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Formation of regular arrays of silicon microspikes by femtosecond laser
irradiation through a mask
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We report fabrication of regular arrays of silicon microspikes by femtosecond laser irradiation of a
silicon wafer covered with a periodic mask. Without a mask, microspikes form, but they are less
ordered. We believe that the mask imposes order by diffracting the laser beam and providing
boundary conditions for capillary waves in the laser-melted silicon. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1561162#
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A variety of micrometer-scale surface patterns have b
observed on silicon surfaces after pulsed laser irradiation1–6

When irradiated by nanosecond laser pulses at a flue
close to the melting threshold, silicon surfaces deve
ripples with submicrometer periodicity~often called laser-
induced periodic surface structures, or LIPSS!.1,7 By irradi-
ating surfaces with femtosecond laser pulses above the a
tion threshold in SF6 , we previously created silicon surface
covered with a semi-ordered pattern of sharp con
microspikes.3,4 Others have also reported laser-induced f
mation of larger conical microstructures using high-intens
nanosecond pulses.2,5,6

While the mechanism responsible for LIPSS formati
is now well understood, the mechanism of microspike f
mation is not. To better understand this mechanism, we
posed boundary conditions on the excited silicon surface
the incident laser light by irradiating the silicon surfa
through a periodic mask. The resulting microspikes are
ranged in regular arrays with the same symmetry as the m
apertures. The arrangement and separation of the
crospikes indicate that capillary waves in the molten silic
may play a role in microspike formation; ordering may ar
from confinement of the region of laser-melted silicon at
surface combined with diffraction of the laser light.

We masked silicon chips@float zone Si~111!# by affixing
2-mm-thick copper transmission electron microscope~TEM!
grids to the sample surface with conductive carbon tape.
carbon tape causes a gap between the silicon surface an
TEM grid, varying from a few micrometers to tens of m
crometers. We used square grids of width 10, 20, 30, 40,
and 200mm, and hexagonal grids of width 30mm. The
sample is mounted normal to the laser beam on a three-
translation stage in a vacuum chamber with a base pres
of less than 1022 Pa. During sample irradiation, the chamb
is backfilled with 6.73104 Pa SF6. The laser pulses~800
nm, 100 fs, 0.3 mJ! are focused to a beam waist of 200mm
at the sample surface; the spatial profile of the beam
Gaussian, and the fluence per pulse at the sample surfac
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kJ/m2, which is well above the thresholds for both ablatio
and plasma formation. The sample is translated at 200mm/s
in the plane perpendicular to the laser beam, and a fast s
ter is used to vary the repetition rate of the laser pulse tr
between 5 and 50 Hz, thereby controlling the average nu
ber of laser pulses per unit area.8 After irradiation, the masks
are removed and the resulting structures imaged with a s
ning electron microscope.

Figures 1~a! and 1~b! are electron micrographs of th
surfaces obtained using a mask with 30-mm hexagonal open-
ings; Figs. 1~c! and 1~d! show surfaces obtained using
mask with 20-mm square openings. The microspikes are
ranged in regular arrays with the same symmetry as
mask. The gray bars above Figs. 1~a! and 1~b! show the
spatial intensity profile of the laser beam; the density of
microspikes depends on the laser fluence, with a higher d
sity of microspikes forming where the fluence is less. Alo
a constant-fluence line perpendicular to the laser inten
profile, the density and arrangement of microspikes is ne
uniform. Using a mask with 10-mm or 30-mm square open-
ings also produces ordered microspikes of the same num
density as the 20-mm square openings; using a mask wi
larger openings produces ordered microspikes at the ed
but the microspikes in the center of the opening are qu
ordered, like the microspikes produced without a mask.

