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The dynamics oflight-emitting particles produced by the excimer laser ablation of the high Tc 
superconductor YBa2CU.lOy has been investigated by means of space/time resolved optical 
measurements near the surface region with a space resolution of 100 {lm and a time resolution 
of 0.1 ns. Two distinct components of ablated particles were observed: one with high average 
velocities over 5 X 106 cm/s and the other with slow velocities, depending on laser energy 
density. The position of the maximum emission intensity in the slower component moved away 
from the surface and was further delayed from the time of maximum laser intensity as the laser 
energy density increased. If the incident laser was tilted from the normal of the target surface, 
the spatial distribution of the luminous plume inclined toward the incident laser beam. These 
results suggest that the slower component consists oflight-emitting particles resulting from the 
fragmentation of clusters ejected from the surface. 

Pulsed laser ablation and deposition have been em
ployed for fabrication of high quality thin films of high Tc 
superconductors as a method for simple and reproducible 
preparaticn. 1

-
3 In particular, it has been reported that as

deposited films formed under suitable conditions at low sub
strate temperatures have a Tc of 85 K and a high critical 
current density Jc on the order of 105 A/cm2 at 80 K without 
post-annealing.2

,3 

Thin films of YBa2 CUI 0Y' prepared using a Nd:Y AG 
laser, show that their composition and crystallinity depend 
strongly upon laser energy density.4 This result suggests that 
particles in various forms and excited energy states are pro
duced by laser ablation depending upon the laser energy den
sity. 

Recently, in an attempt to analyze the process of abla
tion, particles ejected from the YBa2Cu30 y surface by the 
irradiation of an excimer laser have been measured by mass 
and optical spectrometry. 5.6 Though numerous investigators 
claim that the surface atoms evaporate thermally into mon
oat oms and their ions, several mass spectrometric measure
ments? suggest that various cluster sizes are formed. These 
investigations suggest that in order to understand the laser 
ablation process for high Tc superconductors it is necessary 
to perform a transient analysis near the surface with high 
time/space resolution. 

In this letter, we report the dynamical aspects of the 
laser ablation process deduced from space/time resolved 
measurements of the distribution of light-emitting particles 
near the target surface. Our measurements examine the tran
sient behavior of the ablation process on a nanosecond time 
scale up to 100 ns. The results suggest that a surface layer is 
ablated in the form of clusters which eventually decompose 
into monoatoms and their ions. This interpretation is based 
on our simultaneous space/time resolved measurements 
which had not been carried out on these materials previous
ly. 

The block diagram of our experimental apparatus ap
pears in Fig. 1. A Lamda-Physik EMG 50 KrF excimer 

laser at the wavelength of 248 nm and a pulse width of 10 TIS 

was used. The laser beam was focused on a stoichiometric 
YBaZCu30 y pellet in a vacuum chamber with the base pres
sure lower than 10- 5 Torr. The incident direction of the 
laser beam was normal (z direction) to the target surface, 
except for a measurement where the laser beam was tilted 
towards the tangen.tial direction (y) to investigate the inci
dent angle dependence of light emission. The light emission 
from the plume of ablated particles was detected by a televi
sion camera with a silicon intensified target (SIT) through a 
quartz window. Three different modes of measurementS 
were used, Le., (I) the space (z-y) mode, (2) time-space (t
z) mode, and (3) wavelength-space (..i-z) mode. The posi
tion oflaser irradiation on the target was frequently changed 
to prevent damage affecting emission patterns. The streak 
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FIG_ I. Schematic diagram of the space/time resolved optical measurement 
system. 
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camera has a time resolution of 0.1 ns. The space resolution 
of emission pattern is estimated to be about 100 /-lm. 

Figure 2 shows the streak pattern in the time-space 
mode oflight emission from the plume oflaser-ablated parti
cles. Each pattern is recorded for one laser shot. The energy 
densities of the pulsed laser beam are (a) 0.14 J/cm2

, (b) 
0.40 J/cm2

, and (c) 3.60 J/cm2
• In this measurement, the 

light emission from the plume was focused on the entrance 
slit of the streak camera, and the slit width in the direction y 
was set at 0.08 mm in order to obtai.n infonnation concern
ing time-dependent light emission intensity at the center 
(shaded part) of the plume, as shown in the space mode in 
the inset of Fig, 1. The intensity distribution is represented 
by the tone of dotted patterns, The time t is measured from 
the peak of the laser pulse. Full width at half maximum of 
the laser pulse is indicated by the bar at the zero point of the 
abscissa. The vertical axis corresponds to the distance from 
the target surface as shown in Fig. 1. We changed the sensi
tivity of the streak camera to adjust the maximum intensity 
in the plume to a level nearly equal to the tone of the dotted 
patterns in each measurement. The intensity scale of the tone 
of (c) is higher by a factor of 16 compared to those of (a) 
and (b). 

