of 0.12 N/m.
Microphotonics digital microhardness tester (MP-100TC) was
used to obtain microhardness at the surface of the nitride layer. The
standard test method for Vickers indentation hardness was adopted
(ASTM C1327-99). Microhardness was measured at the workpiece
surface prior and after the laser treatment process. The measurements were repeated ﬁve times at each location for the consistency
of the results.
A linear micro-scratch tester (MCTX-S/N: 01-04300) was used
to determine the friction coefﬁcient and scratch resistance of the
laser treated and untreated surfaces. The equipment was set at
the contact load of 0.03 N and end load of 5 N. The scanning speed
was 5 mm/min and loading rate was 5 N/s. The total length for the
scratch tests was 5 mm.
Nicolet Nexus 670 FT-IR Spectrometer from Thermo Electron
Corporation was used for FTIR responses of the surface. The equipment was built on a common optical and electronics platform
which made it easy to use. The wetting experiment was performed
using Kyowa (model – DM 501) contact angle goniometer. A static
sessile drop method was considered for the contact angle measurement. The water contact angle between the water droplet and
the heat treated surface was measured with the ﬂuid medium as
de-ionized water. Droplet volume was controlled with an automatic dispensing system having a volume step resolution of 0.1 l.
Still images were captured, and contact angle measurements were
performed after one second of deposition of water droplet on the
surface.
Residual stress measurement was carried out using the curvature method. The deﬂection of the workpiece during laser scanning
was recorded and the ﬁnal deﬂection was measured using the
optical imaging technique. The equation relating deﬂection x to
curvature  is obtained from the geometric relation, which yields
[32]:
=

1
Larc
=
R
cos−1 (1 − (x/R))

(1)

where Larc is the arc length of the specimen, R is the curvature radius
and x is the ﬁnal deﬂection due to curvature. The Stony equation
[32] is used to obtain the relationship between the residual stress
() and the curvature [32]:
=

Es ts2
6(1 − s )tc

(2)

where Es is the elastic modulus, ts is workpiece thickness, s is the
Poisson’s ratio of the polycarbonate glass, and tc is the laser treated
layer thickness, which is measured from SEM images.
Scratch resistance of the laser treated and untreated surface was
determined from the standard test method in line with the ASTM
D7027-05standard. The linear micro-scratch tester (MCTX-S/N:
01-04300 [9]) and scratch hardness measurement data were incorporated in the calculations. According to ASTM D7027-05standard,
scratch hardness (Hs ) can be deﬁned as:
Hs =

4qP
w2

(3)

where P is the normal load used in the scratch tests in Newton, w is
the scratch width in millimeters, q is the dimensionless parameter,
which depends on the extend of elastic recovery of the polymer
during scratching. In this case, full elastic recovery implies q = 1
while no recovery implies q = 2.
3. Results and discussion
Surface texturing of polycarbonate glass via controlled laser
ablation is carried out for improved surface hydrophobicity. Thermal, optical, and mechanical characteristics of the textured surfaces
are examined incorporating the analytical tools.
3.1. Thermal effects and crystallinity
Fig. 1 shows optical and SEM micrographs of the laser treated
surface. Laser treated surface is free from large scale asperities such
as large size cracks and voids. Although surface treatment takes
place at a constant laser scanning speed, no regular textured patterns are observed at the surface unlike laser ablation of ceramic
surfaces [22]. This is associated with the shallow cavity formation
under the controlled ablation at the surface. It should be noted that
repetitive pulses with 1500 Hz pulsing frequency are incorporated
during the laser ablation process. In this case, overlapping of the
irradiated spots due to laser repetitive pulses, results in formation
of continuous laser scanning tracks, which consist of ﬁne cavities
and re-solidiﬁed sections at the surface. Since laser beam intensity is Gaussian at the workpiece surface, peak intensity occurs
at the irradiated spot center. The cavity is formed at the central
region of the irradiated spot and melting takes place in the cavity vicinity due to the low laser intensity in this region. However,
repetitive laser pulses modify this structure at the surface because
of the molten ﬂow from the recently formed cavity neighborhood
to the previously formed cavity. Therefore, surface texture is modiﬁed and micro/nano pores are formed at the surface. It is evident
from optical image (Fig. 1a) that crystal growth extends radially
from the potential nucleation site; however, widespread branching
is not visible in the frame of the radial growth. In addition, in some
regions (Fig. 1a), intermittent branching takes place, which can be
considered as a hallmark of growth to form large spherules. The ﬁne
size cavity formation is also observed in Fig. 1b. Since high pressure
argon is used as assisting gas, no sideways burning through oxidation reactions are observed at the ablated surface. Surface texture
composed of micro/nano features is evident from the high magniﬁcation SEM micrograph (Fig. 1a). Partially formed spherules with
varying diameters are also observed from optical and SEM micrographs (Fig. 1b); however, they do not form hierarchical structure
at the surface (Fig. 1c and d). This is associated with the varying
nucleation density due to non-uniform cooling rates at the surface.
Although crystal size varies at the surface, large size crystals do not
form due to the high cooling rates unlike those reported for other
crystallization processes [23,33]. Fig. 2 shows SEM micrographs of
the cross-section of the laser textured layer. Laser treated layer consists of ﬁne structures emanating from the surface (Fig. 2a). The
laser treated layer extends almost uniformly along the workpiece
surface with the thickness of about 1.8 m (Fig. 2b) and crystal
structures formed in the surface region during the solidiﬁcation
process (Fig. 2c). The ﬁne cavities formed at the surface results
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Fig. 1. Optical images and SEM micrographs of laser treated surface: (a) optical image demonstrating the crystals formed at the surface and radial growth of crystals and
intermittent branching, (b) laser produced ﬁne size shallow cavity and spherules, (c) spherules formed at the surface, (d) incomplete spherules, and (e and f) nonhierarchical
texture.

