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ABSTRACT

Although laser ablation of solid materials is finding applications in a growing number of fields, the basic
mechanisms underlying laser ablation processes have not been fully understood. One fundamental parameter for
high-power laser ablation applications is the ablation depth resulting from the interaction of individual laser pulses.
The ablation depth for laser ablation of single-crystal silicon shows a dramatic increase at a laser intensity threshold
of approximately 20 GW/cm?. Above this threshold, micron-sized particulates have been observed to ject from the
target surface. We present an analysis of this threshold phenomenon and demonstrate that thermal diffusion and
subsequent explosive boiling after the completion of laser irradiation is a possible mechanism to describe the
observed dramatic increase of the ablation depth. Calculations based on this delayed phase explosion model provide
a satisfactory estimate of the measurements. In addition, we find that the shielding of an expanding mass plasma
during laser irradiation plays an important role on this threshold phenomenon.
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1. INTRODUCTION

High power laser ablation is finding an increasing number of applications, such as deposition of metal and
dielectric films, and laser ablation chemical analysis’. Nevertheless, the fundamental mechanisms underlying laser
ablation processes are not fully understood, especially when high-power laser pulses are utilized and superheating of
target material occurs. It has been suggested that when the laser irradiance is sufficiently high, explosive boiling® is
involved such that homogeneous bubble nucleation occurs when the target material reaches ~ 0.9 T, (T is the
thermodynamic critical temperature). As a conseguence, the target material makes an abrupt transformation from
superheated liquid into a mixture of liquid droplets and vapor, which are then violently gected from the target.

Previously, we measured the mass ablation®* from polished single-crystal silicon with single pulse laser
irradiance ~ 10° — 10" W/cm? A Nd:YAG laser with 266 nm wavelength and 3 ns pulse duration was focused to
approximately ~ 35 um diameter spot on the silicon target. The data showed that the ablation depth increased
dramatically at the laser irradiance threshold of about 2 x 10™ W/em? (figure 1). In measuring the ablation crater
depth, a Zygo NewView-200 surface structure analyzing system was employed. The system uses scanning white
light interferometry to image and measure the microstructures and topography of targets in three dimensions. Below
the threshold, the ablation depth increased gradually from 0.6 pm to 1.5 um as the laser irradiance increased from
3.0 x 10° W/em?® to 2 x 10" W/cm?. At the laser irradiance threshold of 2 x 10 W/cm?, the ablation depth abruptly
increased from 1.5 pm to 6.3 um, and reached 20 pm at 1.5 x 10** W/cm?. Below and above the threshold, a shock
wave, which lasts about several tens of ns after the laser pulse, was formed due to the pressure difference between a
dense plasma plume and the ambient. When the laser irradiance exceeds the threshold, there are large size
particulates gjected about 300-400 ns after the development of the shock wave. More details about the experimental
system and results can be found in reference 3 and 4. Similar results have been reported by other groups®® using
different laser irradiances and pulse duration.

The abrupt increase of the ablation depth at the threshold of 2 x 10™ W/cm? was speculated to result from
explosive boiling during nanosecond laser irradiation, as a laser-induced transparent layer could form when the
temperature approached the critical temperature. However, such a transparent layer during pulsed laser ablation of
solid materials was never verified by experiments. In this article, we demonstrate that therma diffusion and
subsequent explosive boiling after the completion of laser irradiation may be a primary source of the measured
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threshold phenomenon. Calculations of the ablation depth based on a proposed delayed explosive boiling model will
be presented. In contrast to previous theoretical investigations of laser-induced phase explosion, we included in the
calculation the effect of an expanding mass plasma during high power laser irradiation of the target.
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Fig. 1 Ablation depths (®: experimental measurements, O: computational datawith
plasma shielding, O: computational data without plasma shielding).

