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Laser-induced fluorescence studies of excimer laser ablation of AI20 3 

R. W. Dreyfus, Roger Kelly, and R. E. Walkup 
IBM Thomas J. Watson Research Center, P.D. Box 218, Yorktown Heights. New York 10598 

(Received 25 August 1986; accepted for publication 29 September 1986) 

We have used laser-induced fluorescence to measure the energy distributions of Al atoms and 
AIO molecules produced by excimer laser ablation of A120 3• Excimer laser fluences close to 
the threshold for ablation were used to minimize the effects of gas phase collisions. The kinetic 
energies of both species were high, -4 eV for Al and -1 eV for AIO, but the AIO rotational 
and vibrational energies were quite low, corresponding to a temperature of - 600 K. These 
results rule out thermal vaporization and provide indirect support for an electronic ablation 
mechanism. 

Excimer laser ablation of insulators is important in a 
variety of microelectronic fabrication processes. In addition, 
there are a number of unresolved questions regarding the 
ablation mechanism. Processes that can contribute to mate
rial removal by UV laser pulses include thermal vaporiza
tion, electronic excitation to repulsive or weakly bound 
states, droplet expulsion, and exfoliation. I Al20 3 provides a 
particularly interesting substrate because previous morpho
logical studies 1,2 have eliminated droplet expulsion and ex
foliation, so that only thermal and electronic processes need 
to be considered. In the present work we use the technique of 
laser-induced fluorescence to examine the energy distribu
tions of Al atoms and AIO molecules produced by excimer 
laser ablation of A120 3• These measurements will be seen to 
rule out thermal vaporization and to provide indirect sup
port for an electronic mechanism for material removal. 

It is important in ablation or sputtering studies involv
ing insulators to clearly distinguish between thermal and 
electronic processes for particle ejection. We consider the 
laser etching mechanism to be thermal if the material re
moved per pulse is determined by the equilibrium vapor 
pressure integrated over the time history of the surface tem
perature: 

mass loss per unit area = ~ f dt mjaj~ (2rrmjkT) - 1/2, 

(1) 
where mj is the mass ofspeciesj, aj is a vaporization coeffi
cient, ~ is the vapor pressure, and Tis the temperature. For 
A120 3, the species which evaporate from a heated surface 
include Al atoms, 0 atoms, AIO molecules, and Al20 mole
cules; and the vaporization coefficients are aj "'" O. 3 for all of 
these species3 for both a solid and liquid surface.4 Note also 
that for thermal vaporization from bulk materials, the va
porized species generally have energy distributions which 
are well characterized as Maxwell-Boltzmann at the surface 
temperature, provided that gas phase collisions are negligi
ble.5 For vaporization of a high density of material, colli
sional effects may alter the energy distributions of the parti
cles as they expand into vacuum.6 In contrast to thermal 
processes, an electronic mechanism for material removal is 
based on the idea that UV absorption by the substrate results 
in excitations to either weakly bound or repulsive electronic 

states. Excitation to repulsive states can directly result in 
desorption. Weakened bonding can either be a long-term 
effect such as modification of the surface stoichiometry, 7 or a 
short-term effect such as extensive removal of electrons from 
the valence band resulting in reduced cohesion of the solid. 8 

In the case of weakened bonding, vaporization could in prin
ciple occur at temperatures well below those predicted from 
the equilibrium vapor pressure, but we would consider such 
a case to be essentially an electronic mechanism. 

