Appl. Phys. A 67, 391-395 (1998) Applled PhySiCS A

Materials

Science & Processing
O Springer-Verlag 1998

Short pulse UV laser ablation of solid and liquid gallium
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Abstract. UV laser ablation of gallium from the soli@Q0K)  t, the pulse duration [14]. For metals andpulses,L is on

and liquid B30K) phase is reported. The ablation is per-the order ofum, whereas fofs pulsesL is decreased to the
formed by using @48 nmexcimer laser with pulse dura- nm <ale. The use df laser pulses minimises the thermal dif-
tions of 15nsand 0.5 ps The ablated neutrals are ionised fusion length to within the optical absorption depth [15, 16],
by resonant multiphoton ionization with a time-delayed laseland thus the energy is accumulated into a small volume of the
(605 nm 15 ng and are detected by time-of-flight mass specimaterial resulting in more efficient laser ablation and a de-
troscopy. The ablation threshold fluences, the ablation ratesrease of the ablation threshold.

and the velocity distributions oGa atoms from the solid The aim of this work is to understand [17] the ablation
and liquid phase for irradiation with.5 psand15 nspulses  of metals from the solid and liquid phase in more detail and
are determined. The threshold fluence @B pslaser abla- to examine the influence of the thermal heat diffusion on the
tion is found to be 7 times lower than that ftb nslaser ablation process. The ablation threshold of metals with dif-
ablation and is identical for the solid and liquid samples offerent thermal properties, such as thermal conductivity and
gallium. Forns pulses, the threshold fluence 1s5 times  heat capacity was measured with two different UV laser pulse
higher for the solid compared to the liquid phase. This differ-durations {5 nsand0.5 pg. This work is related to our previ-
ence between the sub-picosecond and nanosecond laser alolas studies [1, 15] on short-pulse UV laser ablation of metals,
tion behaviour can be explained by the longer and deeper heahere the ablation of solid nickel and solid and liquid indium
diffusion during the longer laser pulses. The time-of-flightby usingns andfs pulses were reported. A strong reduction
measurements show the thermal behaviour of the removed the ablation threshold was observed when the pulse du-
Gaatoms in botlD.5 psand 15 nslaser ablation and are fit- ration was reduced fror5 nsto 0.5 ps The measurements
ted to Maxwell-Boltzmann distributions giving translational on solid and liquid indium show the influence of the thermal
temperatures of several thousand Kelvin. An increase in thdiffusion on the ablation process, whereas the time-of-flight
temperature as a function of the ablation laser fluence imeasurements show that ablation is a thermal process. In the

observed. work presented here, aiming at understanding the ablation be-
haviour of metals, we have studied the ablation of ne @il
PACS: 81.90.+c; 81.15.Fg atoms from the liquid and solid phase by using UV laser pulse

durations ofl5nsand 0.5 ps The ablatedGa atoms were
ionised by resonant multiphoton 421) ionization and were
Pulsed UV laser ablation [1-3] has been successfully apdetected by time-of-flight mass spectroscopy.

plied as an effective tool in the surface processing for me- In order to obtain information about the basic mechanism
chanical and microelectronics applications. The interactionf laser ablation of metals it is necessary to perform experi-
of laser light with matter and, in particular, the laser abla-ments at low fluences. This way we avoid the interaction
tion of metals [4—6], semiconductors [7], oxides [8, 9], andbetween the ablating species via collisions and stay below
polymers [10, 11] is extensively investigated. Ablation de-plasma formation in order to measure the initial stages of the
pends on both the materials properties and the laser beaablation process.

characteristics. The use of short laser pulses simplifies the

laser—matter interaction mechanism, enabling precisely ab-

lated features [12, 13] for materials processing. During short Experimental

laser pulses, heat diffusion into the material can be neglected.

A good approximation of the thermal diffusion lengthis ~ The experimental setup is schematically shown in Fig. 1.
given byL « (Dtp)l/z, whereD is the thermal diffusivity and  High-purity gallium ©9.9%%), was placed in a heatable ro-
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tating holder whose temperature was measured by a therm
couple. The experiments were performed in a high-vacuur
chamber {0~" mbaj). The sample was heated up380 K. ]
The time-of-flight apparatus [18] as well as the ablation
lasers [1,15] have been already described elsewhere. Tl 4
ionization laser was a dye lasé305 nm 15 n9 pumped by
a pulsed excimer lase8@8 nn). A homogeneous part of the
ablation laser beam was focused=£ 300 mn) onto the sam-
ple surface. A50% dielectric mirror was used to reflect part -
of the beam onto an energy meter and the fluence could t
changed by a variable attenuator.

The G& atoms were ionised #05 nmby resonant mul-
tiphoton (24 1) ionization via the $2P° state. The ion-
ization occurs after a flight distance @B mm above the ) _
:grencglﬁringear?e between the grids of the time-of-flight mas 0 20 40 60 20 100 120

The ablation thresholds of solid- and liquid-phase gal- fluence (mJ/em’)
lium and the dependence of the ablation signal on the laséig. 2. Signal of the ablated neutral gallium atoms from the solid and li-
fluence were measured and analysed. A constant delay tirf] d phases as a function of the laser fluence Wiimspulses ag48nm
between the ablation and the ionization lasers was select e ablation threfs,ho_ld of the liquid phase is Iower_ than the_lt o_f the solid

. > . % ase. Thearrow indicates the laser fluence at which the kinetic energy

and the fluence of the ablation laser was varied by varying th@stribution was determined (see Fig. 4)

pulse energy by means of the attenuator. The fixed delay time

between the ablatior248 nm) and the ionization§05 nn)

lasers was set t@4 s for the ns ablation case, whereas for

the fs ablation laser it was set t80us. The laser fluence

range was chosen in the desorption regime, where collisiorvestigated higher fluences. The slope of the ablation signal for

free conditions predominate. The ablation signal versus delafe liquid phase is a factor df6 higher than that of the solid

time between the ablation and the ionization lasers was algzhase.

measured. Forfs ablation, the threshold fluence of the gallium atoms
from the solid phase is identical to that from the liquid phase
at 2.5mJYcn? (Fig. 3). The slope of the ablation signal for

2 Results the liquid phase is a factor df.6 higher than that of the
solid phase, which indicates a higher ablation efficiency. The

The Ga atom signal (with the proper isotope abundancesj)hreshold fluence is a factor of 7 smaller than the ns ablation

was measured as a function of the ablation laser fluence folreshold for the solid phase and by a factor of 5 smaller for

solid- and liquid-phase gallium by usintb nsand 0.5ps  the liquid phase.

laser pulses 248 mn In order to obtain information about the dynamics of the

Figure 2 depicts the gallium atom signal from the solidablation process, the ablation signal was measured, at con-
and liquid phase ablated by?48 nm 15 nsexcimer laser, as stant ablation energy fluence, as a function of the delay time
a function of the ablation laser fluence. The ablation for thédetween the ablation and the ionization lasers. Figure 4 shows
gallium solid phase starts &7 mJcn? (threshold); for the li-  the time-of-flight distribution of the gallium atoms originat-
quid phase it is lowered th2 mJcn?. The atom signal for ing from the solid surface as a result 0§ laser ablation
the solid increases slowly just above the threshold fluence arat 55 mJcn? (see arrow in Fig. 2). The experimental data
then, abov@5 mJcn?, shows a linear dependence for the in-can be approximated by a Maxwell-Boltzmann velocity dis-

ts)

| (arb. uni

signa

Gallium
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Fig. 3. Signal of the ablated neutral gallium atoms from the solid and li- Fig. 5. Time-of-flight distribution of the gallium atoms from the solid sur-
quid phases as a function of the laser fluence Wifhpspulses al48 nm face at10 mJcm? and 0.5 ps (see arrow in Fig. 3). The signal is fitted
The ablation threshold was found to be equal for both the solid and the liby a Maxwell-Boltzmann distribution corresponding to the temperature of
quid phases of gallium. The ablation efficiency6@% higher in the case 6400 K

of liquid gallium. Thearrow indicates the laser fluence at which the kinetic

energy was determined (see Fig. 5)
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0 5 10 15 20 25 30 35 40 Fig. 6. The translational temperature of gallium atoms from the liquid sur-

Delay time (us) face as a function of thasablation laser fluence. Tharow on the vertical

Fig. 4. Time-of-flight distribution of the gallium atoms from the solid sur- axes indicates the boiling point of gallium (aatm)
face at55 mJcn? and 15 ns(see arrow in Fig. 2). The signal is fitted by

