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Submicron ripple formation on glass surface upon laser-nanosphere
interaction
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Submicron ripples have been observed on a borosilicate glass surface when irradiated by a
nanosecond Nd: yttritium—aluminum—garnet la€ed ns, 1064 nm using silica nanospheres. The
ripples thus obtained do not satisfy Rayleigh’s diffraction condition in thathe ripple spacing is
different from the value predicted by the classical mode),the spacing is independent of the
incident angle, an¢c) the orientation is not always perpendicular to the laser polarization. Also, the
ripple characteristics are not dependent on the diameter of the spheres used and the ripples have
almost the same periodicity irrespective of the experimental parameters. Photoionization followed
by a self-organization process due to nonlinear absorption of the enhanced optical field between the
spheres and glass sample is believed to be the primary reason for the creation of ripples on the glass
substrate. ©2004 American Institute of Physic§DOI: 10.1063/1.1690858

I. INTRODUCTION tion produced the largest perturbation, while the perturbation

) ) . was zero for defects running parallel to the incident polariza-
A phenomenon frequently observed during the illumina-;on directiont2

tion.o.f sollid surfages with a single uniform laser beam. of_ During laser surface melting and alloying, ripples have
sufficient intensity is the appearance of spontaneous periodigaan observed on surfaces of metals and alloys. These

surface structures or ripples. These grating like damage pafjyjes can result from the vapor pressure above the molten
terns _have been prodl_JCt_ad on the surface qf a variety %im depressing the film® surface tension of the molten film
materiald? as well as within the bulk of dielectrics using cw pushing the liquid film in a nonplanar meniscus shape, and
to femtosecond laser sources operating over a wide range gfe shear stresses on the molten film caused by gradients in
wavelengths(0.17-10.6um). Very similar ripples are also g rtace tension of the liquid filf: In case of fused silica
observed in a large variety of experiments on laser-assisteghqer normal incidence of linearly polarized light from a
film growth * laser etchind, photodepositiort,® and other la- pulsed CQ laser, the fundamental mechanism of ripple for-
ser material processirigQuite frequently ripples are seen at \41ion is attributed to the generation of capillary waves ow-

incident laser energies just below the damage threshold f%g to vapor recoil pressure and nonuniform removal of sub-
the material, indicating that high intensities are not necessaryiance from the surface by evaporatidn.

for ripple production. Due to the wide variety of experimen-
tal conditions under which these ripples have been produce
several mechanisms have been proposed to explain the O(EO
servation of ripples. For example, suggestions have been py
forward involving laser-acoustic-mode couplihigriven sur-
face plasmons8 or even Bose—Einstein condensation of bulk

0

plasmons! - , _ o volves scattering of the incident waves into surface waves.
Although it is possible to form ripples with single pulses, the spatial modulation of optical intensity resulting from the

the patterns so formed can be influenced by the presence fiarference between the incident wave and surface-plasma

isolated defects or scratches. The observation of fringes negy,es (SPW promotes the exponential growth of ripples

a scratch indicate that at least for a wide class of material@hich increase the scattering into SPW thereby creating a
surface roughness is responsible for the symmetry breaking,itive feedback effect. The scattered spatial frequency

necessary to produce periodic surface damage. The rppl&mponent having the largest exponential gain ultimately

spacing is\ for semiconductors and metals, whereas thosgjictates the final ripple structure upon solidification of the
observed on wide bandgap dielectrics are spacedratfor . iariall?

normal incidence, wherk is the wavelength of the laser, and In nearly all of the earlier mentioned work, the crests
. . . 1 . . 7
nis the index of refraction! Another model which takes into and valleys of the ripples are mostly found to run perpen-

account the polarization charge induced on the boundaries ficyjar to the incident electric field. The ripple period can be

defects by the applied field has also been proposed. Accordycyated with an accuracy of a few percent from Rayleigh's

ing to this model, linearly polarized radiation incident upon it action criterion as given by
linear defects aligned perpendicular to the polarization direc-

Ripples have also been observed in photochemically de-
sited thin metal films. In photodeposited carbon films, the
pple generation is associated with irradiation near strong

sorption bands of the parent and product compounds to-
gether with dipolar scatterintj. However, it is generally
agreed that in most metallic films, the ripple formation in-
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FIG. 2. Schematic of the irradiation of silica spheres on glass from the
v backside.
Sample stage laser beam passes through the glass substrate and is incident

on the bottom side of the monolayer of spheres. When the

nanospheres are illuminated by the laser beam, the incident

light intensity is enhanced and an optical near-field is pro-

where\ is the laser wavelengtim, is the refractive index of duced around the spheres. As a result, periodic grating like

the medium, and) is the angle of incidence measured from structures are created on the glass surface and the ripple

the normal to the surface. characteristics are studied in detail using an optical micro-
In this work, we observe submicron ripples when ascope, SEM, and AFM.

monolayer of silica nanospheres are deposited on a glass

substrate and exposed to laser irradiation from the glass sidBl. RESULTS AND DISCUSSION

The experiments are performed for different sphere sizes,

varying angle of incidence and laser polarization. Finally,

scanning electron microscog$EM) and atomic force mi-

croscopy(AFM) are used to characterize the ripples.

FIG. 1. Schematic of the experimental setup.

