PHYSICAL REVIEW B, VOLUME 64, 155323

Micron-scale modifications of Si surface morphology by pulsed-laser texturing
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The morphologies of Si surfaces are modified with single, tightly focused nanosecond laser pulses and
characterized by atomic force microscop&FM). Dimple-shaped features with diameters 1wn and
depths 1-300 nm are produced by varying the laser-spot diameter and the peak energy Hgnisitresrange
0.4<F,<1.3 J cm 2. Greater control of the depth of shallow dimples and quantitative comparison of theory
and experiment is enabled by first removing the native oxide of Si with dilute HF acid. We develop approxi-
mate analytical solutions for two-dimensional fluid-flow driven by gradients in the surface tension; these
solutions provide fundamental insight on how the morphology depends on laser parameters and the thermo-
physical properties of the melt and its surface. Quantitative comparisons between theory and experiment are
enabled by using numerical simulations of heat flow in one-dimension as inputs to the analytical fluid-flow
equations; we find good agreement with AFM data for the dimple shape and depth.
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[. INTRODUCTION We have found that laser texturing provides a convenient
and flexible method for modifying the morphology of Si sub-
Micron-scale modifications of NiPhard-disk substrates strates and we are applying laser textured Si wafers in other
by laser processing was demonstrated nearly 10 year$ ag@xperiments on the physics of epitaxial crystal growth and
Since that time, the process of “laser zone texturing” hasmass transport on clean crystal surfaces; laser texturing
become established as a standard manufacturing tool for coavoids the contamination and substrate damage that is some-
trolling friction in the landing zone of the disk. Laser textur- times produced by lithographic processing and plasma etch-
ing does not rely on material removal—as, for example, isng. Our analytical model for the dimple shape and depth,
the case for laser drilling or laser ablation—but on hydrody-see Sec. IV, allows us to quantitatively understand how the
namic redistribution of the molten region produced by inho-geometry of the surface feature is controlled by the lateral

mogeneous heating. Temperature gradients at the surface @ktribution of energy density in the focused laser beam.
the melt produce gradients in the surface tension that, in

most cases, drive fluid from the hot center of the melt to the
cold periphery. A dimple-shaped feature is typically observed
after resolidificatiorf:® Laser texturing is a particularly pow-

erful method for creating subtle changes in morphology with

good control over the lateral and vertical dimensions of the . Our apparatugat U III|n0|.s) for laser texturing uses a
surface featurd. diode-pumped, passivel-switched and frequency doubled

Although laser texturing of NiPhas significant techno- (932 nm neodymium yttrium aluminum garnéNd:YAG)
logical relevance, a quantitative understanding of the procedgSer that generates nanosecond pulgei-width-half-
is hampered by the lack of key data for the high-temperaturéaximum (FWHM) ~1 nsg| with a repetition rate of 17
thermophysical properties of NjRand the complexity of the kHz. We select a single pulse from the pulse train with an
surface properties of this metastable amorphous alloy. Oucousto-optic modulator; only the first-order diffracted beam
study of laser texturing of Si is motivated by the opportunity passes through a first aperture. Our standard configuration
for greater scientific understanding: most of the thermophysiuses ax5 beam expansion that produces @”lihtensity
cal and surface properties of Si are known and therefore weadius at the back-focal-plane of the objective lenswgf
can more critically confront theory with the results of experi- =4.1 mm. We truncate this beam with a second aperture of
ment. Using Si, we can remove the native oxide and produceadiusa~1.5 mm to control the energy density at the sur-
hydrogen termination of the surface by treatment with hy-face of the sample. In most cases, the focal length of the
drofluoric (HF) acid; this surface preparation allows us to objective lens isf=10 mm; this combination of beam ex-
isolate the role of desorption of surface contaminants in lasepansion, truncation, anidproduces a ®” beam diameter on
texturing. the surface of &~3 um. For selected experiments, we use

Il. EXPERIMENTAL DETAILS
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other combinations of the beam expansion and objective
lenses to create laser spots of diameter 1, 2, andm; in
these cases, the energy of the pulse is attenuated by neutral
density filters.

Our samples are commercial p-typdd®il) wafers with a
resistivity of 1 0 cm. The samples are mounted on a mo-
torized x-y-z stage that positions the sample relative to the
objective lens with a resolution of50 nm. To facilitate
placement of the sample surface at the focal plane of the
objective lens, we insert a Fresnel beam splitter in the optical
path and focus the light reflected from the sample surface
onto a small aperture placed in front of a photodetector; the
detector signal is maximized when the sample is at the focus
of the objective lens. Adjusting the focus becomes rapidly
more critical for tightly focused laser beams because the
depth-of-focusl scales with the square of the diameter of the
laser spot. For example, if we can tolerate a 5% variation in
spot size thend==*=8 um for a beam diameter of v
=4 um andd==*=0.6 um for the smallest spot size we
have investigated\@=1.1 um. » .