in micro/nano level waviness contributing to the overall surface
texture of the laser treated layer (Fig. 2d).
Laser surface ablation accompanied with rapid evaporation at
the surface during the repetitive pulse heating process. Although
the heating duration is short, thermal effects are introduced into
the irradiated region. This, in turn, results in thermally-induced
stresses and crystallization of the irradiated surface. In general,
crystallization takes place in three stages including initiation of
crystallization, primary crystallization, and secondary crystallization [34]. During crystallization, a nucleus emerges when the
polymer chains align in a parallel way and as the process progresses gradually, the chains are added to the nucleus. Once the
nucleus reaches to the critical size growth becomes spontaneous
[34]. The nucleation leads the formation of bundle-like or lamellar
crystals; however, the difference between the types of crystallization is length of primary nucleus and free energy of the surface
normal to the chain direction per unit area [35]. Since laser surface
ablation results in ﬁne melt layer formed at the ablated surface
during the process, crystallization mainly starts from the molten
state. In this case, the mixture of bundle-like and lamellar nucleus
can be formed due to the series of additions of the repeating
units during the solidiﬁcation. The free energy per unit volume
, ( = hf T/Tm where T is the temperature difference,

T = Tm − T, Tm is the melting temperature and T is the temperature of the molten polycarbonate glass, and hf is the heat of fusion
per unit volume of the crystal) becomes important for the crystal
size [36]. Since the length of a crystal (l) is associated with the free
energy per unit volume ( ) and the free energy of the surface
normal to the chain direction per unit area ( e ) [37], the crystal
o ))
size can be approximately expressed as l = 2e /Ho (1 − (Tm /Tm
[38]. Introducing the heat of fusion per unit volume of totally crystalline Ho is 0.11 × 109 J/m3 , the surface energy ( e ) is 0.094 J/m2 ,
the melting temperature of 155 ◦ C, and the equilibrium melting
o ) 318 ◦ C [38], the lamellar thicknesses can be estitemperature (Tm
mated as 87 Å. The lamellar thickness estimated differs slightly
from the previous ﬁnding, which is 73 Å [38]. The difference is associated with the high cooling rates and possible non-equilibrium
processes takes place during the crystallization due to laser pulsation at the surface, which is in the order of seconds, during the
ablation process. However, solidiﬁcation process related to the post
laser ablation involves non-uniform cooling at the surface, which
in turn affects the crystal growth and crystal size in the re-solidiﬁed
region. Moreover, a polymer crystal is heated toward its melting temperature and undergoes signiﬁcant lattice expansion, the
average inter-chain distances increase, facilitating motion of conformation defects within the crystal lattice. Two supporting factors
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Fig. 2. SEM micrographs of cross-section of the laser treated layer: (a) spherules at different sizes, (b) laser treated layer thickness (∼1.8 m), (c) non-spherical structures
initiating the formation of spherules, and (d) non-spherical dense structure.