A monolayer of 640 nm spheres is deposited on the glass
substrate and a SEM micrograph of the monolayer is pre-
sented in Fig. 3. The glass sample is then illuminated by a
single s-polarized laser pulse of 10 mJ/érfrom the glass
side at an incident angle of 0°. The spheres are ejected from
the glass surface and periodic surface structures are formed

The schematic of the experimental setup is shown in Figon the surface of the glass substrate. These structures are
1. A 1064 nm Nd:yttritium—aluminum—garnet laser of 12 nscharacterized as long, parallel lines extending over the entire
pulse width is used as the illumination source in our experidaser exposed area as shown in the SEM micrograph in Fig.
ment. The output laser beam, whichsolarized, is split 4. The periodicity of the ripple¢horizontal spacing between
into two beams by using a beam splitter. One part of theéwo crests or valleysthus created is found to be 450 nm.
beam is used for measuring the laser energy with the help AFM cross section of the surface shows that the ripples are
an energy meter and the other part is passed through a haffdeed undulations of the surface and the profile varies sinu-
waveplate mounted on a rotary mount. Rotating the wavesoidally with an amplitude variation of around 80 nm as
plate changes the polarization of the incoming beam fronshown in Fig. 5. To investigate the ripple characteristics in
s-polarization to p-polarization and vice versa. The laser detail, the experiment is repeated by changing the angle of
beam coming out of the waveplate is then focused onto thécidence of the laser beam onto the target. Varying the in-
sample, using a plano-convex lens. The sample is loaded arident angle from 0° to 45° had no influence on the forma-
a three-dimensional stage capable of motion in all three dition of ripples and the spacing remains the same. For both 0°
rections. and 45° incidence of the-polarized laser beam, the ripples

The sample used in the experiment is borosilicate glasare oriented perpendicular to the electric figi) of the in-
of thickness 500um. The wafers are well polished and,
hence, the surface roughness is in nanometer $eddenm).
The samples are cleaned in ethanol solution followed by
rinsing in de-ionized water to make sure the sample is clean
and free of any contaminants. After the samples are dried
with nitrogen gas, an aqueous solution of monodispersed
silica nanospheregl.76 um and 640 nm diametediluted
with de-ionized water is applied on the glass sample. After
the evaporation of water, the nanospheres reorganize and
form a hexagonally closed-packed monolayer on the glass
substrate by means of a self-organizing process.

After confirming the hexagonal monolayer arrangement,
the glass samples are exposed to the laser beam from the

backside as shown in Fig: 2. Borosilicgte glass is transparefig, 3. SEM micrograph of a hexagonally close-packed monolayer of silica
to the wavelength used in our experiment and, hence, theanospheres of 640 nm in diameter on a glass substrate.

Il. EXPERIMENTAL SETUP
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FIG. 4. SEM micrograph of the ripples extending over the entire laser

exposed area for 640 nm spheres at 0° incidence of-olarized laser
beam.

cident beam. The experiment is repeated fgp-polarized
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FIG. 6. AFM image of the ripples created with 1.76n spheres for 45°
incidence of go-polarized laser beam.

laser beam at 0° and 45° incident angles. The ripples ob-

tained under these conditions again have the same period
ity. However, with ap-polarized incident beam, the ripples

ic-
the ripple characteristics, i.e., the spacing and amplitude re-

are oriented parallel to the electric field instead of the permain 450 and 80 nm, respectively, for batipolarized and

pendicular orientation observed with aipolarized beam.

p-polarized laser beams at 0° as well as 45° incidence. The

To better understand the ripple formation mechanismyinples are again oriented perpendicular to the electric field

we repeated the experiments with 1 4@ diameter spheres.

in case of ars-polarized incident beam, whereas the orien-

Itis found that the diameter of the spheres does not influencgyion is parallel to the electric field in case opgolarized

100
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FIG. 5. AFM traces showing the cross-section profile of the ripples create
with 640 nm spheres for 0° incidence of arpolarized laser beam(a)
surface topography an) cross-section profile.
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beam. An AFM image of the ripples obtained with 1,46
spheres for 45° incidence ofpapolarized laser beam is pre-
sented in Fig. 6.

Thus, the ripple formation mechanisms proposed earlier
do not provide a satisfactory explanation for the ripples ob-
served in our experiment. Also for dielectrics, no surface
excitations like surface plasmons exist in the visible or near-
infrared, and for these materials a wave propagating parallel
to the surface with a wavelengihor indeed with any wave-
length does not satisfy the Maxwell boundary conditions
across the interfact.

In laser ablation of wide band gap transparent dielectrics
using an ultrafast laser pulse, multiphoton surface ionization
followed by Coulomb explosion of positive ions from an
electrostatically unstable surface is believed to be the promi-
nent mechanism for material removalin patterning glass
using nanospheres, the presence of an enhanced optical field
around the spheres is believed to induce nonlinear absorp-
tion. The nonlinear absorption resulting from the laser-sphere
interaction has been used to create submicron features on
glass? In this work, the enhanced optical field around the
spheres results in an electrostatically unstable surface due to
multiphoton ionization, finally leading to an explosive emis-
sion of ions. However, the whole electrostatically driven ab-
lation mechanism comes against the idea of ripple formation,
which corresponds to a phase transition. Therefore, as sug-
gested by Reifet al,?"?? the generation of a strongly per-
turbed surface in an extremely short time leads to a self-
organization process during the relaxation of the surface
instability. Thus, we believe self-organization mechanism to
c!oe the main cause for the formation of ripples. Though this
model cannot explain the role of polarization, investigation
to support this view is currently underway.
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