We determine the energy Of an individual laser pulse FIG. 1. Three dimensional perspective view of the morphology
(typically ~300 nJ) by measuring the average power of thepf typical laser dimples on Si as measured by atomic force micros-
laser with a calibrated optical power-meter and dividing bycopy. (a) Peak energy density of the pulsg=0.77 J cm, 1/e?
the repetition rate measured with a fast photodetector angeam diameter@=2.9 um; (b) Fo=1.15 J cm, 2w=2.6 um.

spectrum analyzer. For a truncated Gaussian beam incident at

the back-focal-plane of an objective lens of focal lerfgthe All experiments were performed in air. We characterize
energy densityF(r) at the focal-plane of the objective lens the dimple shape by atomic force microscdFM) Digi-
IS tal Instuments Dimension 3100 Serieperating in contact-
mode and calibrated with a standard grating.
2EK?[ [alwg 2
F(r)= fo pexp(—pH)Jo(krp)dp| . (1) lll. RESULTS AND DISCUSSION

In laser texturing of NiR, the shape of the surface feature
where we have defined a characteristic inverse lergth changes from a shallow dimple, to a sombrero-shape, to a
=2mWo/(f\), Jo is the zero-order Bessel functioR, the  double-rim shape as the energy density is incredsghese
wavelength,w, the 1k* intensity radius of the Gaussian shape changes are thought to be connected to the desorption
beam at the back-focal plane aadhe radius of the trunca- of surface oxides and possible changes in the alloy compo-
tion aperture in the back-focal plane. We use Eq. 1 to calcusition at the surface; the sombrero-shape in particular gives
late the peak energy density at the center of the bBam clear evidence that fluid flows toward the center of the melt,
=F(0) and define a & intensity radiusw by the relation-  suggesting that the center of the melt has the highest surface
ship F(w)=Fg/e?. tension. By contrast, our investigation reveals that surface

Equation(1) excludes the effects of lens aberrations. Al-features produced by laser texturing of Si keep the same
though we have not quantified the aberrations of the objecshape over a wide range of energy densities. Figure 1 shows
tive lenses used in this study, in most cases light fills only aAFM images of typical features. The peak energy derfsity
small fraction of the back-focal-plane aperture of the objecwas varied by changing the truncation of the beam in the
tive lens and therefore, the diffraction limit described by Eq.back-focal plane of the objective lens, leading to a small
(1) should be accurate. Only in the case of the smallest spafecrease of spot size with increasing energy density. A 10%
size we have investigatedj;=4.1 mm,f=10 mm, anda  change in the radiua of the truncation aperture changeg
=4.2 mm=(N.A)f, should aberrations have a significant by ~40% but produces only a&10% change in the &f
influence onF, andw. radiusw.

The optical properties of Si are well known but more In both Figs. 1a) and Ab), the shape of the feature can be
complex than for a metal such as NiPFor crystalline Si, described as bowl-like crater with a shallow rim raised above
the reflectivity isR=0.37 for \=532 nm; the absorption the flat Si surface. Increasirfg, increases both the depth of
coefficient at room temperatdréis 4wk/A~7x10° cm™  the crater and the height of the rim. For the feature shown in
and increasds to ~10° cm ! at 850°C. The optical prop- Fig. 1(a), the distance between the top of the rim and the
erties of liquid Si ,,=1410°C) are metallic: the reflectivity bottom of the crater is 25 nm; in Fig(l), this distance is
of the liquid'® is greater than the solidcR=0.70, and the 330 nm. We define this length-scale as the “peak-to-peak
absorption coefficient increases dramaticallyrkd\=1.2  roughness” of the surface feature. In both images, a second-
x10° cm 1. ary, much shallower depression is visible surrounding the
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significant amount of heat may be lost to lateral heat conduc-
tion in the sample. Both of these mechanisms are probably
valid but the morphologies of these small features show a
central domelike structure at intermediate energies, suggest-

ing that lens aberrations are indeed playing an important
role.