The apparatus used in our experiments consisted of a 
248-nm KrF excimer laser which produced 20 ns pulses and 
was used for ablation of A120 3, and a tunable pulsed dye 
laser used to probe the ablated species Al and AIO as shown 
in Fig. 1. The excimer laser was focused to a -0.5 mmX2 
mm spot on the Al20 3 target. The dye laser illuminated a 3-
mm-diamX 12-mm-Iong volume at a distance of 10-20 mm 
above the target. Approximate flight time distributions were 
determined by using laser-induced fluorescence (LIF) to 
measure the density of a selected species in the observation 
volume as a function oftime delay between the excimer laser 

and dye laser pulses. The AIP3 targets were either (2ITO) 
oriented sapphire wafers or oxidized polycrystalline metal. 
In the latter case, amorphous Al20 3 was formed by dosing 
Al metal with O2 gas.9 The substrates were mounted in a 
turbo pumped vacuum chamber, and the ablation experi
ments were carried out at a pressure of _10- 5 Torr. The 
substrates were translated at a rate of -0.5 mm/min to 
bring fresh material into the excimer laser beam. The ex
cimer laser repetition rate was 5 Hz. The majority of the 
excimer laser beam was incident on material that had re
ceived a dose of 102_103 UV pulses. Thus the results present
ed here correspond to the case of steady-state ablation rather 
than ablation of a virgin surface. The excimer laser fluence at 
the sample was varied in the range of 0.1-10 J cm - 2 per 
pulse. 

Ablation of Al20 3 occurred for laser fluences > 0.6 
J cm - 2. Al atoms in the plume of ablated material were de
tected by LIF, exciting the ground-state atoms via the 
32PI/2-42SI/2 transition at 394.4 nm and detecting 396.2 nm 
emission, i.e., the 3

2
P 3 / 2-4

2
SI/2 transition. AIO molecules 

were detected via the B 21: + -X 21: + transition. Two types of 
energy distributions were measured: velocity distributions 
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FIG. I. Experimental apparatus. The dye-laser pulse is delayed by a vari
able time (typically a few p,s) after the excimer-Iaser pulse to provide time
of-flight measurements. 

by time-of-flight and, for AlO, internal energy distributions 
by measuring the intensity distribution of rotational transi
tions in the molecular bands. Fluences near threshold for 
ablation were used to minimize the effects of gas phase colli
sions. 

Typical results for time-of-flight velocity distributions 
for Al and AlO are shown in Fig. 2. The velocity distribu
tions are not Maxwellian, and rather high kinetic energies 
are observed. For laser fluences near threshold, the velocity 
distributions peak at kinetic energies of -4 eV for Al atoms, 
and - 1 e V for AlO molecules. The velocity distributions 
were observed to depend strongly on the excimer laser 
fluence. The Al kinetic energy increases from -4 eV near 
threshold (-0.6 J cm- 2 ) to -20 eV at 3 J cm-2• In con
trast, the AlO kinetic energy decreases from - 1 e V near 
threshold to -0.3 eV at 3 J cm- 2

• The dependence on 
fluence is due to gas phase collisions in the laser-produced 
plasma formed during the ablation process. IO The precise 
mechanisms for the observed changes are not known. How-
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FIG. 2. Time-of-f1ight velocity distributions are shown for AI atoms and 
AIO molecules. The excimer-Iaser f1uence was - 0.7 J cm - 2. The solid lines 
show Maxwell-Boltzmann distributions for comparison. 
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ever, one can conclude that the measured velocity distribu
tions do not reflect the surface temperature achieved by ab
sorption of the intense UV pulse, This is clear from the high 
velocities which would correspond to temperatures much 
greater than the critical temperature, II from the disparity 
between AI and AIO kinetic energies. and from the opposite 
trends of kinetic energy versus fluence observed for these 
two species. 

In contrast to the kinetic energy distributions, the inter
nal energy distributions of AlO were observed to be only 
weakly dependent on the excimer laser fluence. A systematic 
trend was observed indicating that the degree of rotational 
excitation is larger for molecules with larger velocities. For a 
given velocity (i.e .• flight time) the rotational distribution 
was approximately Maxwell-Boltzmann with temperatures 
in the range S00-2OOO K. The rotational temperatures were 
- 600 K for molecules near the peak of the flight time distri
bution, whereas temperatures as high as 2000 K were ob
served for the very few molecules with velocities much 
greater than average. A typical spectrum showing individual 
rotational transitions is illustrated in Fig. 3. Very similar 
results were obtained for the vibrational distributions of AIO 
in the v = 0, I, and 2 levels. The vibrational distributions 
were approximately Boltzmann. with a temperature - 600 
K for molecules near the peak of the flight time distribution, 
and the effective vibrational temperatures showed only a 
small variation with excimer laser fluence. 