Figures 2~a!–2~e! show the development of the m
crospikes as the number of laser pulses increases, usi
mask with square openings, and with the laser polariza
parallel to the vertical axis of the mask. After five las
pulses, periodic ripples form with the same wavelength
the laser light~800 nm!, oriented perpendicular to the pola
ization of the laser light. Between 10 and 50 pulses, a coa
periodic structure appears on top of the ripples, consisting
ridges parallel to the polarization of the light and perpendi
lar to the underlying ripple structure. In the absence o
mask, periodic ripples also form perpendicular to the la
polarization, but the subsequent coarser structure lacks
order of the structures shown in Fig. 2.9 Between 100 and
200 pulses, the underlying ripples vanish, and the coarse
structure evolves into an ordered array of microspikes. If
laser polarization is rotated 45° relative to the sides of
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mask openings, as in Fig. 2~f!, the coarsened structure th
exists after 10 pulses no longer consists of ridges paralle
the polarization, as in Fig. 2~b!. Instead, the coarsened stru
ture is fragmented into smaller structures, and those st
tures fall roughly on a square array with axes parallel to
sides of the mask openings.

We identify three stages in the process of spike form
tion from the images presented in Fig. 2. First, ripples fo
on the silicon surface, then a coarsened layer forms on to
the ripples, and finally the coarsened layer fragments
beads which subsequently are etched into microspikes. In
remainder of this letter, we will discuss possible mechanis
for this process.

Periodic ripple formation upon laser irradiation of soli
with nanosecond pulses below the ablation threshold
been previously reported, and was attributed to perio
melting of strips on the surface~at low fluence! or capillary
wave formation in a uniformly melted area~at high fluence!.7

Under the conditions we use, with each laser pulse, a pla
forms; after the plasma expands, a molten silicon layer is
behind on the surface, which solidifies before the next la
pulse arrives. The ripples we observe@Fig. 2~a!# have the
same wavelength as the laser wavelength; we therefore
pect that as in the nanosecond case, ripple formation is
to capillary waves excited in the molten silicon by interfe
ence between the incident and scattered laser light.7

Formation of the coarsened layer and subsequent f
mentation into microspikes could either involve plasm
oscillations10 or capillary waves in the molten silicon.6 In
addition, Fresnel diffraction of the incident light from th
edges of the mask openings11 should produce a modulate
temperature profile in the plasma or the liquid; temperat
variations may play a role in exciting or sustaining the os
lations.

Let us first consider the possibility of a plasma oscil
tion induced by the trailing edge of the light pulse. By an
lyzing the radiation backscattered from a laser-produ
plasma, Jannitti and coworkers10 observed a resonant inte

FIG. 1. Scanning electron micrographs of ordered silicon spikes forme
masking the irradiated sample with~a!, ~b! a 30-mm hexagonal grid and~c!,
~d! a 20-mm square grid. The nearly Gaussian spatial intensity profile of
laser pulse is shown at the top in grayscale~white corresponds to maximum
intensity!.
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action between the plasma and laser pulse light when
plasma frequency equals the laser light frequency. This re
nance occurs because the electron density of the plasm
creases with increasing laser fluence; the correspon
plasma frequency can therefore increase until the plasma
quency is resonant with the laser light frequency, and
electromagnetic field couples directly to the plasma osci
tion. However, we find that increasing the fluence increa
both the typical separation of the microspikes@Figs. 1~a! and
1~c!# and the wavelength of the coarsened layer. If the m
crospike separation was determined by the plasmon wa
length, increasing the plasma density, and therefore
plasma frequency, should instead decrease the typical s
ration of the microspikes and the wavelength of the coa
ened layer. Therefore plasma oscillations cannot be resp
sible for the arrangement of the microspikes.

Let us next consider capillary waves in the molten s
con as a mechanism for forming the coarsened layer. Diffr
tion of the laser light from the mask apertures causes in
mogeneous energy deposition into the substrate; as a re
the temperature in the molten surface layer is periodica
modulated. The surface tension of the molten silicon
creases with increasing temperature, so the hot liquid flo
toward cooler regions, deforming the surface. Relaxation
the deformation as the molten silicon cools can then ex
capillary waves in the molten liquid; these capillary wav
are most likely the instability that drives both the formatio
of the coarsened layer and its subsequent breakup.

