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Surface instability of multipulse laser ablation on a metallic target
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Large scale wavelike patterns are observed on an aluminum surface after it is ablated by a series of
KrF laser pulse$248 nm, 40 ns, 5 J/cth These surface structures have a wavelength on the order

of 30 um, much longer than the laser wavelength. We postulate that these wave patterns are caused
by the Kelvin—Helmholtz instability at the interface between the molten aluminum and the plasma
plume. A parametric study is given in terms of the molten layer’s thickness and of the spatial extent
and kinetic energy density in the laser-produced plasma plume. Also included is an estimate of the
cumulative growth in a multipulse laser ablation experiment. These estimates indicate that the
Kelvin—Helmholtz instability is a viable mechanism for the formation of the large scale structures.

© 1998 American Institute of Physids$0021-897@8)00408-3

I. INTRODUCTION aged target surface for a number of pulses up to 4200 shots,
we observe a relatively uniform ripple formation in the cen-
Pulsed-laser depositiofPLD) is an efficient and versa- ter of the laser spot, with large surface structures formed
tile thin film deposition techniqué.The major concern of (50—100um) in the outer edge. The spacing of the ripple is
PLD is the particulate formation that leads to the splashingnych larger than the laser wavelength, on the order of 30
of materials on the target. There is considerable evidence th (see Figs. 1 and 2 below
large particulate formation is preceded by the formation of  The |aser-produced plasma plumes have several effects
wavelike structures on the ablated surficBhe surface op Jaser-target interactions. They might strengthen the large
modification by cumulative laser irradiation also affects bothscge structures on the one haisée below, and they might
the film composition and deposition ratdhe mechanisms  apsorh or reflect the laser enerythereby preventing the
of the laser sputtering of materials have been stullied. sy light from reaching the surface, with the result of re-
Roughly speaking, there are two types of surface struCycing the thickness of the molten layer. Contrary to the case
tures resulting from laser irradiation. The first type is of ot yma|l scale surface structures, the surface conditions of the
small scale, on the order of the laser wavelength. They arge apiated metal, as well as whatever interference effects
observed during the first few pulses or when the laser fluencg;i, the incident laser light, are probably less crucial in the
is below the damage threshold of the surface. In general, theyation of the large scale structures, which were not ob-
are more dependent on the surface condition, such as the, e for polymers and other materials using this KrF laser.
optical and thermophysical properties of the material. There The presence of large scale surface structures must have

are ex_isting theories for the formation of these small S_Cal%een created by a rather significant energy reservoir. The
periodic surface structurésThe proposed mechanisms in- fairly regular wavelike patterns look much like the wind-

clude inhomogeneous energy deposition due to the mten‘erdriven surface wave in a por@ee Fig. 1 This recognition

ence of the incident laser beam and the surface scatterinr%_ﬂura1I|y directs our attention to the Kelvin—Helmholtz

field. Excitation of surface plasmons can produce anomalous T . . .
. . o instability'® as a candidate for the creation of similar wave-
absorption under high fluence irradiatibrand the laser-

. C - . like structures. In our case, the molten aluminum plays the
driven corrugation instability leads to a strong coupling

> role of “water,” and the “wind” comes from expansion of
when the critical depth reaches the pump laser wavelength he hiah pressure plasma plume. The large surface structures
The second type of surface structures, the object of thé ghp P P ' 9

occur when the surface waveming from the center of the
present study, has a scale much greater than the pump Iaﬁgcrser spot are splashed andessizalidif?ed at the edge. We ma
wavelength. These large surface struct(fesppear when spotare sp . . ge. nay
é ptatlvely identify the Kelvin—Helmholtz instability as a vi-
le candidate if the computed growth rate may explain the
buildup of the large scale structures during the multipulse
ablation, upon using a reasonable set of parameters consis-
tent with the experiments.

In addition to Kelvin—Helmholtz(KH) instability, we
have also studied the possibilities of other hydrodynamic in-
dAlso at: Applied Physics Program, University of Michigan, Ann Arbor, Mi stabilities. such as capillary wavéCWw) and Rayleigh—
48109. o - : .
bBoeing Corp., Seattle, WA. Taylor. (RT). !nstablllty. Brallovsky etal® considered all
9Sandia National Laboratory, Albuquerque, NM. three instabilities for the mechanisms of melt droplets. For

is heated beyond the vapor phase to the plasma state. In t
multipulse experiments®~1¢ a KrF laser(248 nm, 40 ns,
5-10 J/crd) is incident on an aluminum target. From the
scanning electron microscog&EM) pictures of the dam-
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Am; it equals 4um by estimating an acceleration for¢e)
of 3.2x10° m/$ (Ref. 20 in the liquid-vapor interface.
Moreover, the RT instability usually does not have its signa-
ture in the form of a very regular wave pattern as exhibited in
Fig. 1, although this instability might well be a candidate for
the formation of the individual droplets of molten materials
at the edge of the laser spobut droplet formation is beyond
the scope of the present paper.