have been given to justify the possibility of lamellar thickening
during crystallization at high temperatures [39]. The ﬁrst is that
polymer crystals are less dense at higher temperatures and polymer chains in the crystalline phase have increased mobility so local
changes in segmental conformation can take place. This can give
rise to an increase lamellar thickness, hence, a decrease in crystal free energy. Secondly, as the annealing temperature increases,
the critical primary nucleus size and the lamellar thickness of minimum stability increase. However, when annealing temperatures
are higher than the crossover temperature, the thickness of amorphous layer between lamellae may not be large enough to allow for
the formation of new crystals or the sequence of polymer segments
available for crystallization in the inter-lamellar amorphous fraction may be too short to form a stable crystal between the primary
lamellae [40]. The secondary crystallization process have shown
that, despite all expectations, the isothermal lamellar thickening
process is possible [41]; however, at high temperatures, secondary
crystals do not form by the chain folding mechanism, but rather
by a local bundling of chain sequences into ordered structures of
reduced lateral dimensions. Crystallization at the surface is also evident from X-ray diffraction pattern, which is shown in Fig. 3. X-ray
diffraction pattern is also given for the untreated surface for the
comparison reasons. The X-ray diffractogram demonstrates that
the untreated substrate is totally amorphous; in which case, there
is no clearly identiﬁable peak occurs in the diffractogram. The position of the diffraction peaks in the diffractogram for the laser treated
surface reveals that mainly three peaks are visible, which correspond to the diffraction angle 17.1◦ (0 2 0) phase, 21.5◦ (2 1 3) phase,
and 25.7◦ (2 2 2) phase. However, peak heights and full width at half
maximum (FWHM) of the peak differ for each in the diffractogram.
The crystallinity of the laser treated surface can be determined from
the ratio of the sum of integrated intensities of the reﬂections from
the crystalline phases (peaks) to the total scattered intensity after
background subtraction [38]. This arrangement results in the crystallinity (fc ) values in the order of 18%, which is signiﬁcantly higher
than that reported for other crystallization methods. Consequently,

melting and solidiﬁcation result in large crystallinity at the surface
during the ablation process.
Fig. 4 shows FTIR data obtained for the laser treated and
untreated samples. Untreated sample shows absorption spectrum of a typical polycarbonate glass [42]. The absorption bands
are related to C H bond stretching vibration taking place on
2874–2969 cm−1 and 860–680 cm−1 band corresponds to bending
vibration of C H bond. The band observed on 1496 cm−1 is related
to C H bending vibrations of methylene groups. In addition, aromatic C H bending vibration takes place on 860–680 and aromatic
C C bending vibration occurs on 1700–1500 cm−1 . In addition,
1770 cm−1 corresponding to C O stretching vibrations band of
ethers. The absorption characteristics of the laser treated surface
indicate that absorption increases at certain wavelengths. This can
be explained in terms of crystallinity induction polymer chains,
which are more closely packed and can cause restriction group
vibration while causing band intensity increase in the absorption
spectrum. Consequently, closely packed polymer chains contribute

Fig. 3. X-ray diffractograms of laser treated and untreated workpieces.
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Fig. 4. FTIR spectrums of laser treated and untreated workpieces.

to the residual stress increase and the micro-hardness enhancement in the laser treated layer.
3.2. Mechanical characteristics
Mechanical characteristics of the textured surfaces include
microhardness, scratch resistance, and residual stress formation
because of thermally induced micro-stresses and crystallization at
the surface.
Residual stress formed in the treated layer is determined from
the curvature technique. Residual stress obtained from the curvature method is in the order of −26 MPa and the ﬁndings reveal
that residual stress is compressive. The formation of residual stress
is associated with the thermal effect due to high cooling rates and
crystallization of the laser treated surface; in which case, molecular
structures are modiﬁed in the crystal structure while causing the
stresses formation after completion of the crystallization process
[43]. It should be noted that the volume change due to hydrolysis
has an effect on the residual stress formation in the surface region.
However, the measurements are carried out immediately after the
completion of the laser treatment process; therefore, this affect is
expected to be insigniﬁcant.
Fig. 5 shows friction coefﬁcient of the laser treated and
untreated surfaces. Laser treatment lowers the friction coefﬁcient
at the surface, which is associated with enhancement of surface
microhardness after the laser treatment process. Laser treatment
increases the microhardness of the surface; in which case, microhardness of the untreated surface is 11.2 ± 0.2 HV and laser treated
surface is 25.1 ± 0.9 HV. It should be noted that microhardness