We can estimate the characteristic length scale of
coarsened layer from the dispersion relation for capilla
waves in a shallow liquid layer:6,12

y

e

FIG. 2. Scanning electron micrographs of~a!–~e! silicon spikes formed with
a square grid after increasing number of laser pulses. The direction o
electric field is vertical in~a!–~e!. ~f! Spikes formed with the grid rotated
45° relative to the grids in~a!–~e!.
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l5Fsd

r G1/4

~2pt!1/2, ~1!

wherel andt are the wavelength and period of the capilla
waves, respectively ands, d, andr are the surface tensio
coefficient, depth, and mass density of the liquid layer,
spectively. Note that the capillary wave period cannot exc
the lifetime of the liquid layert liq , and therefore the averag
spike separationlspike cannot exceed the wavelength corr
sponding tot liq . We estimatet liq to be between 75 ns~a
value measured by others with somewhat lower fluence
shorter wavelength13! and 600 ns~calculated from a simple
model that ignores the effect of ablation14!. The penetration
deptha21 of 800-nm light into silicon is roughly 10mm,15

and others have determined that the liquid layer formed
lower fluence and shorter wavelength is roughly 100
deep;13 we therefore expect the liquid layer depthd to lie
between these two limits. Using these ranges of values
t liq andd and literature values fors andr16,17 in Eq. ~1!, we
estimate the longest allowed wavelength to be between 2
20 mm. The observedlspike of 5 mm ~Figs. 1 and 2! falls
nicely in this range of values.

The observed increase of the average spike separa
with increasing fluence is also consistent with capilla
wave-driven formation. Increasing the fluence deposits m
energy in the silicon substrate, melting more silicon a
therefore increasing the liquid layer depth and lifetime. T
dispersion relation given above indicates that increased d
and lifetime should correspond to a longer wavelength.

When the melted silicon layer is confined rather th
infinite in extent, the size of the melted area constrains
allowed capillary wavelengths, and standing waves form
a melted square with sidea, allowed standing wave vector
are given byk5pm/a (m51,2,3,...). As we observe only
single wavelength in all the squares irradiated with a giv
fluence, some additional mechanism must be at work to
lect a particular wavelength. Fresnel diffraction from t
edges of the mask opening cannot on its own determine
arrangement of the microspikes, as the spatial period o
diffraction pattern is independent of laser fluence and the
fore cannot produce a fluence-dependent arrangement o
crospikes. However, the diffraction pattern may help sele
particular capillary wavelength. We calculated the pow
spectrum of the diffracted light intensity on the silicon su
face, and find that the peak amplitude decreases with incr
ing m.18 Consequently, diffraction should promote formatio
of the longest wavelength capillary wave that can exist giv
the lifetime of the melted layer. When the grid opening
larger than 30mm, the diffraction pattern is only significan
near the edges of the openings, and so ordering only oc
there.

The dependence of the structures on laser polarizatio
also consistent with a formation mechanism involving bo
capillary wave excitation and Fresnel diffraction. Becau
the mask is conducting, the tangential electrical field at
edges of the mask must be zero. When the polarizatio
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parallel to one pair of sides of the square aperture, as sh
in Fig. 2~b! the intensity of the electric field is zero along th
parallel sides and nonzero along the perpendicular si
which may promote formation of wavefronts parallel to o
pair of parallel sides. When the polarization can be deco
posed into roughly equal components along both pairs
sides, as in Fig. 2~f!, standing waves form parallel to bot
pairs of sides.

In conclusion, we form micrometer-scale regions co
taining ordered arrays of silicon microspikes by femtoseco
laser-assisted etching of silicon with periodic masks. We
tribute this ordering to the selection of particular capilla
waves in the molten silicon by Fresnel diffraction of lig
from the mask aperture. These ordered arrays of microsp
could find application as pixels of microspikes for fiel
emission devices and detectors.
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Stone and M. Brenner for helpful discussions.
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