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Nanoscale surface modification of glass using a 1064 nm pulsed laser
Senthil Theppakuttai and Shaochen Chena)

Department of Mechanical Engineering, The University of Texas, Austin, Texas 78712

~Received 25 April 2003; accepted 3 June 2003!

We report a method to produce nanopatterns on borosilicate glass by a Nd:yttrium–aluminum–
garnet laser~10 ns, 1064 nm!, using silica nanospheres. Nonlinear absorption of the enhanced
optical field between the spheres and glass sample is believed to be the primary reason for the
creation of nanofeatures on the glass substrate. By shining the laser beam from the backside of the
glass sample, the scattering effects are minimized and only the direct field enhancement due to the
spheres is utilized for surface patterning. To confirm this, calculations based on the Mie scattering
theory were performed, and the resulting intensity as a function of scattering angles are presented.
The nanofeatures thus obtained by this method are 350 nm in diameter and the distance between
them is around 640 nm, which is same as the size of spheres used. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1597425#
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The enormous potential of borosilicate glasses has
sulted in widespread applications in packaging and mic
technologies like micro-optics and biomedical devices.1 In
addition to their outstanding chemical, optical, and mecha
cal properties, borosilicate glasses also have the thermo
chanical stability necessary for replication processes. T
has led to many investigations on the processing chara
istics of these dielectric materials. In general, due to th
inert nature, they are very difficult to machine by most co
ventional machining techniques. Laser micromachining is
attractive approach for the machining of glass materi
However, the linear absorption for glasses is very low in
visible range and the absorption edge is near 310 nm.2 There-
fore, high power UV and CO2 lasers have to be used fo
processing glass materials. The mechanism of bulk dam
by nanosecond pulses involves heating of conduction b
electrons by the incident radiation and transfer of this ene
to the lattice.3 Damage occurs via conventional heat depo
tion resulting in melting and boiling of the dielectric mat
rial. Also, the very low absorption cross section of the
large band gap materials requires very high laser intens
in order to obtain sufficient energy absorption in the mate
to observe macroscopic material removal.4 This high inten-
sity leads to a large heat-affected zone and thermal st
build up which might even lead to cracking, eventually ma
ing this technique not suitable for microsystem technolog

A possible method to overcome this limitation is by em
ploying ultrafast laser pulses for processing. Due to the s
pulse duration, the heating time is less than the electr
phonon relaxation time, thereby improving the spatial re
lution and reducing the heat-affected zone to a f
micrometers.5 Furthermore, it has been found that femtose
ond infrared laser irradiation results in an increase in
refractive index at the focal point inside the glasses.6 Other
techniques such as laser-induced plasma-assisted ab
and laser induced backside etching7 have been recently use
for processing transparent glasses. But it is very difficult
produce nanofeatures on the glass substrate because o
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ablation mechanism and the diffraction limit of the focusi
laser beam.

To overcome the diffraction limit, near-field ablation in
duced by a laser beam can be used for fabrication. One
proach involves illuminating the tip of a scanning tunneli
microscope or an atomic force microscope with a pulsed
ser. Structures well belowl/2 can be easily produced unde
neath the tip.8 Another method is by depositing a monolay
of nanospheres on the surface of a substrate and utilizing
intensity enhancement to produce nanoscale holes on
substrate.9 It is believed that the optical field enhancement
mainly due to the near-field effect and scattering by
spheres when the laser beam travels through the nanosp
and reaches the substrate.10 In this letter, a pulsed
Nd:yttrium–aluminum–garnet~YAG! laser beam~1064 nm,
10 ns! is used for processing borosilicate glass samples.
delivering the laser beam from the backside of the gl
sample, we expect to minimize the scattering effect on s
face modification. The field enhancement induced by sil
(SiO2) nanospheres on the surface is used for produc
nanopatterns on the glass substrate.

The schematic of our experimental setup is shown
Fig. 1. The sample to be patterned is borosilicate glass of
mm in thickness. A colloidal suspension of monodispers
silica spheres of 640 nm diameter diluted with de-ioniz
water was applied on the glass sample and led dry. Th
spheres arrange to form a hexagonally closed-packed m
layer by means of a self-organizing process.11 This was con-
firmed by observing the sample under a scanning elec
microscope~SEM! as shown in Fig. 2. Since borosilicat
glass is transparent to 1064 nm wavelength, the inciden
ser beam can pass through the glass substrate and illumi
the bottom surface of the spheres. As the size of sphere
smaller than the laser wavelength, the incident light intens
is enhanced and an optical near-field is produced around
spheres. The evanescent field is confined to a very sm
region around the spheres and decays exponentially in
radial direction.12 After a single pulse of 3 J/cm2, the spheres
were ejected from the glass substrate and nanostruct
were produced on the surface as shown in Fig. 3. The S
© 2003 American Institute of Physics
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FIG. 1. Schematic of the irradiation
of silica spheres on glass from th
backside.
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micrograph shows a periodic array of holes of 350 nm
diameter on the surface. The created features are arra
hexagonally and the distance between the centers of the
tures is about 640 nm, which is the same as the diamete
the spheres used. This confirms the formation of featu
underneath the location of spheres.