The growth rate of the thermocapillary instabifityis
too slow to initiate the large scale structures. The corrugation
instability of plane evaporation wavésn liquid also grows
too slowly. The above considerations of smal| (less than
10 wm) and slow growth rate help us to eliminate the other
macroscopic instabilities in favor of KH instability. We note
that our model is different from the one previously consid-
ered by Brailovskyet al® in that their KH instability mecha-
nism is caused by the perpendicular plume velocity stream-
ing along thevertical column of the molten layer. More
specifically, Brailovsky examined the KH instability on the
vertical columns that are already formed. Here we analyze
how these vertical columns are formed in the first place: the
parallel wind leads to growth of the vertical columns via the
KH instability. Once these vertical columns are formed, the
FIG. 1. A SEM picture(at 50< magnification of the laser ablation spot of ~ (vertical) wind then provides secondary ripples on these col-
1000 KrF excimer laser pulses on an aluminum target at a fluence ofymns. Brailovky analyzed the secondary ripples thus formed.
10 Jfert [from Ref. 1. It is clear that when the amplitude of the vertical columns is
small (which is the case during their initial growth that is

CW instability, they considered a subsonic vapor evaporate@n@yzed hene Brailovsky's mechanism is inoperative.

from the surface with a perpendicular expansion velocity of 1€ uncertainties in the parameters, such as the depth of
order 18 cmi/s, which is two orders of magnitude lower than the molten layer and the density and velocity profiles of the

our measured velocityon the order of cmis) in the plasma win_d at the liquid-plasma interfa_ce, fqrce us to use a
experiment®~1® (see below. Their calculation for the case Semiemperical approach on a much simplified model. We
of bismuth ablated by laser intensity of?l@v/cr? yielded a  US€ & one-dimensional model with conveniently chosen den-
maximum instability increment),) of 0.1 xm, which is sity and veloglty profiles for the two media: molten liquid
much lower than our experimental value of about,3@. gnd plasma yvmd. We pqstulate that the wavelike pattern that
Unlike the RT instability discussed by Brailovsky, IS observed in the experiment corresponds to the wave num-

conventional RT instability model has been used to calculat®€" that yields the highest growth rate. We then examine the
dependence of this maximum growth on the parameters. We

next evaluate the cumulative growth for a sequence of laser
pulses, assuming that between pulses, the wave pattern so-
lidifies quickly so that the frozen pattern serves as the initial
condition at the time the next laser pulse arrives. The ranges
of the chosen parameters are guided by extensive, previous
experimental measurements of plasma plume
parameters’~® From Ref. 12(Figs. 9i, ), one can infer a
transverse plasma wind velocity of 0.18 qra/

Finally, we remark that the laser inhomogeneity is un-
likely to produce wavelike patterns so regular over a broad
front (cf. Fig. 1) and these have not been seen in our previ-
ous experiments on polymer and ceramic ablation.

0.60mm
15kV X50.0

Il. EXPERIMENTAL CONFIGURATION AND DATA

1 The laser ablation plume was produced by focusing a
10.0kV x500 pulse from a KrF excimer lasé248 nm, 40 ns<1.2 J on
FIG. 2. A SEM picture(at 500¢ ficatiod in the middle of a.d J aluminum targets. The analyzed samples consisted of seven
L 2. picturea magnitication in the mi € Ol a damage: 0 . .
Al target irradiated by 250 pulses of KrF excimer lag@48 nm, 40 ns, 99.999% pur(_a solid aluminum tarQEtS'_ T_he targets were
5Jicnt on a pure aluminum target in vacuum condition<Z placed at a ninety degree angle to the incident laser beam.
x107° Torr). The laser focal spot was 2.0 by 2.5 mm, or 0.0% amarea.
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The fluence was measured at regular intervals by inserting a Regionll:z >0
calorimeter in front of the KrF laser beam. The average laser Plasma plume
fluence at the target was approximately 5 Jcm Laser z
For these experiments, the stainless-steel vacuum system — X
was evacuated using a rotary pump-backed turbomolecular Hz, Hs ul pa(z) — > U2(2)
pump. The pressure remained less thanl® ° Torr during 720 A - Target
the laser ablation of aluminum. e s
Progressive levels of damage, ranging from 5 up to 4200 H pi2) —» U@
excimer laser pulses, were produced on each of seven tar- -—
gets. The resulting damage on the targets was investigated by Regionl:z<0
placing each target in an SEM. At each stage of damage, an Molten layer