measurements were repeated 10 times at different locations on
the laser treated surface and the error estimated from the hardness
data is in the order of 0.9 HV. Microhardness variation at the surface
is associated with the non-uniform cooling rates and non-uniform
distribution of crystal sizes at the surface. However, microhardnes
enhancement is associated with the crystal structures formed at
the surface and high cooling rates, which lowers the crystal size
in the surface region; consequently, a dense crystalline surface is
resulted after the laser treatment process. The scar sizes are almost
uniform and the scar depth is shallower for the laser treated and
untreated surfaces. The laser treated surface results in shallow scar
depth, which is due to increased hardness at the surface, and no
cracks are observed around the scar mark for the laser treated
and untreated surfaces. This demonstrates that the surface fracture toughness reduction due to surface hardness enhancement
is not signiﬁcant. Eq. (3) is used to determine the scratch hardness for laser treated and untreated surfaces. It is found that the
scratch hardness of the laser treated and untreated surfaces are
110 ± 11 MPa and 80 ± 3.2 MPa, respectively. The scratch tests were
conducted at different regions at the laser treated and untreated
surfaces. Based on the repeatability of the data, the estimated error
is in the order of 6% for the laser treated surface and 4% for the
untreated surface.
3.3. Surface morphology, hydrophobicity, and transmittance
Fig. 6 shows AFM images of the laser treated surface. Since laser
beam irradiates the surface with high frequency, overlapping of
laser spots take place along the laser scanning tracks. Crystallization from the molten state at the cavity surface and melt ﬂow from
the newly formed cavity site toward the previously formed cavity
lower the cavity depth and alter the geometric features at the irradiated surface. Consequently, micro/nanosize pores are formed at the
surface. The spherules have non-spherical morphology indicating
crystals grow mainly in multidimensional way at the surface. However, few spherules show open-structured feature, which are not
often observed under the chemical crystallization conditions [44].
The roughness of the laser treated surface is in the order of 0.6 m,
which changes slightly in different directions at the laser treated
surface. This is associated with the non-uniform crystallization and
laser texturing at the surface.
Fig. 7 and shows the sample images of droplets, which are
used for the contact angle measurements on the laser treated and
untreated surfaces. One of the parameters for the wettability of
solid surfaces by liquids is the contact angle. Although the contact
angle of a liquid on a perfectly smooth and chemically homogenous solid surface can be determined by Young’s equation [45], the
equation is limited to extremely smooth and homogenous surfaces.
Therefore, the Wenzel and Cassie–Baxter equations for apparent
contact angle that includes surface roughness should be used [45].
When the liquid impales the roughness features the droplet is said
to be in the Wenzel state and the apparent contact angle is given
by:
cos w =

Fig. 5. Friction coefﬁcient along the laser treated and untreated surfaces.

r(

sv

−

sl )

(4)

lv

where  w is the rough surface contact angle, sv is the interfacial
tensions of solid-vapor, sl is the interfacial tensions of solid-liquid,
lv is the interfacial tensions of liquid-vapor, r is the surface roughness factor, which is deﬁned as the ratio between the actual and
projected surface areas, i.e. r = 1 is the perfectly smooth surface and
r > 1 represents the rough surface.
When the droplet is in the Cassie–Baxter state, a composite interface exists between the droplet and the solid surface.
The interface consists of liquid–solid and liquid–vapor interfaces;
therefore, the contact angle should include the contributions of
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Fig. 6. AFM images of laser treated surface: (a) 3-dimensional view of laser treated surface, (b) imaged use for surface roughness, and (c) surface roughness along the line
shown in the image.

two-interfaces. Hence, the equation for the contact angle yields
[45]:
cos c = f1 cos 1 + f2 cos 2

(5)

where  c is the apparent contact angle, f1 is the surface fraction
of liquid–solid interface, f2 is the surface fraction of liquid–vapor
interface,  1 is the contact angle for liquid–solid interface, and  1
is the contact angle for liquid–vapor interface. For the air–liquid
interface, f1 can be represented as f, which is the solid fraction, and
air fraction (f2 ) becomes (1 − f). The parameter f ranges from 0 to
1; in which case, f = 0 is the case where the liquid droplet is not in
contact with the surface and f = 1 is case where the surface is completely wetted. It was reported that in the Cassie–Baxter state [46],
the small contact area between the liquid droplet and solid surface
allowed the droplet to roll easily off surface. In practice, the contact mode changes from Cassie–Baxter state to Wenzel state [47]
when the surface texture becomes sparse or when the droplets
impact the surface with high velocity [48]. In general, the laser
treated surface demonstrates Cassie–Baxter state [46]; in which
case, surface texture with low roughness results in air pockets occupying the texture gap while generating hydrophobic behavior at the
surface. This situation can be observed from the small value of hysteresis ( Advacing −  Receding , where  Advacing is the advancing angle
and  Receding is the receding angle) for the low roughness surface