It has been shown that the enhanced optical near-fi
could be several orders of magnitude higher than the orig
incident intensity. Since the linear absorption coefficient
glass is very low at the experimental wavelength, we beli
pattern formation is due to nonlinear absorption of the
hanced optical field by the glass material. Although t
physical mechanisms responsible for infrared photosens
ity are still under investigation, the process is believed to
initiated by a multiphoton absorption process and theref
exhibits a highly nonlinear dependence on the intensity
the illuminating beam.13 These intensity-dependent chang
in the material’s optical properties affect the propagation
the incident light. The refractive part of the nonlineari
gives rise to self-lensing, which can lead to optical dama
The absorptive part of the nonlinearity can decrease
transmittance at high intensity and provide a path for opt
damage in the material at lower irradiances than conv
tional dielectric breakdown.14 Also the presence of a surfac
breaks the inversion symmetry of the medium normal to
boundary and makes nonlinear interaction possible.15

The optical field enhancement could arise from seve
sources. Scattering and near-field effects are the obv
ones as demonstrated by previous work when the laser b
was incident on the top surface of the spheres.16 Calculation
of the field enhancement around the spheres illustrates

FIG. 2. SEM image of hexagonally close-packed monolayer of silica na
spheres of 640 nm in diameter on a glass substrate.
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both focusing effects as well as near-field effects contrib
to the size and shape of the features formed underneath
spheres. But when the sample is irradiated from the backs
the scattering effect is minimized. We calculated the intens
enhancement due to scattering by the dielectric spheres
cording to the Mie theory for a laser wavelength of 1064 a
640 nm silica spheres with a refractive index of 1.39. T
intensity enhancement as a function of the scattering ang
plotted in Fig. 4. The calculations show that there is no s
nificant intensity enhancement due to scattering for ang
between 90° and 270°. This means that, at the interface
tween the sphere and the glass substrate, the field enha
ment is not due to scattering.

The optical field enhancement could also come from
rear surface interference effect. Due to the interference of
incoming and reflected waves, the electric field strength
higher at the rear side of a weakly absorbing slab withn
.1, so that optical breakdown threshold is lower at the r
side. Rear surface ablation has been previously reported
fused silica and borosilicate glasses at 193 nm, which is v
well absorbed by these glasses.17 Despite this enhancemen
on the rear side, no damage was observed at the rear si
the experiments performed with 1064 nm laser in the
sence of spheres at similar laser fluences. Whereas in
presence of spheres, even for a considerably low incid
intensity, well defined features on the nanoscale depend
on the size of the spheres were formed on the rear side.

In summary, a simple technique to produce nan
patterns on a borosilicate glass substrate by using a 1064
nanosecond Nd:YAG laser is presented in this letter. Due
the presence of an enhanced optical field around the sph
nonlinear absorption is believed to be the phenomenon
sponsible for the nanofeature formation. The enhanced o
cal field is a result of the near-field effect. Scattering-induc

FIG. 3. SEM image of hexagonally arranged dent structures on borosili
glass produced using silica nanospheres of 640 nm in diameter for a
fluence of 3 J/cm2.
-
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focusing effect is eliminated in this work since the las
beam is incident from the backside of the sample.

This work was supported by a CAREER award~No.
DMI 0222214! to S.C.C. from the US National Scienc
Foundation. The SEM measurement was conducted in
Texas Materials Institute at the University of Texas at Aus

FIG. 4. Calculated laser intensity distribution around the nanosphere
1064 nm incident laser beam on a 640 nm silica nanosphere.
Downloaded 23 Jul 2003 to 146.6.86.95. Redistribution subject to AIP
r

he
.

1G. Geiger, Am. Ceram. Soc. Bull.69, 1131~1990!.
2Z. I. Vitez, Microelectron. Reliab.41, 563 ~2001!.
3B. C. Stuart, M. D. Feit, A. M. Rubenchik, B. W. Shore, and M. D. Per
Phys. Rev. Lett.74, 2248~1995!.

4E. E. B. Campbell, D. Ashkenasi, and A. Rosenfeld, Mater. Sci. For
301, 123 ~1999!.

5X. Mao, S. S. Mao, and R. E. Russo, Appl. Phys. Lett.82, 697 ~2003!.
6K. H. Davis, K. Miura, N. Sugimoto, and K. Hirao, Opt. Lett.21, 1729
~1996!.

7J. Wang, H. Niino, and A. Yabe, Appl. Phys. A: Mater. Sci. Process.A69,
S271~1999!.

8J. Jersch and K. Dickmann, Appl. Phys. Lett.68, 868 ~1996!.
9S. M. Huang, M. H. Hong, B. S. Lukyanchuk, Y. W. Zheng, W. D. Son
Y. F. Lu, and T. C. Chong, J. Appl. Phys.92, 2495~2002!.

10T. Ikawa, T. Mitsuoka, M. Hasegawa, M. Tsuchimori, O. Watanabe, and
Kawata, Phys. Rev. B64, 195408~2001!.

11M. Mosbacher, N. Chaoui, J. Siegel, V. Dobler, J. Solis, J. Boneberg, C
Afonso, and P. Leiderer, Appl. Phys. A: Mater. Sci. Process.A69, S331
~1999!.

12M. Vilfan, I. Musevic, and M. Copic, Europhys. Lett.43, 41 ~1998!.
13H. Varel, D. Ashkenasi, A. Rosenfeld, R. Herrmann, F. Noack, and E

B. Campbell, Appl. Phys. A: Mater. Sci. Process.A62, 293 ~1996!.
14M. J. Soileau, W. E. Williams, N. Mansour, and E. W. V. Stryland, O

Eng.28, 1133~1989!.
15N. Bloembergen and P. S. Pershan, Phys. Rev.128, 606 ~1962!.
16H. J. Munzer, M. Mosbacher, M. Bertsch, J. Zimmermann, P. Leide

and J. Boneberg, J. Microsc.202, 129 ~2001!.
17M. D. Crisp, N. L. Boliing, and G. Dube, Appl. Phys. Lett.21, 364~1972!.

or
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp


