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Single-step fabrication of silicon-cone arrays
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A regular lattice of SiQ microspheres on a quartz support is used as a microlens system for
laser-induced single-step fabrication of arrays of silicon cones ofi08) Si surface. The
experiments were performed with single-pulse 248 nm KrF laser radiation20@3 American
Institute of Physics.[DOI: 10.1063/1.1538347

Regular two-dimensional2D) lattices of microspheres ployed, the silicon surface becomes molten within the foci
formed by well-known self-assembly processes were regenerated by the microspheres. Due to spherical aberration,
cently employed for micro- and nanopatterning of substratéhe maximum intensity within these foci ilgo(rgp/A)lo
surfaces® Here, such lattices have been used as lithowherel, is the incident intensity. After laser-induced melt-
graphic masks for consecutive standard processifigor  ing, the silicon resolidifies. Resolidification starts at the edge
direct laser-induced patterning of the supgorpr as an ar-  of the molten zone and proceeds towards its center. In con-
ray of microlenses that focus the light onto a nearby placedirast to the usual behavior of materials with melting, the
substraté This latter technique permits one to employ all density of liquid Si,p,(€-Si)=2.52 g/cn, is bigger than
types of light-induced processes ftirect single-step surface the density of solid Sip¢(c-Si)=2.32 g/cnd. Thus, the vol-
patterning by ablation, etching, deposition, and chemical oume of siliconincreasesduring solidification. As a conse-
structural transformatioh. quence, during cooling the liquid silicon is squeezed radially

In this letter we report on the fabrication of silicon conesto the center and forms a protrusion. As a result, a solid cone
on a (100 Si wafer. The experimental setup employed issurrounded by a ring-shaped trench is formed.
similar to that described in Refs. 1 and 2. We use 248 nm For a semiquantitative description of the solidification
KrF laser radiation and a fused quartz support covered with grocess we ignore any surface tension effects and start with a
hexagonally close-packed monolayer afSiO, micro-  certain volume of liquefied silicon/, . Because > ps, the
spheres of diametet=2r,=6+0.6 um. The 2D lattice of level of the liquid,h,, is belowthe original silicon surface,
microspheres was produced from a commercially availabl®s. Both h, andh refer to the maximum depth of the mol-
colloidal suspensiofBangs Laboratories Incby employing ~ ten zone. From mass conservation we find
a technique similar to that described in Ref. 10. The substrate _
was placed in the focal plane of the microspheres, i.e., at a PVt psdVs=0, @
distancef~nrg/2(n—1) from the center of spheres. Here, wheredV, anddV, denote volume changes of the liquid and
r'spis the radius and the refractive index of spheres which is the solid, respectively. IF is the molten area at a certain
n~1.4. time t anddh the change in height due to solidification, the

Figure 1 shows an atomic force microscqgd-M) im-  total change in volume can be described 8y=Fdh
age of a small part of the Si substrate that has been patterneddV,+ dVs. Then, we find from Eq(1):
by a single KrF-laser shot of pulse length,~28 ns. The
laser fluence incident onto the support wa& ApdV+psFdh=0, 2
~250 mJ/cri. The arrangement of cones generated on thevhereAp=p,— ps. We describe the liquefied volume at the
Si surface reveals the hexagonal lattice structure of the mitime t by its radiusr and its depthh’, so thatV,
crospheres. The distance between the cones is equal to the
diameter of spheres. The full curve in Fig. 2 shows an AFM
profile of a single cone. Its diameter at full width at half
maximum (FWHM) is about 495 nm and its height about
350 nm. Both quantities are measured with respect to the
surface of the silicon wafer. The cones are surrounded by a
ring-shaped trench whose volume is, withir5%, equal to
the volume of the cone.

The formation mechanism of the cones observed in our
experiments is completely different from that described in
Refs. 11-13. 10

In the present experiments, cone formation can be ex- 0
plained by the anomalous behavior of the density of solid

and liquid silicon. With the experimental conditions em- FIG. 1. Silicon cones fabricated on(200 Si surface by single-shot KrF-
laser radiation ¢=250 mJ/cri, 7,=28 ns) using a regular lattice of SjO
microspheresd=6 um) for focussing. The height of cones with respect to
¥Electronic mail: dieter.baeuerle@jku.at the original surface is 35930 nm.
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=2Aphg/(ps—2Ap) and for the depth of the trenchh,=hg

04| : —
7 st ] —h¢=Aph/p, . This yields a ratio ofAhc/Ah,=2p,/(ps
< 02l Ah, —2Ap)~2.63, which is in reasonable agreement with the
m measured profile.
g 0 The melt depthh, can be estimatethdependentlhfrom
& < '-Ah the heat balancIf we compare the energy focused by a
v et microsphere of radiusg, into the molten zoney,, with the
02 o5 o o5 1 energy required for melting, we obtain h,
RADIUS 7 [pm] ~A¢rifwip (ATt AH,), whereA is the absorptivity

_ N andc, the specific heat of the material at an average tem-
FIG. 2. Full curve shows an AFM profile of a silicon cone. The daShEdperature betweer =300 K and the melting temperature
curve was calculated from E¢p) usingh,=1.73um andw,,=0.75um as T .AT. is the | ind dt t . th
fit parameters. m-ATp, is the laser-induced temperature rise, An‘d' m the
melting enthalpy. With the material parameters listedct&i

, _ ... in Ref. 9 we obtainh,=1.88um. This value is in good
=V(r,'), and assume that the thickness of the reSOIId'f'edagreement with the value tf, derived from the fit in Fig. 2.

material at the bottor’n 18. The su_rface of the quui(_j can then In summary we demonstrated that regular lattices of mi-
be described by=h"+ 4. The final surface profile is then . ,snheres formed by self-assembly processes can be em-
described byh=nh(r). If the rates of solidification in axial 1, e for single-step fabrication of large regular arrays of
and radial dlrgctmns are related, 5= —kdr we obtain  ¢ones on Si surfaces. Cone formation can be explained semi-
from Eq.(2) with the Ansatzk=¢h'/r: quantitatively by the anomalous behavior of the density of
dr silicon near the melting point. The distance between cones
APdV€+PsF( dh’— fh'T) =0. (3 can be varied either via the diameter of microsphépess-
_ ) ) ently available with sizes between 0.1 and 46) or via
We now describe the molten zone by a cylinder, i.e.Myy  higher order light interference patterh®otential applica-

=mr? h', and se¢=1. With §=1 the shape and the aspect tions of such Si-cone patterns include field-emitter arfdys,
ratio of the molten bath will vary weakly during solidifica- gisplays, or sensors.

tion andr andh’ will disappear simultaneously. With this
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