2. THE THEORY

The theory of explosive boiling may be considered from either a thermodynamic or kinetic point of view.
The former provides a rigorous method to predict the thermodynamic critical temperature, while the latter
mechanism models the rate of formation of vapor bubble growth at any temperature. According to thermodynamic
theory of explosive boiling’, the liquid begins to be superheated and becomes metastable when it exceeds a
temperature limitation of about 0.8T,.. Above this temperature, homogeneous bubble nucleation may occur and the
“liquid” is essentially a mixture of liquid droplets and vapor that can facilitate explosive boiling. It has been argued
that explosive boiling may be a dominant mechanism during the interaction of high-power laser and materials,
especially when the laser pulse is sufficiently short (e.g., shorter than a few hundreds of nanoseconds™).

Although explosive boiling may be an inevitable process when the liquid is superheated, there are
limitations according to kinetic theory™®**. When the liquid is superheated, homogeneous bubble nucleation occurs
and the liquid experiences large density fluctuation. Only if these bubbles reach a critical radius r., will they grow
spontaneously. Bubbles with radius less than r. are likely to collapse, and it takes the bubble a time of 7. to grow to

the critical radius. The expression of r. and 1, are**:
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where o is the surface tension of the liquid, Lo, and R, are latent heat of vaporization and gas constant respectively.
p and p, are the densities of superheated liquid and vapor, with vi = 1/p,. T, is the temperature of the superheated
liquid, which can be taken as 0.85T,. when explosive boiling occurs. Using a method suggested by Martynyuk’, we
calculate that the thermodynamic critical temperature of silicon is approximately 5200K. pg and Ty are the
saturation pressure and temperature at the superheated liquid temperature, which can be obtained from the Clausius-
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Clayperon relation. P, is the pressure of the superheated liquid, and can be approximated by the recoil pressure of the
evaporating vapor, which is 0.54pe(T)) **. According to the power law relation of surface tension ¢ for liquid
metal', the surface tension drops about 80% at the assumed T,. Using these parameters, we estimate r. and 1 to be
approximately 0.6 um and 70 ns, respectively.

These calculations indicate that it would take bubbles about 70 ns to grow to the critical radius of 0.6 um.
Subsequently, the superheated liquid will undergo a transition into a mixture of vapor and liquid droplets, followed
by explosive boiling of the liquid-vapor mix. However, our laser pulse duration is only 3 ns; the bubble doesn’t have
enough time to reach the critical radius during the laser pulse. As a result, without efficient energy dissipation, the
liquid temperature can exceed the critical temperature if the laser irradiance is sufficiently high. The value of 1. is
consistent with our experimental results; in our experiments, detectable micron-sized droplet g ection occurred 300 ~
400 ns after the completion of the laser irradiation.

The thermal penetration depth X, = 0.969[(k)?] during a laser pulse of duration 7 is much larger than the
optical (266 nm) penetration 1/a in our case®™. In the expression for X, k is the thermal diffusivity of the liquid
silicon, which is about 0.75 cm?s, and o is the absorption coefficient. The thermal penetration depth is calculated to
be about 0.47 um. The critica diameter of the bubble is d. = 2r., or 1.2 um, which is larger than the thermal
penetration depth; the bubble cannot grow to its critical radius during the laser pulse. Experimental evidence
suggests that explosive boiling occur only if the superheated layer is thick enough'®.
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Fig. 2 Thekinetic process of laser ablation - explosive bailing.

The rate of homogeneous nucleation is governed by,
|, =1.5x10% exp(-AG, / k,T)exp(-T,, /t) nuclei/cm’s. ©)
Here AG, isthe free energy for formation of a stable homogeneous nucleus and Ty, is the relevant time constant’,

Martynyuk argued that I, is numerically significant (i.e., I, > 1 nucleus’cm®s) only near T.. As an example, the value
for metal Csis, I, = 1 nucleuscm®s at T = 0.874T,. and I, = 10%® nuclei/cm®s at T = 0.905T,.. The number of
homogeneous nuclei which would be generated during the laser pulseis |,V 1, where V' is the heated volume during
the laser pulse, and V' = 7D aser/4. Diaser 1S the width of the laser pulse spot size (35 um in our experiments), so V'
= 4.5 x 10™ cm?®. If we take I, = 10%® nuclei/cm®s and T,, = 50 ns, the homogeneous nuclei generated during the
laser pulse equals 5. Therefore, we cannot expect that explosive boiling will occur for such alow generation ratio of
nuclei.

From the above analysis, we have shown that there are very few bubbles generated near the surface of the

target during the 3ns laser pulse, and the bubbles do not have enough time to grow to a critical size. As a
conseguence, explosive boiling will not occur during the laser pulse. However, without significant bubble formation,
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a high temperature layer will form below the target surface during the laser pulse with a depth equal to about the
thermal penetration depth. At the same time, the target undergoes normal vaporization from the extreme outer
surface. Mass ablation below the laser irradiance threshold (2 x 10 W/cm? ) is generated by this normal
vaporization mechanism. The vaporization flux is governed by the Hertz-Knudsen equations, and the velocity of the
surface recession can be calculated as’,

L,m 1

0x m -
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Here, Bis the vaporization coefficient, py is the boiling pressure (normally similar to 0.1 MPa), and Ty, is the boiling
temperature. At high laser irradiance, after the laser pulse is completed, the high temperature liquid layer will
propagate into the target with thermal diffusion. Part of the liquid layer in the target may approach the critical
temperature and therefore, new bubbles will emerge inside the superheated liquid, eventually leaving the target
(figure 2).
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3. NUMERICAL RESULTS

A numerical model based on the above diffusion-phase explosion mechanism has been established to
estimate the depth of laser ablation. Using the heat conduction equation, the temperature distribution was calculated
according to,

oT 0, 0T
or _ 0 9T —ax) 5
oC 5 ax(k ax) +al o, exp(-ax) ®)

where T is temperature, C is specific heat, and |« iS the laser irradiance that reaches the surface of the silicon
target. We include in the model the absorption of laser-generated vapor plasma from the target surface. Such a
plasma has been frequently observed during high power laser ablation of solids. However, it has previously not been
included for modeling laser ablation in the explosive boiling regime.

The laser irradiance at the target surface |,,s Can be written as.
lhaser = 1o (t) €XP(—HK,) (6)
where | is the laser irradiance, and H is the thickness of the plasma. k; is the absorption coefficient of the plasma; in

this model only the inverse Bremsstrahlung process is considered. The details of the model for plasma shielding can
be found in reference 18, and its validity has been confirmed by comparison with experiments'.

For solving equation (5), boundary conditions are required at x = 0 and L, where L is the length of the
computational domain. At x = L, the temperature of the material is assumed to be unaffected by the laser irradiation,
i.e. T(L, t > 0) = Ty, Ty is the initial temperature of the solid. For x = 0 boundary condition, we use a method
recommended by Miotello and Kelly?, including energy loss due to evaporating vapor.

The ablation depth due to evaporation was calculated by integrating equation (4). During the laser pulse, a
high temperature layer is formed at and beneath the surface of the target; this layer subsequently propagates into the
target by thermal diffusion. We regard the liquid whose temperature is larger than 0.85T,. as superheated liquid, and
in such a metastable state, homogeneous bubble nucleation will take place.

Ablation for laser irradiances below threshold is governed by normal evaporation according to equation (4).
Ablation for irradiances larger than the threshold is caused by both normal evaporation and explosive boiling. The
calculated ablation depths based on the present delayed phase explosion model are compared with experimental data
in figure 1. The model predicts that the laser irradiance threshold for explosive boiling is about 3 x 10™ W/cm?, in
close agreement with experimental findings. In our model, the superheated liquid reaches its maximum depth several
hundred nanoseconds after the laser pulse is completed, which also agrees with experimental results.

The computational ablation depths without plasma shielding are also given in figure 1. Plasma shielding
plays an important role in determining the laser irradiance threshold for explosive boiling. The effect of plasma
shielding can be illustrated by plotting the transmitted laser temporal profile through the plasma (figure 3). When the
laser irradiance is relatively low, the laser pulse retains its original profile with little attenuation by the plasma.

Proc. SPIE Vol. 4760



However, when the laser irradiance is larger than 2 x 10" W/cn?, the trailing part of the laser pulse is truncated, as
clearly seenin figure 3 (c and d).
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Fig. 3 Tempora profiles of laser intensities on target surface for different initial peak
laser irradiances, | e, before the interaction with a mass plasma. The values of e are,
a 10, b: 2x 10%, ¢: 3x 10%, and d: 1 x 10" W/cm?.

4. CONCLUSIONS

To conclude, we have analyzed the dramatic ablation depth growth during high-power UV nanosecond
laser ablation of silicon. We developed a model to describe this threshold phenomenon and demonstrated that
thermal diffusion and subsequent explosive boiling after the completion of laser irradiation could be a potential
mechanism. Plasma shielding during laser irradiation was found to have a significant effect on this threshold
phenomenon, and our calculations provide a satisfactory estimate of the experimental results. The model developed
here should be applicable for a broad range of pulse duration, and we are working both experimentally and
theoretically along this direction.

ACKNOWLEDGEMENTS

This research was supported by the U.S. Department of Energy, Office of Basic Energy Sciences, Chemical Science
Division, under contract No. DE-AC03-76SF00098. The authors also thank the National Energy Research Scientific
Computing Center for providing the supercomputer facilities.

REFERENCES

J. C. Miller and R. F. Haglund, eds., Laser Ablation and Deposition (Academic, New Y ork, 1998).
A. Miotello and R. Kelly, Appl. Phys. Lett., 67, 3535 (1995).
J.H. Yoo, S. H. Jeong, R. Greif, and R. E. Russo, J. Appl. Phys., 88,1638 (2000).
J.-H. Yoo, S. H. Jeong, X. L. Mao, R. Grief, and R. E. Russo, Appl. Phys. Lett., 76, 783 (2000).
K. H. Song and X. F. Xu, Appl. Surf. Sci., 129, 111 (1998).

R. Stoian, H. Varel, A. Rosenfeld, D. Ashkenasi, E. E. B. Campbell, and R. Kelly, Appl. Surf. Sci., 165, 44
(2000).

M. M. Martynyuk, Russ. J. Phys. Chem,, 57, 494 (1983).

M. M. Martynyuk, Sov. Phys. Tech. Phys., 19, 793 (1974).

ok wNE

© N

Proc. SPIE Vol. 4760 963



964

9.
10

11.
12.
13.
14.
15.

16.
17.
18.

10.
20.

R. Kelly and A. Miotello, J. Appl. Phys., 87, 3177 (2000).
. M. M. Martynyuk, Sov. Phys. Tech. Phys., 21, 430 (1976).
J. U. Seydel and W. Fucke, J. Phys., F 8, L157 (1978).
V. P. Carey, Liquid-Vapor Phase Phenomena (Hemisphere, Washington, 1992).
M. Von Allmen, Laser Beam Interactions with Materials (Springer, Heidelberg, 1987).
A. Yoshida, J. Jpn. Inst. Met., 58, 1161 (1994).
C. R. Phipps, T. P. Turner, R. F. Harrison, G. W. York, W. Z. Osborne, G. K. Anderson, X. F. Corlis, L. C.
Haynes, H. S. Steels, and K. C. Spicochi, J. Appl. Phys., 64, 1083 (1988).
R. C. Reid, Am. Sci., 64, 146 (1976).
M. M. Martynyuk, Sov. Phys. Tech. Phys., 19, 793 (1974).
R. J. Harrach, Theory for Laser-induced Breakdown over a Vaporizing Target Surface, Report UCRL-52389,
Lawrence Livermore Laboratory, University of California, (1987).
X.L.Mao and R. E. Russo, Appl. Phys., A 64, 1 (1997).
F. Vidal, T. W. Johnston, S. Laville, O. Barthelemy, M. Chaker, B. L. Drogoff, J. Margot, and M. Sabsabi,
Phys. Rev. Lett., 86, 2573 (2001).

Proc. SPIE Vol. 4760