The basic question to answer is whether the surface tem
perature rose sufficiently for thermal vaporization to explain 
the etching observed. Measured etch rates were - 0.4 nm per 
pulse at a fluence of -1.S J cm-2

• For a thermal vaporiza
tion mechanism, this would require surface temperatures of 
-4S00 K for a duration of -5 ns. This temperature is a 
factor of - 5 greater than the typical rotational and vibra
tional temperatures observed for AlO, and it is a factor of 
- 2 greater than the maximum rotational temperature ob
served. The typical rotational temperatures ( - 600 K) were 
obtained for molecules with a kinetic energy of - 1 e V by 
time-of-flight. Thus it appears to be unlikely that these "typi
cal" molecules could have relaxed by collisions. Although 
some rotational cooling could occur in the expanding gas,6 
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FIG. 3. Laser-induced fluorescence spectrum of AIO produced by ablation 
of AI20, is shown. The rotational distribution is approximately Boltzmann 
with T"" 500 K, as shown by comparison with the calculated spectrum in 
the inset. 
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we do not believe that such an effect could account for the 
large discrepancy between the measured AlO internal tem
peratures and the surface temperature required for thermal 
vaporization. This conclusion is supported by the observa
tions that: ( 1 ) the internal temperatures are essentially inde
pendent offluence, i.e., independent of the density of materi
al in the expanding plume, and (2) the kinetic energy 
distributions remain very broad, indicating minimal conver
sion of random motion into directed motion of the expand
ing gas. In fact, because of the broad distribution of high 
kinetic energy particles in the plume, we expect that the rota
tional and vibrational temperatures observed should prob
ably be greater than the surface temperature at the time of 
ejection. Thus the low internal temperatures observed 
strongly suggest that the surface temperature never reached 
a value large enough (> 4500 K) for the rate of thermal 
vaporization to account for the etching. 

Additional support for this argument was obtained by 
monitoring AIO formed by ablation of a very thin oxide film 
on aluminum metal. In this case, the oxide thickness was - 3 
nm. This is sufficiently small that the surface temperature 
rise can be estimated using the known optical and thermal 
properties of bulk aluminum. For an excimer laser fluence of 
1 J cm - 2, the estimated peak surface temperature was - 500 
K. This low temperature is due in part to the high reflectivity 
of aluminum (R ",,0.925). Note that the thermal and optical 
properties of bulk Al differ substantially from those of bulk 
Al20 3• Nevertheless, the energy distributions of AIO mole
cules observed for these two substrates were very similar. 
This suggests a common non thermal mechanism for abla
tion of bulk. Al20 3 and the thin oxide film on Al metal. 

Since a thermal mechanism is not supported by the ex
perimental data, the observations indirectly suggest that the 
ablation mechanism must be an electronic process. To com
plete the argument, it would be desirable to show that the 
results explicitly support such a process. This is difficult, 
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however, since the details of the nonlinear coupling of UV 
radiation to the solid are not known at this time. Neverthe
less, the experimental observations are consistent with elec
tronic mechanisms for material removal in a general sense 
because (1) the kinetic energies are in the eV range, i.e., 
comparable to short-range repulsive interactions, (2) the 
low rotational energies of AlO could result from fragmenta
tion along the bond axis, and (3) low vibrational energies are 
expected if expulsion takes place on a time scale slower than 
or comparable to the vibrational period. 12 

In summary, kinetic and internal energy distributions of 
Al atoms and AIO molecules formed by excimer laser abla
tion of AI20 3 have been determined by laser-induced fluores
cence. The results lead to the conclusion that thermal vapor
ization cannot account for the ablation of Alz0 3 • Instead, the 
data provide indirect evidence for an electronic mechanism 
for material removal. 
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