Data for 2v=8 um are shifted even further to the right
on Fig. 2; these data are from a different apparaaidJC
Berkeley that used an activel@-switched laser with a much
longer pulse width, FWHM~=15 ns. The larger laser spot
and longer pulse-width result in smaller temperature gradi-
ents at the surface of the melt and a correspondingly smaller
peak-to-peak roughness for a given energy density. These
data are included for completeness; because of the substan-
tial differences in pulse width and spot size, a direct com-
parison with the short pulse, small spot size data is difficult.

A typical native oxide of Si has a stoichiometry close to
SiO, and a thickness of 2—3 nm. The presence of this oxide
layer greatly hinders any quantitative comparisons between
(ﬁxperiment and theory because we have little knowledge of

on the peak-to-peak roughness of laser dimfdéerence in height "OW changes in the microstructhe and desorption of the ox-
between the top of the rim and the bottom of the central craver  |d€ layer alters the surface tension of the laser rifefor
different beam diameters. Each set of data is labeled by wfe 1/ tN€se reasons, we compare laser texturing before and after
beam diameter of the focused optical pulse. Filled circles: energf€atment with hydrofluori¢HF) acid. First, dimples are pro-
reduction with beam truncatiorm=3 pum. Open Symb0|s: energy duced on an Untreated S| Surface terminated by the na.tive
reduction with absorptive neutral density filters. Stars labeled byoxide. Subsequently, we pour a 5% solution of HF over the
8 wm are for comparison and were obtained using a different apsample and repeat the laser texturing process at a different
paratus(FWHM of 15 ns, frequency doubled Nd:YLF lager location on the same Si sample. In this way, we avoid any
drift in the laser pulse energy that could produce systematic
errors. HF acid is known to remove the native oxide and
does not change significantly withy,. Integration of the rela-  create a hydrophobic, hydrogen-terminated surtaae as-

tive height of the featur¢ 27r Azdr shows that loss of ma- sume that the hydrogen termination desorbs immediately
terial by evaporation or ablation is negligible under theseupon laser processing and has little effect on the intrinsic
conditions. properties of clean Si.

We used plan-view transmission electron microscopy Figure 3 shows the peak-to-peak roughness as function of
(TEM) to confirm that the melt-zones recrystallize, as ex-F, for Si samples with the native oxide intact and samples
pected, with excellent crystal quality; amorphization of Siwith the oxide removed by the HF treatment described
wafers by laser melting generally requires the use of nanoabove. The peak-to-peak roughness of HF-treated Si in-
second UV pulsés to create a temperature gradient and so-creases more smoothly and reproducibly with than Si
lidification velocity large enough to cause a breakdown incovered by the native oxide: the oxidized sample shows an
the regrowth of the crystal. The TEM images show, howeverabrupt increase in roughnessfa>0.6 J cm ? and then a
a narrow band of contrasty50 nm wide, at the outermost plateau for 0.65F,<<0.9 J cm 2. Because the viscosity of
edge of the melt zone. We do not yet understand the nature &iO, is orders of magnitude larger than the viscosity of lig-
origin of the defects responsible for this contrast. uid Si, we do not envision thermocapillary flow of the oxide

Figure 2 shows the peak-to-peak roughness as a functidtself; rather, we attribute the differences between the oxi-
of energy density at the center of the laser spgtfor dif- dized and HF treated samples to surface tension gradients
ferent values of the &f diameter 2v. The curves have a created by the break-up and desorption of the oxide layer at
striking feature in common: a steep increase when the energy,>0.6 J cm 2.
density exceeds a threshold value. From an analysis of the In addition to these differences in total roughness, a subtle
diameters of the outer edge of the effected regions as a funbut distinctive difference in the morphology is found across
tion of Fy, we determine the threshold for melting,, the entire range of,: oxidized samples show a small
=0.21+0.015 J cm 2. Therefore, we observe a significant (=1 nm tal) rim at the outer edge of the melt zone—see,
range ofF, where the sample melts but the modification of for example, Fig. (a—but HF-treated Si shows a narrow
the surface morphology is essentially negligibie2 nm. groove~1 nm deep. We make a quantitative comparison in

For the most tightly focused laser spoty2 1.1 um, the  Fig. 4 where we plot AFM line scans through the center of
curve for the peak-to-peak roughness is shifted to higher valsurface features created at value$-gfrelatively close to the
ues ofF,. We offer two possible explanations of this behav-threshold for melting. We do not yet understand the origin of
ior: (i) spherical aberrations of the objective lens cause us tthese small features at the edge of the melt zone, although
overestimate the true value Bf based on Eq(l) and(ii) a lateral solidification at the edge of the melt may contribute.
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FIG. 2. Influence of the peak energy density of the laser puls

outer edge of the rim; the depth of that structurel nm,
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FIG. 3. Peak to peak roughness of the dimples measured with X (”m)