SEM image was taken of the entire laser focal spot and a

second SEM image was taken at a higher magnification iff!G. 3. The model of 2 Iaye_zrs_ of fluids in rela}tive motion_)iFdirection. ‘

the middle of the damaged area. From our results, the sig‘;—,(hz) and U(z) are the equilibrium mass density and horizontal velocity,
e . . ere subscript ‘1’ is for the molten layez<€0) and ‘2’ is for the plasma

nificant uniform ripple began to occur at 250 laser pulsesmume @>0).

irradiation. Here, we only present the SEM imd§680x) in

the middle of the damaged area at 250 laser pulses Fig.

2). Figure 1 shows the damage in the middle of the spot at

1000 pulses and 50 magnification ( d? 2) d®U 1dp

) : C (KU-w)| =K u—Ku —— + = —

This KrF laser ablated Al plasma has been extensively dz* “dz® pdz

characterized in our previous reseattit® Many different du qu 2
diagnostics have been used to investigate the expansion x| (k,U—w) ——k,u ——u 9 )
velocity of the laser ablation plumes, such as resonant dz dz kU—w
holographic  interferometr}{*'? resonance absorption Ko g d2

photography}1314 schlieren photographi?;!® and laser U ———— 8(2)+iv| 55— 2k? — +k*|u=0.

p(kU—w) dz dz

deflection!''® The electron density has been measured by
laser deflection! From Ref. 12, the leading eddperpen- 1)
dicular to target expansion velocity of~1.4 cmius in  Here k?=k2+k2, g is the gravity accelerationr is surface
vacuum has been measured which corresponds to an initigdsjon constanty is kinematic viscosity constant, ari{z)
(perpendicular to targeplume temperature of 3.6 eV. It iS g the Dirac delta function. To simplify Eq1), we compare
important to clarify that this perpendicular expansion veloche magnitude of various terms: gravity, surface tension, and
ity is higher than the parallel velocity, which has been in-yiscosity. From the available experimental data, we notice
ferred from previous experimental measuremei®sf. 12,  that\=2x/k is on the order of 3Qum. We then find that
Figs. 9i, ) to be about 0.18 crps. surface tension is the dominant term, wit®/p,> (vk?)?
From Ref. 11, the electron density profile of the ablations. g (Ref. 23.
plume has been measured at va_\rio_us times. Typically, at 50 | yegion | (z<0), we assume that the molten layer has
ns, the measured electron density is abot18" cm™ at 4 thickness oH,, with a uniform densityp, and uniform

0.3 mm above the target surface so this density can approagfg|ocity U, (which may be taken to be zérdEquation(1)
10"-10" cm2 at the surface. Thus, in this paper, we con-reduces to

sider a rather dense plasrrasidual plumgmoving up to 1 )

cmius parallel to the target surface, which produces the (k,U _w)(d__ kz)u -0 %)
wavelike pattern. Contrary to the roughness at the edge, we x=1 d 1

have a rather smooth surface with a regular ripple pattern in In region Il (z>0), we assume that the high-pressure

the order 30um spacing in the center of the laser spot. plasma plume gives rise to a wind, with density=p,(2)
and velocity,U,=U,(z). We assume that the phase velocity
of the surface wavew/k, is much less than the equilibrium
I1l. THE MODEL velocity, U, (U,> w/K,, to be verified latgr Equation(1)
becomes
In a sharp boundary modéFig. 3), the molten alumi-
num is located in region 12<0) and the plasma plume is (kUo— )

d> 1dp, d (2 1dp, 1 dU,
located in region Il £>0); the interface az=0. In the

a2 p,dzdz \< T, dz U, dz

description of Kelvin—Helmholtz instability, we consider a 1 d?u,

general density profilep(z), and general velocity profile +U_F) u,=0. 3
U(z). We may also include the effects of surface tension, 2

viscosity, and gravity. By combining the equation of motion, In order to calculate the growth rate of the instability, we
continuity equation, incompressible condition and perturbasolve Eqs(2) and(3) in the regionz<0 andz>0 for u; and
tion of the form expikx+iky—iwt), where w=(w,;+ivy), u,, respectively, and integrate E(.) at the boundary from