(Table 2). However, in some region at the laser treated surface,
texture changes and surface roughness increases, which results in
non-hydrophobic behavior of the surface, i.e. attainment of high
value of hysteresis (Table 2). This occurs randomly and the total
coverage area of this region is small at the laser surface. Consequently, mixture of hydrophobic states consisting of Cassie–Baxter,
and Wenzel states occur at the laser treated surface. The contact
angle measurements reveal that laser treated surface demonstrates
hydrophobicity across the large area, which can be observed from
Table 2, in which the contact angle data are provided. The roughness
factor (f) should be within 0 ≤ f ≤ 1 for the hydrophobic surfaces in
accordance with Eq. (5). However, superhydrophobicity is only possible for f values approaching to zero. Therefore, f should approach
Table 2
Contact angles measurement results prior to and after the laser treatment.
Contact angle (◦ )

Laser treated surface
Advancing
Receding
Untreated surface
Advancing
Receding

Low roughness

High roughness

128.2 (+5/−5)
121.2 (+5/−5)

92.3 (+5/−5)
78.5 (+5/−5)

84.2 (+5/−5)
56.6 (+5/−5)

–
–
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Fig. 7. Optical images used for contact angle measurements, (a) 125◦ contact angle at the laser treated surface, (b) 86.5◦ contact angle at the laser treated surface, and (c)
68.4◦ contact angle at the untreated surface.

0 for large contact angles in the Cassie and Baxter state. This situation is possible when the surface texture comprises mixture of
micro/nano size dimples and pillars, which in turn gives rise to the
Cassie and Baxter state with large contact angles. This situation is
observed in few locations at the laser treated surface; in which case,
contact angles well excess of 140◦ are resulted.
Fig. 8 shows the optical transmittance of the laser treated and
untreated surfaces. Laser treated surface has less transmittance
than that corresponding to untreated surface. This is associated
with the crystal formation at the surface, which alters the absorption characteristics of the incident radiation as evident from FTIR
data (Fig. 4). Nevertheless, the maximum reduction in the transmittance is in the order of 15%, which is signiﬁcantly low as
compared to the crystallized surface by the chemical processes,
such as immersion in acetone [49]. Almost a linear relation is
present between the amount of incident solar radiation received
and the photovoltaic device output power [50]. Consequently, using
the laser treated protective glass surface lowers 15% of the photovoltaic device output in the short term; however, it is expected to
improve signiﬁcantly device output power in the long term when

Fig. 8. Transmittance data for laser treated and untreated workpieces.

dust accumulation prevents the incident solar radiation reaching
at the device active surface area.
4. Conclusion
Surface texturing of polycarbonate glass is carried out via controlled laser ablation to enhance the hydrophobicity of the surface.
Topology and texture of the resulting surface are examined using
optical, scanning electron, atomic force microscopes. Optical and
mechanical properties including microhardness and scratch resistance of the surface are evaluated using Fourier transform infrared
spectroscopy and micro-tribometer. Residual stress formed in the
laser treated layer is determined using the curvature method.
Surface hydrophobicity is assessed through contact angle measurements. Thermal analysis is used to estimate the crystallinity at the
laser treated surface. Laser ablation results in surfaces composing
of micro/nanosize pores and shallow ﬁne-size cavities. Melt layer
formed at the cavity surface triggers crystallization of polycarbonate during the cooling period, which in turn modiﬁes the optical
characteristics of the treated surface and contributes to the surface texture. The crystallinity estimated from the X-ray data is in
the order of 18%, which is signiﬁcantly higher than that reported
for the electrochemical crystallization such as acetone immersion.
Crystal growth extends radially from the potential nucleation site;
however, in some region intermittent branching occurs. Few partially formed spherules takes place, which are locally scattered at
the laser treated surface. In addition, some of spherules formed
have non-spherical morphology due to multidimensional crystal
growth at the surface. Microhardness of the surface increases twofold after the laser treatment process, which is associated with high
cooling rates and contribution of crystallinity-inducing polymer
chains, which are more closely packed and can cause restriction
group vibration. Residual stress determined from the curvature
method reveals that residual stress is compressive in the laser
treated layer and it is in the order of −16 MPa. The ﬁndings of
scratch tests demonstrate that the scar depth is slightly larger
for the untreated surface than that of the laser treated surface
indicating the improvement of microstructural integrity in the
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surface region of the laser treated workpiece. The scratch hardness of the laser treated and untreated surfaces are 110 ± 11 MPa
and 80 ± 3.2 MPa, respectively. Laser treated surface demonstrates
lower transmittance compared to that corresponding to untreated
surface; in which case, the maximum reduction in transmittance
is in the order of 15%. This is associated with the crystal formation
at the surface, which alters the absorption characteristics of the
incident radiation.
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