AFM as a function of surface condition. Filled symbols: surface

covered by a typical native oxide of Si; open symbols: surfacem FlG'r ‘L bL'TFfﬂcants 2f rth_e rr;]orprht%logt;k):rofhSllolle?szirmdllrg))Iets, as
treated by dilute HF acid prior to laser texturing. In both cases easured by » at energies near the threshold for meltagi

2w~3 um. The solid line is a fit to the data for HF-treated Si terminated by native oxide€b) Si surface treated by dilute HF acid

using the functional formAz=C(F,—F)* where Fy, is the prior to laser texturing.

threshold for melting, determined independently, and the con€tant ) . . o
is adjusted to fit the dat=30 nm cnf J*. For an imcompressible, steady-state flow in the limit of large

viscosity, the continuity equation and the Navier-Stokes
Figure 4 also demonstrates a second difference in morequation for the fluid velocityf reduce t6°
phology that exists only near the threshold for melting. At
these low values ofF, the surface curvature at the center of V.0=0, VZ=0. )
the feature is positive for HF-treated Si, as expected for ther-

mocapillary flow of a liquid with a clean surface, but nega-The poundary conditions an are (i) that the fluid flow van-
t!ve for an oxidized Si sample. Apparently, at.energy dens"ishes at the bottom of the meft=0 atz= —h and(ii) at the
ties near the threshold for melting, changes in the stress or -
i : . L surface,z=0,
microstructure of the native oxide layer are sufficient to

cause a subtle fluid flow toward the center of the laser spot.

v, &vz) da

Nz Yo | Tar ©)

IV. MODEL FOR THE DIMPLE SHAPE AND DEPTH

To gain insight on the dimple-shape and the strong depernwhere a is the surface tensiory the dynamic viscosity of
dence of the depth of the dimples on the energy density othe fluid, and the subscriptsandz label the radial and nor-
the laser pulse, we develop below approximate analyticanal components of the velocity, respectively.
solutions to the equations of fluid flow in the melt that de- To make progress in solving these equations, we assume
termine the final morphology. Our goal is to use one-thatthe meltis shallow; i.e., we assume that derivatives with
dimensional calculations of surface temperafligeand melt  respect taz are large compared to derivatives with respect to
depthh during laser processing, e.g., as provided by Wood. The Navier-Stokes equation then simplifies to two scalar
and co-worker$!® to predict two-dimensional fluid flow equations of motion
driven by the inhomogeneouk; distribution created by a
tightly focused laser beam. v, v,

—0, oo 4
0z

. Fria
A. Limit of a long laser pulse

We first consider the limit when the time scale of the laserntegrating the first of these equations twice gives the radial
pulseAt is large compared to the time scale for the diffusioncomponent of the velocity as a function of depth.
of fluid momentum through the thickness of the melt, i.e.,
At>h?/v, whereh is the melt depth, and the kinematic 1 da
viscosity. We choose cylindrical coordinates: the origin of vr:; E(thz)' ®)
the coordinate system is located at the surface of the sample
(before the formation of the dimpl@nd at the center of the With the assumption of constant viscosity we insert Eq.

laser spotr is the radial coordinate and the samples0.  (5) into the continuity equation and solve foy.
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The problem now reduces to the problem of finding the
dependence of the surface tenswmand the melt depth on
the radial coordinate. For clean surfaces of simple materi-
als, dalJT is often a constant independent ftherefore,

da da dTs 8
ar ot ar ®
where we have added the subscspb emphasize thaks is
the temperature at the surface of the melt.

The change in the morphology of the fluk is the in-
tegral ofv, over time. Since the temperature excursiaft)

PHYSICAL REVIEW B 64 155323

As before, we insertv, in the continuity equation,
solve forv, and integrate over time to get the change in
morphology:

AZ=J’ f%(y—i[rq&exq—yt)]dzdt (14
Combining this expression with Eq89), (13), and n=pv
yields the same final equation for the morphology as we
obtained for the limit of a long laser pulse, E1l), but with

a different definition of the average of the square of the melt
depth(h?),

uﬂ>:2VJ:exq—2VUh%dL (15)

C. Comparison of theory and experiment

Dimensional analysis of Eq(ll) reveals immediately

is more strongly peaked as a function of time than the meI{Nhy the peak-to-peak roughness increases abruptly with in-

depth h(t), we define an integrated temperatdr@and an
average melt deptth?).

I=f (Ts—Ty)dt,
Te>Thm

<h2>I:JT - hz(Ts_Tm)dty

S m

©)

(10

where the integrals are over the lifetime of the melt, i.e.,
when the surface temperatufg exceeds the melting tem-

peratureT,,. Finally, we have the desired equation describ-
ing the change in the morphology produced by the lase

pulse.
( r(h%%) :

B. Limit of a short laser pulse

2nr JT or (D

Next, we examine an approximate solution for the limit of
a short laser pulse; i.e., a laser pulse lengthsuch that
At<h?/v2, We assume that the radial momentum in the fluid

creasing energy densify. Much of the energy of the optical
pulses is absorbed by the latent heat of meltingherefore,
h~(1-R)(F—Fy)/L where Fy, is the threshold energy
density for melting, anR is the optical reflectivity of the
melt. Similarly, the temperature excursion is mostly con-
trolled by the melt depth and the thermal conductivity of the
liquid A; thereforel ~(1—R)(F —Fy,)h/A. We replace dif-
ferentials ofr by the radius of the laser spatand obtain

da (F—Fy)?

— _ 4
Az~(1-R) 0T 77L3AW2.

(16)

A fit to the data for HF-treated Si of the fortvz=C(F
—Fth)* is plotted on Fig. 3; the predicted dependence agrees
well with the data.

A more complete and quantitative comparison of theory
and experiment requires knowledgel¢f) and(h?(r)). We
assume that lateral heat flow is negligible and, therefore, the
dependence df and(h?) on the radial coordinateis given
exclusively by the radial distribution of the energy density
F(r) according to Eq(1). We calculate the time evolution of
the surface temperature and melt depth for various values of
F using one-dimensional numerical simulations of optical

produced by the surface tension gradients is conserved fQfsorption and heat conduction, following the work of Refs.

short times and that the momentum decays exponentiall
with a ratey=2v/h?. We write the radial component of the
velocity v, as

V=g exp— ), 12

where the functiong satisfies the following expression of
momentum conservation:

fd—faad
p| $dz= Wt.

[The exact solutiol for a fixed melt deptth has a slightly
faster decay-rate at long timeg= 72v/(4h?), but we have
verified that our approximate solution gives the correct resul
for the integrals oy, overt andz]

13

¥4 and 15. These numerical data ft) andh(t) are then
integrated[according to Eq(9) and either Eq(10) or Eq.
(15] to give I(F) and (h%*(F)), see Fig. 5. Withh
~100 nm,»=2.4x10"7 m? s !, h?/(2v)~20 ns and we
choose the short-pulse limit for calculatifig?). Finally, we
use these results of our computational work as inputs
and numerically evaluate the analytical solution for the
morphology, Eq(11).

Figure 6 shows a comparison of the measured topography
with a numerical solution of Eq11). We have adjusted only
one parameter, the peak energy denBiyto improve the fit
to the data—the best fit usé$=0.82 J cm?, 25% less
than the experimental value &f,=1.1 J cm 2. All other
tnputs to the model are fixed:and(h?) are calculated using
the known temperature-dependent thermal conductivity, heat
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x10° m™! and h=150 nm; evaluating Eq.17) with
the properties of $P8 (p=25x10° kg m 3, «
energy density (J Cm'2) =0.73 J m?) we find y/w~0.5 and capillary waves are
underdamped in the geometry of our experiment. We can
FIG. 5. Filled circlesi(a) integrated temperatuie[Eq. (9)] and  then use X to estimate the time scale of this relaxation:
(b) square root ofh®) [Eq. (15)] for FWHM=1 ns,\=532 nm,  1/»~20 ns. This time scale is comparable to the melt time
optical pulses calculated from one-dimensional numerical simulagng we conclude that capillarity may play some role in de-
tions.of optical absorption aqd heat transfer in Si and .plotted as ermining the final morphology. Oxidation of the liquid Si
function of the energy densitff of the pulse. Open cwclesz are surface following the laser pulse could increase the damping
included for comparisor(a) | [Eq. (9)] and(b) square root ofh®)  efficient considerably and greatly decrease the relaxation
[Eq. (10)] for FWHM=18 ns, A =532 nm, opfical pulses calcu- e gye to capillarity. This enhanced damping of a capillary
lated from the numerical results published in Ref. 15. wave by an adsorbed film is discussed in a problem in

capacity, and optical properties of Sithe temperature co- Landau and Lifshit2®
efficient of the surface tensidhis da/dT=—7.4x10"° N
m~1 K~! and the viscosity of liquid S{Ref. 19 is =6
X104 Pa s. The agreement between the data and the pre- ACKNOWLEDGMENTS
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