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Short-pulse UV laser ablation of solid and liquid metals: indium

T. Gotz, M. Stuke

Max-Planck-Institut fir biophysikalische Chemie, P.O.Box 2841, D-37018 Goéttingen, Germany
(Fax: +49-55¥2011330, E-mail: MSTUKE@gwdg.de)

Received: 2 December 199%ccepted: 11 December 1996

Abstract. Laser-ablation experiments on solil £ 300K)  high priority. Currentlaser ablation experiments concern semi-
and liquid (T =600K) indium are reported. The ablation conductors [7], materials such as crystals and glasses [8—10]
was performed under high vacuum conditions with UV lasethat are transparent in the visible, polymers [11,12], and
pulses at2z48 nmand pulse durations df5nsand0.5ps  metals [13, 14]. The precise ablation of metals presents some
The ablated neutral indium atoms were resonantly ionizedifficulties, since the high thermal conductivity of metals re-
with a second laser puls28 mmabove the sample surface sults in a large energy loss by heat diffusion into the bulk
and detected in a time-of-flight mass spectrometer. The ablauring the laser pulse. This dissipating thermal energy leads
tion threshold fluence for solid indium decreases by a factaio an increasing temperature of the material outside the laser
of 40 from100 mJcn? to 2.5 mJ/cn? when a0.5 pspulse is ~ spot, not resulting in ablation but modification of the crys-
used instead of &5 nslaser pulse. Measurements on liquid tal structure. For this reason, it is important to reduce the
indium show a different behavior. Withh5 nslaser pulses energy loss and heat transfer into the material, to prevent un-
the threshold fluence is lowered by a factorof3 from  desired modifications, and to search for new nonthermal, i.e.
100 mJcn? for solid indium to30 mJcn? for liquid indi-  electronic, ablation mechanisms.

um. In contrast, measurements with pslaser pulses do not One possibility for reducing the energy loss into the ma-
show any change in the ablation threshold and are indepeterial is to shorten the laser pulse duration to the femtosecond
dent of the phase of the metal 26 mJ/cn?. This behavior region. For fs laser pulses the heat diffusion into the materi-
could be explained by thermal diffusion and heat conductioml is negligible and, as a consequence, the energy loss during
during the laser pulse and demonstratesin anindependentwthe laser pulse is minimized [15,17]. The thermal diffusion
the energy lost into the material when long laser pulses adengthLy, is given byl o (Krp)l/z, werex is the thermal dif-
applied. Time-of-flight measurements to investigate the unfusivity andrp is the pulse duration. The thermal diffusivity is
derlying ablation mechanism show thermal behavior of theelated to the thermal conductivigby x = k/oc, werep is the
ablated indium atoms for both ps and ns ablation and can taensity andt is the heat capacity of the metal [16]. For 15-ns

fitted to Maxwell-Boltzmann distributions. pulses the thermal diffusion length for metals is of the order
of 1um and decreases to abd@ nmfor 0.5-ps pulses [17].
PACS: 78.66.Bz; 42.62.-b; 81.15.Fg Consequently, rapid energy accumulation occurs in the optical

absorption volume for fs pulses and hence efficient ablation
takes place if the accumulated energy reaches a critical val-
ue, of the order of the enthalpy of evaporation. In other words,
The interaction of laser light with materials and the processeompared to the case wittslaser pulses, the ablation thresh-
ing of surface modifications have been investigated for mangld is drastically lowered for short laser pulses. To measure the
years. Nevertheless the study of desorption and ablation praifluence of the thermal heat diffusion on the ablation process
cesses is still a growing field in basic science, engineeringye have investigated the ablation threshold fluence directly by
and micro-mechanics [1-6]. The study of the basic desorptiochanging the laser pulse duration frdfmnsto 0.5 ps A sec-

and ablation mechanisms is a great challenge, since the uond and independent way to show the influence of energy loss
derlying processes are still not completely understood. On thay heat diffusion into the material is, according to the relation
other hand, laser material treatment is applied in very differerit, o (Krp)l/z, to vary the thermal properties, i.e. the thermal
fields, especially in micro-machining and micro-fabrication.diffusivity x or the thermal conductivitl at a constant laser
Obviously, laser ablation depends on a large number of paulse duration. Since the thermal conductivity for indium at
rameters such as the material properties, laser parametetise melting point changes in a step-like function by a factor of
and chemical environment. Therefore, the investigation of th& [18—20], this must influence the thermal diffusion length and
suitable regimes for laser treatment of different materials is dfience the energy loss into the material during the laser pulse.
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This dramatic change in the thermal conductivity to a lowey a thermocouple. A commercial excimer laser (Lambda
value must result in a lowering of the threshold fluence. Physik), operating at a wavelength®48 nm is used as the
To obtain further information about the basic mechanismsblation laser for the measurement with 15-ns pulse duration.
of metal ablation it is necessary to perform measurements &he experiments with 0.5-ps pulse duration are performed
extremely low ablation rates, i.e. ablation rates much less thamith a two-channel hybrid excimer laserz48 nm[26]. The
1 monolayer. In this case no interaction between the ablatae@petition rate of the systemi® Hz The homogeneous part of
species through collisions, shock waves, and plasma formatidhe laser beam profile is used for the ablation experiments. The
can take place. This allows us to measure the velocity and atight focused onto the indium sample by means of a suprasil
gular distribution [21] of the ablated species resulting from thdens =25 cn) has a spot size on the indium surface of about
initial ablation process, and thus to distinguish between theB00um in diameter. In front of the window of the vacuum
mal and nonthermal processes [22—25]. In our experiment wehamber, a dielectric beam splitter is used to refi@gb of
have investigated the time-of-flight distribution of the ablatedhe laser energy onto an energy meter (Polytec Rj 7200). This
indium atoms from solid and liquid indium samples by usingarrangement allows us to measure the energy of each pulse
UV laser pulses in the ns and fs regimes. and to correlate the ablation signal with the pulse energy. This
is important because small fluctuations in the laser intensi-
ty result in drastic changes in the ablation signal intensity.
1 Experimental Furthermore, we can make direct fluence variations by atten-
uating the laser beam. We use a variable dielectric attenuator
The experimental arrangement is schematically shown ito change the fluence on the sample betw&#rand80% of
Fig. 1. All the experiments reported in this paper werethe available energy of the laser. The beam line and hence the
performed under high vacuum conditions at a pressure gjosition of the spot are not affected by variations of the laser
10" mbar The sample consists of an indium dig§§ mm intensity because of the presence of a second compensating
in diameter and mmthick. It was prepared by melting high- quartz plate.
purity indium ©9.99%) in a glass crucible. The absolutely A pulsed narrow-band doubled dye laser operating at
smooth and highly reflecting metallic surface is illuminated214 nmis used to ionize the ablated neutral indium atoms.
with a laser beam perpendicular to the indium surface. T&Resonant ionization occurs after a flight distanc®mm
guarantee that during the measurement every laser pulse @bove the sample, between the grids of a time-of-flight mass
luminates a new surface area, which has not been modifiespectrometer. In the drift tube the indium ions are mass se-
by previous laser pulses, the indium sample can be rotatddcted and detected by a channel plate. The detected signal is
by a motor. Furthermore, the sample can be heatg®@K.  proportional to the number of indium atoms in the ionization
This allows measurements on solid and liquid indium unvolume. The signal is recorded by a digital signal analyzer and
der identical conditions. The sample temperature is measuresiored in a computer.
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Fig. 1. Schematical sketch of the experi-
mental setup



541

Two different kinds of measurements were taken. First, thehange at the phase transition. The slope of the linear function
ablation threshold and the dependence of the ablation signaf the ablation rate is nearly the same for both phases. For fs
onthe laser fluence were analyzed. To do this, a constant delaplation, however, the ablation threshold fluence for liquid in-
time between the ablation and ionization lasers is chosen amtium is identical to the threshold fluence for solid indium at
the fluence of the ablation laser is varied by the attenuator. Se2-5 mJ/cn? (Fig. 4) except that the slope of the ablation sig-
ond, the ablation signal for a specific constant laser fluence foral for the liquid phase is increased by a factor of 3 compared
different delay times between the ablation and ionization lasets the solid ablation case.
was recorded. This measurement allows us to determine the Two examples of time-of-flight measurements for 15-ns
time-of-flight distribution and hence the kinetic energy of theablation at150 mJcm? and 0.5-ps ablation &t.35 mJcn?
ablated indium atoms. From these measurements it is possilfler solid indium are shown in Fig. 5. The measurements can be
to extract details of the underlying ablation mechanism. approximated by Maxwell-Boltzmann velocity distributions.

The translational temperatures &@00 K for fs ablation at

a fluence 20 times less than that for ns ablation, for which
2 Experimental results a temperature 08050 K is deduced. Both the fluences and

the temperatures, are indicated in Fig. 2. Additional time-of-
The ablation threshold and ablation signal as a function oflight measurements show for ns and fs ablation an increase
the laser fluence were measured for solid and liquid indium
for 15-ns and 0.5-ps pulse durations at a laser wavelength of
248 nm The delay time between the ablation and ionization 7
lasers was set 4 s. The largest signal was detected at this
delay time and thus the highest sensitivity for the ablatiori® 6
threshold measurement was obtained. g

Figure 2 shows the ablation signal of indium atoms, emit-~. 5
ted as neutral atoms in perpendicular direction from the soli
indium surface, as a function of the laser fluence for 15-n& 4 |

3
2

and 0.5-ps pulses. For 15-ns pulses the ablation threshold
about100 mJcn?. The signal increases slightly with the flu- -%
ence. Abovel20 mJcn? the signal increases drastically and g
shows a linear behavior in the investigated fluence regime2
The ablation with 0.5-ps pulses also shows, under exactlE 1
equal conditions, a linear dependence, but in contrast to the

case for ablation with 15-ns laser pulses, the threshold flu- g ae? %ee ®

ence is now lowered by a factor of 40 down2& mJ/cn¥. 0 50 100 150 200
Furthermore, the slope of the linear increase for fs ablation is

3.5 times higher than for ns ablation. For liquid indium the fluence (mJ/sz)

ablation threshold for ns ablation is lowered by a factor of %:ig. 3. Ablation signal of the detached neutral indium atoms from solid and

cor_npared to the th_reShOId n t_he solid ph_ase (Fig. 3)!_ Ir]d|l'|quid indium after illumination with 15-ns laser pulses at a 248-nm wave-

cating that the physical properties responsible for ablation dength. The ablation threshold is dependent on the liquid or solid state of the
indium metal. In case of liquid indium the threshold is lowered by a factor of
3 compared to the solid state
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Fig. 2. Ablation signal of the detached neutral indium atoms from solid indium 2

as a function of laser fluence for short (500-fs) and long (15-ns) laser pulses fluence (mchm )

at 248 nm The ablation threshold for 500-fs laser pulses is lowered by & ig. 4. Ablation signal of the detached neutral indium atoms from liquid and
factor of 40 compared to the ablation threshold for 15-ns laser pulses. Thsolid indium after illumination with 500-fs laser pulses at a 248-nm. The
translation temperature of the atoms at the indicated laser fluence is deducgllation threshold is independent of the liquid or solid state of the indium
from the time-of-flight distribution (see also Fig. 5) metal. Above the threshold, the ablation is more efficient for liquid indium
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S—m—mmm ablation threshold is independent of the metal phase, where-
I as for ns ablation the ablation thresholds for solid and liquid
indium are different. This behavior occurs not only for the
measurement at the delay time 24us between the abla-

. tion and ionization laser presented in Fig. 2, 3 and 4 but also
1 for all other delay times. For this reason it must correlate
with a specific change in the physical properties of the indium
sample during the transition from solid to liquid. For example,
the optical penetration depth, relaxation time, or other optical
properties, such as reflection, change slightly at the transition
from the solid to the liquid phase. But since these changes are
observed for both time regimes, ns and fs, in the same way
— because the applied fluence is too low for two-photon pro-
cesses — the ablation behavior should also change for ns and
fs pulse in the same way.

We suggest the following mechanism to explain the differ-
ent behavior. In the solid indium the light is absorbed within
the optical penetration depth of ab@@nmby electron exci-
tation. The excited electrons thermalize in a very short time,
typically of the order ofL0-1*s, to a thermal electron distri-
bution. This energy relaxes by electron—phonon coupling on a

ns

L 150 mJ/cm?
b T =3050 K

fs

1 | 7.35 mJ/cm?
" T =4900 K

Indium signal (arb. units)

O

0 Q . ! L time scale ofl01? sto the lattice, resulting in an energy trans-
fer to the atoms and heating of the material [27]. If the energy
0 10 20 30 40 necessary to release atoms from the surface is reached, des-
orption occurs. This energy is accumulated much faster for fs
time of flight (us) pulses than for ns pulses since the energy loss by dissipation

. . . 1/2 .
Fig. 5. Time-of-flight distribution of the indium atoms detached from solid th.ro.ugh thermal COﬂdUCtIVIty_, a_ccordlng gy o< (Kl'p) 1S
indium for 500-fs and 15-ns laser pulses. The measured values are fittd@inimized for fs pulses. This is well known and has been

with a Maxwell-Boltzmann distribution resulting in translation temperaturesshown for metals and other materials.
of 3050 Kand4900 K respectively (see also Fig. 2) Inthe case of liquid indium the excitation mechanism s un-
changed, but since the lattice structure is no longer present, the
thermal conductivity changes drastically at the phase transition
in both the ablation rate and the translational temperature dfom the solid to the liquid phase. The thermal conductivity
the ablated atoms with an increasing fluence. Obviously, thef liquid indium changes in an extremely small temperature
accumulated energy for removing the same amount of materiaégion around the melting point 429 K from 78 W/mK for
from the surface, i.e. the same signal intensity in the time-ofsolid indium to40 W/mK for liquid indium [18—20]. As a re-
flight spectrometer, by using fs pulses results in ablated atonssilt, the energy dissipation by thermal conductivity is much
with higher energy compared to atoms emitted by ns pulseslower than in the solid phase. This, for the case of ns laser
pulses, leads to a larger energy accumulation close to the sur-
face at lower fluences, and hence to a reduction of the ablation
3 Discussion threshold. For fs irradiation the thermal conductivity changes
in the same way, but since during & pslaser pulse almost
We define here the ablation efficiengyas the ratio of the no energy dissipation occurs — for both phases the thermal
number of ablated atomsN§om) to the number of pho- diffusion length is on the order of a femm, which is with-
tons (Nphoton illuminating (not absorbed by) the surface in the optical penetration depth — thermal conductivity can be
(7 = Natom/Nphoton). Since the fluence is proportional to the neglected and hence the ablation occurs at the same fluence
number of photons and the channeltron signal is proportiondhreshold as for the solid phase (see Fig. 4). These measure-
to the number of the ablated atoms, it is clear from Fig. 2 thaments for solid and liquid indium for ns and fs laser pulses
fs laser pulses are much more efficient for the ablation proceshiow in an independent way — by varying the thermal conduc-
than ns pulses. With the increasing efficiency for short lasetivity of the indium metal — the influence of the energy loss
pulses, the thermal load on the surrounding material is legkrough diffusion during the laser pulse duration.
than for long laser pulses since the absolute energy deposit- The different slopes of the ablation functions can be ex-
ed in the material is also lower. In other words, less energplained by the following considerations. The ablation rate
is needed to remove the same amount of material with shodetected in this experiment is kept to less than one monolayer
laser pulses. per laser pulse and the ablated atoms originate from locations
The higher ablation threshold for ns laser pulses is causeazh the surface with special binding sites or geometric orienta-
by the energy dissipation into the material during the long laseions. This can be concluded from the fact that the ablation rate
pulse, whereas during the short laser pulse a negligible energgcreases as a function of the number of applied laser pulses
dissipation into the material occurs, resulting in a drasticallyf, in consecutive pulses, the same indium surface is illumi-
lower ablation threshold. nated. In other words, the laser modifies the surface in a way
The most striking difference between fs and ns ablation ofhat, at a constant fluence, all atoms with a specific, i.e. low,
solid and liquid indium is the fact that for fs irradiation the binding energy are removed, or the surface is modified by rear-
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rangement of the surface atoms. Solid and liquid indium havby time-of-flight measurements that the ablation mechanism
definitely different surface nano-structures, because the lattiés thermal.

structure is lost, i.e. the number of atoms that can be ablated

at a constant fluence is different. Since the ablation for fs lasefcknowledgementsVe thank K. Mdller for expert technical assistance and

pulses occurs in a very short time (the energy is accumula
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ed very rapidly), the ablation rate gives information about theheferences

number of these sites, because these sites are 'frozen’ during
this time. For the liquid state the number of atoms at specific ;
sites is higher than that for the solid state and hence the slope

of the ablation signal is higher. For ns ablation the energy in 2.

the sample accumulates in a much longer time; the pulse du-
ration is3 x 10* times longer than for fs ablation and hence
the surface reaches the ablation temperature much later. Dur-

ing this time the surface can be rearranged for the solid as well4.

as for the liquid phase by surface diffusion of the atoms, so

that in both cases an almost identical surface structure can bé:

reached and hence the same number of atoms can be ablate
This is the reason for the nearly equal slopes in the case of ns

ablation. 7.
The time-of-flight distribution for both time regimes and 8.

material phases can be fitted to Maxwell-Boltzmann distribu-
tions (Fig. 5). This is not contradictory to a thermal ablation
mechanism.
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