we obtain the governing equatfdrfor the perturbed veloc- z=0" to 0. To simplify the calculation, letp,(2)
ity, u: =y, €Xp(—=2ZH,) and U,(z)=U,, exp(—=z/H3), whereH,
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is the density scale length of the plume athglis the velocity
shear scale length of the plume. It is clear tbat>U, and
p1>>po . We then obtain the growth rate

y=tanHA)[(Pp2oU3K —K3)/py], @)
and the real part of the frequency
U
0, =kU,g| P2 tank(A )+ —1 |, 5)
P1 Uy

where ®=[2/A2+ (r + 1/2)2— 1]/2A,=0, A;=kH;, A,

=kH,, andr=H,/H; are normalized parameters. In obtain-

ing Egs.(4) and (5), the boundary conditions,;(—H1)=0,
Uy(2)=0 and u,(0)—u;(0)=U,(0)—U4(0), aswell as
the assumptiok,~k have been used. Note that Eg) can
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FIG. 4. Normalized growth ratey=y/y., as a function oM, for various

be extended to include the Rayleigh—Taylor instability andH, atA=30 um andr=1 (r=H,/H3). H,, H3, andH, are, respectively,

gravitation effects, by adding the temmk(a—g) in the nu-
merator in the square bracket of E@), where « is the

the characteristic scale length of the plume’s density profile, the plume’s
velocity profile and molten layer of Al.

acceleration force which accelerates vertically from the mol-

ten layer to the plasma plume layer, agds gravitational

acceleration. In this article, we estimate that these effects a

negligible due to the high plasma plume velocity®

Since there are many parameters that are not readil

available from experimentgsuch asH,, H, and Hj), to

proceed further, we postulate that the wavelike pattern that i
observed in experiment$-ig. 1) corresponds to the wave-
number that yields the maximum growth. Then by varying
H,, H,, andH5, we may infer what would be the temporal
growth rate of the Kelvin—Helmholtz instability, and the

plasma wind kinetic energy densi17§(E,320U§0 that is re-

quired so as to produce such a growth with the observe

wave number. Thus, by settindgy/dk=0, we obtain the

equation that maximizes the growth rate and the energy de

mate the growth rate with Eq6) and calculate the corre-

re

sponding plasma energy density as a functiorHgf H,,
Hs.
y By setting\=30 um, we show the dependence of the
grovvth rate orH, andH,. Figure 4 shows that the growth
rate increases withH; and decreases wittH, for r
=H,/H;=1 (spatial variation of the plume density profile is
assumed to be equal to that of parallel velocity profilehe
growth rate can be twice,, at highH; and lowH,, and
diminishes to zero at lowd,. We also calculate the corre-
aponding energy density needed to drive the surface instabil-
ity at A=30 um. The dependence & on H; andH, are

rg_iven in Fig. 5; it increases withl; andH,. However, for a

sity that is required to yield such a growth with the observedVide range ofH, (1-100um), A does not change much,

wave numberk. The normalized growth ratey, and the

with an asymptotic value between 0.9 and 1.1 fdp

corresponding normalized plasma plume’s energy densitfsf“m'

A, are given by

A,
y C(2A,P+1)
—= . (®
Vo (I) 1 Al A2

2 oA 1

2 tanhAl(QJ

27 sinh2A,
and

2A4
+
3sinh 2\

1 Ay
CD< 27" sinh 2A1)
Here[ y..,A.]1=[(ck®/2p,)¥230k/2], the quantities corre-
sponding toH, H,, Hz3—o. For A\=30 um, we havey,,
~1.3us Y, and A..~0.272 J/cm, using p=2.37 g/cn,
0=0.865 N/m, »=1.055<10 2 cn?/s and g=9.8 m/$
(from Ref. 23.

Traditionally, Eq.(7) gives the most probable period
of the surface wave when, H;, H,, H3 and the thermo-
physical properties are given, and the growth rate atihiss
calculated from Eq(6). Here, we keepH;, H,, andH; as
free parameters, and use the experimental valuetofesti-

1

A— 7
A_oo_ A2 ()

T oAdT1

In order to calculate the growth rate of these large sur-
face structures and energy density of the ablation plume, we
have to estimatél,, H,, andH;. In the fluence range of a
few J/cnt of laser ablationH; is typically a few microns.