a Maxwell-Boltzmann distribution corresponding to the translational tem-

perature 0f3400 K

3 Discussion

The comparison of Figs. 2 and 3 shows that the threshold for
tribution [19] corresponding to the translational temperaturgemoval of gallium atoms is strongly reduced when the laser
of 3400 K Figure 5 depicts the time-of-flight distribution of pulse duration is reduced frofb nsto 0.5 ps In addition,
the gallium atoms originating from the solid surface as a rethe efficiency (slope of the ablation curve) is increased when
sult of fs laser ablation at0 mJcn? (see arrow in Fig. 3). gallium atoms are removed from the liquid phase rather than
A Maxwell-Boltzmann velocity distribution is shown with from the solid phase for both5 nsand 0.5 pslaser pulses.
the translational temperature @00 K Therefore, the trans- Also, we notice that the efficiency for thes laser ablation
lational temperature for this ablation (at a fluence 4 times increases gradually just above threshold, whereas fofsthe
above threshold) is about two times higher than that for théaser ablation it is constant at all the fluences studied.
ns ablation (at a fluence three times above threshold). Ad- The most prominent difference between th@andnsab-
ditionally, for ns andfs ablation, systematic measurementslation of gallium from the solid and liquid surfaces is that
of the time-of-flight distributions show that the translationalthe ablation threshold for short pulsesiislependenof the
temperature of the ablated gallium atoms increases with irmetal phase. These results are in very good agreement with
creasing laser fluence, which is shown in Fig. 6 for liquidour previous work on indium. Figure 7 shows the ablation sig-
gallium andnspulses. nal of the neutral indium [1] atoms from the liquid and solid
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capacity, andAT the induced temperature rise. The slope of
this line gives a value fog, of 0.42 JgK, if we assume that

] the reflectivity of liquid gallium is0.85 [23] and the energy

is absorbed within the volume defined by the laser spot area
and the penetration depth®) nm This is in agreement with
the tabulated value af,, which is 0.45 JgK (obtained by
extrapolation [21]).

Finally, the different slopes of the ablation rates for liquid-
and solid-phasé&sa for both fs and ns laser ablation may
partly be due to the different surface properties of the liquid
and solid surfaces. The slight difference of the reflectivities
cannotexplain the difference of the ablation efficiency be-
tween the liquid and solid phase since the reflectivitisagat

Indium signal (arb. units)
w

0 loee L L L 248 nmchanges fron®.8 for solid Ga[22] to 0.85 for the li-
0 5 10 15 20 quid Ga[23] and this should rather lead to a higher efficiency
” for solid gallium. On the other hand, it was observed that dur-
fluence (mJ/cm®) ing the laser ablation of the solid material, when the same

Fig. 7. The signal of the ablated neutral indium atoms from the solid and li-Surface area was illuminated, the ablation rate decreased with

quid phases as a function of the laser fluence Wifipspulses a248nm  an increase in the applied number of laser pulses. This was

The _ab!ation threshc_)ld_was found [1] to be_ _equal ‘for _both _the solid andg|so observed previously [1, 24] and is attributed to the re-

e -'c'f‘-“'ﬂ- phases of indium. The ablation efficiency is higher in the case ofy 4\ 5| of all weakly bound species near surface defects. This

'quic incm leads to a higher ablation efficiency from the liquid phase
since that surface can rapidly change due to diffusing atoms

phase by0.5 pslaser pulses @48 nm The ablation thresh- and molecules.

old is 2.5 mJcn?, identical for the liquid and solid phases

of both indium and gallium metals, apparently independent

of the thermal properties of these materials (compare Figs. 8 Conclusions

and 7).

We suggest the following mechanism to explain this be-A detailed study of the ablation of solid- and liquid-phase gal-
haviour. For the0.5 ps pulses, the thermal diffusion length lium with short UV laser pulses is reported. Tfseablation
during the laser pulse is abdaihmonly. The ablation thresh-  behaviour is independent of the metal phase. The ablation
old in the case of th®.5 pslaser is small because the energythreshold is reduced to identical values for both the solid
is accumulated within the optical penetration depth (abouind the liquid phase whefs pulses are used instead g
20nm in the material. In contrast, in the case of the pulses. This decrease is explained by the reduced heat dif-
pulses, an energy dissipation occurs within the thermal diffusion during the short pulse. In contrast, for thepulses,
fusion depth of the material resulting in an increase of thehe ablation threshold of the liquid is lower than that of the

threshold. o . _ solid, and this is due to the lower thermal diffusivity of the li-
The thermal diffusivity changes at the melting point of quid, which allows a better accumulation of the pulse energy
Gafrom 40.6 W/mK for the solid to33.1W/mK for the li-  close to the surface. The time-of-flight measurements show

quid at330 K [20, 21]. Since the thermal diffusion length in a Maxwell-Boltzmann distribution, which indicates thermal
the case of liquid gallium decreases, the energy is accumiehaviour of the ablate@aatoms for botHs andnslaser ab-
lated closer to the surface resulting in the decrease of thation. The corresponding translational temperature of several
ablation threshold. The experimental data are in very googhousand Kelvin increases linearly with the laser fluence. The
agreement with this concept, since the ablation threshold affficiency for ablation of gallium atoms from the liquid phase
gallium from the liquid phase is a factor &f5 lower than  is 60% higher than that from the solid.
that of the solid (see Fig. 2). For tms irradiation of liquid
In, a reduction (by a factor of 3) in the threshold fluence wacknowledgementdhe authors would like to acknowledge Kurt Miiller for
observed compared to the solid phase; this is also due to tiis excellent technical assistance.
(twofold) lower thermal diffusivity of the liquid compared to
the solid.
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