By settingh=30 um, H;=2 um, andr =1, the normalized

T T T T T
=
.*é 1.2 | a c E
g - /b .
=== ——|
>
(o))
o 08} . ]
S d a:H, =100 um
E r b:H1=5um 7
'c—g 04 | c:H1=3um |
5 d:H =1pm
= i
0 t 1 1 | L
0 5 10 15 20 25 30
H, (um)

FIG. 5. Normalized energy densitg=A/A, as a function oH, for vari-
ousH; atA=30 um andr=1 (r=H,/Hj3). H,, H3, andH, are, respec-
tively, the characteristic scale length of the plume’s density profile, the
plume’s velocity profile and molten layer of Al.
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FIG. 6. Normalized growth ratey=y/y., and normalized energy density,
A=A/A, as a function ofH, at A=30 um, H;=2um, andr=1(r
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FIG. 7. Calculated cumulative growth, as a function df (number of
pulses of KrF excimer laser ablatiofi248 nm, 40 ns, 5 J/cfhon a pure

=H;/H3). The dashed lines are the upper and lower limits of the measure@|uminum target foH;=1, 2, 3um.

A (*ngT,), wheren,~10" cm™2 and T,~1 eV (upper limit and 0.1 eV
(lower limit).

3000 times forH;=3 um, which may be deemed reason-
able, considering all the approximations involved. The issue

energy density and growth rate are given in Fig. 6. To ensurgf saturation remains to be studied.

that KH instability is indeed a possible mechanism for the

growth ath=30 um, we compare the calculatédwith mea-
suredA, by settingA~n.T.. Here,n, is the electron density
at the target surface~(10'® cm™3) and T, is electron tem-
perature corresponding to the parallel velotityl eV for
upper limit and 0.1 eV for lower limjt where botm, and T,
were previously measured from this experimgnt>2*In
Fig. 6, the upper and lower limit of the measurAdare
shown. As can be seen, the calculatedies within the ex-

In ablation experiments, the plume’s density profile
is time dependent, which, roughly speaking, evolves from
exp(—z/H)? and to a profile whose peak density is located far
above the interface surfaé®after a much longer time scale
than the laser pulse lengttue to plume expansion from the
interface surface We have assumed a constant profile
within the laser pulselength time scale in this model, but due
to the lower gradientdp/dz) at the interface surface of
these evolved density profiles at later time, the contributions

perimental range, and the calculated growth rate is abolftf this expanding plume to growth become negligible.

0.66us ! at H,>20 um.

IV. CUMULATIVE GROWTH

To verify our assumption o) ,> w/k,, under the con-
ditionsU,,>U, andp;>p,,, we found thatw,<kU,, [see
Eq. (5)], and the maximum of/k (andw, /k) is about 1240
cm/s. Thus the phase velocity of the surface wave is indeed
much slower than any velocity in the plasma plume, which is

The above parametric study of the temporal growth, as §, the range of 19-1¢° cm/s 1112

function of H{, H,, andH3, allows us to assess the total

growth afterN laser pulses, each pulse lasting 40 ns. We

wish to calculate the cumulative growth rat¢f(=EiNyi)

after N laser pulses of irradiation. As can be seen in Figs. 1
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tion (Chemical Rubber Co., Boca Raton, 1995

23ee, e.g., S. ChandrasekharHydrodynamic and Hydromagnetic Stabil-
ity (Dover, New York, 196}, Chap 6. Note that viscosity term has been
included.

ZThe difference in the inequality is of order % Gfor p=density of molten
Al=237g/cri, ¢=0.865 N/m, v»=1.055<102cn?s, and ¢
=9.8m/S.

24In the ablation plume, the ion component can been ignored as ion tem-
perature is much lower than electron temperature. Note that the electron
density is difficult to measure at the target surface, here we have estimated
it is about 18° cm™3 (two orders higher than what we measured at 0.3 mm
above the target surface

2The depth of the molten aluminurhi,, is likewise expected to increase

with N for smallN. However, for larger values df, the plasma plume

becomes substantial and it may begin to abg@ntd reflect the laser
light, leaving a much reduced fraction of laser energy that could reach the

aluminum surfacgRef. 19. Thus,H, is expected to be reduced &k

becomes large. However, for simplicity we assume tHat does not

change much, which is around 1+3n.

A, Mele, A. G. Guidoni, R. Kelly, A. Miotello, S. Orlando, R. Teghil, and
C. Flamini, Nucl. Instrum. Methods Phys. Res1B6 257 (1996.