Figure 2(b) shows the presence of two distinct particle 
components, i.e., one slow moving, the other fast. Since the 
slope of the principal line of the time-space pattern repre
sents the average expansion velocity of the light-emitting 
particles, the velocities are estimated to be 6 X 105 em/s for 
the slow component and over 5 X 106 em/s for the fast com
ponent. 

As shown in Fig. 2(a), only the fast component pattern 
can be seen at lower energy densities. The intensity of light 
emission has a maximum in the area near the target surface 
at a time of 10 os. The average expansion velocity is deduced 
to be over 5 X 106 em/so At higher energy densities, the slow 
component begins to appear and becomes dominant in the 
pattern as shown in Figs. 2 (b) and 2 (c). The expansion ve
locity of the slow component particles increases with in-

FIG. 2. Time-resolved meas1.Irementson intensity of the light emission from 
laser-ablated particles along the direction of laser incidence. Dotted line 
indicates the position of target surface. The densities of the pulsed laser 
beam are (a) 0.14 J/em' (weak white color of emission), (b) 0040 J/cm' 
(orange color of emission), and (c) 3.60 J/cm' (strong white color of emis
sion), respectively. 
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creasing laser energy density [e.g., 2 X 106 em/s at 3.60 
J/cm2 in Fig. 2 (c) J. Furthermore, with increase in laser en
ergy density, the position of maximum emission intensity 
moves away from the surface and exhibits a greater delay in 
time. 

We have also carried out measurements of the time
space mode for off-center portions (y=r60) of the plume for 
the energy density 1.5 J/cm2

• Aty = 0, the time-space mode 
shows the presence of two distinct components at this laser 
energy density. At the edge of the plume, on the other hand, 
only the fast component was observed. This result suggests 
that the slow component of ablated particles expands with 
more forward direction in space than the fast component. 

In order to examine the ablation process of luminous 
particles, we measured the changes in the space-mode pat
tern as the direction of the laser beam was tilted for angle (J 

from the z direction towards y. The angle Ae corresponds to 
the angular deviation ofthe direction of the maximum emis
sion intensity from the z direction. The inset shows the pat
tern in the space mode at e = 60· and at 0.26 J/cm2

• The 
result shows that the lumi.nous plume inclines towards the 
laser beam as its incident angle e is tilted from the normal of 
the target surface. Figure 3 also shows that for the same 
angle (J of measurements the Ae decreases with increasing 
laser energy density. 

The angular dependence in Fig. 3 applies only to those 
particles which emit light in the visible region. The angular 
dependence for the ablated particles including both radiative 
and nonradiative ones was measured by depositing them on 
a Si substrate in front of the target. Contrary to the distribu
tion of radiative particles shown in Fig. 3, the () dependence 
of the total deposited particles remains nearly the same re
gardless of the angle of the laser beam incidence. The results 
shown in Figs. 2 and 3 imply that those particles flying in the 
maximum intensity oflaser beam mostly luminesce, as a re
suit of their excitation i.n the plume. 

in addition to the measurement of luminous particles, 
we measured the mass distribution of laser-induced 
YBaZCulOy fragments by means of time-of-flight measure
ments. For energy densities lower than 0.4 J/cm2

, no atomic 
mass peak of constituent elements was observed except for 
dusters lighter than 860 amu. With increasing laser energy 
density, atomic peaks and clusters heavier than 1500 amu 
appear in the spectrum. 

From the above results, the directional dependence of 
the distribution of dense luminous particles may be ex
plained by the ejection and subsequent decomposition of 
clusters, g but cannot be explained only by the ordinary ther
mal evaporation of atoms. This conclusion is drawn from the 
two distinctive features of light emission found in our mea
surements shown in Figs. 2 and 3. Our space/time resolved 
analysis shows that particles ejected from the surface absorb 
laser energy after their ablation but exhibit a delay in their 
light emission from the peak of laser pulse at t = O. These 
experimental facts cannot be explained by the desorption of 
surface atoms into atomic vapor. The inverse bremsstrah
lung process of atomic absorption followed by prompt radia
tive recombination cannot explain our experimental results. 
The observed features suggest that the majority of particles 
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Incidence angle 6 (deg.) 

FIG. 3. Direction of the distribution dense luminous particles as a funl'tion 
of the direction of incident laser beam. Incident laser energy densities are 
(0) 0.14 J/cmc, (L\.) 0.26 J/cm2

, and (0) 10.0 J/crn2
, respectively, where 

only fast, fast and slow, and slow components are observed in the time-spal'e 
mode measured, respectively. 

ablated initially are neither atoms nor small pa:rticles, but 
clusters, Cluster sizes are thought to be below 1000 A in 
diameter. 7 The absorption coefficient of these clusters is 
comparable to that of the solid, so that they are excited 
further by the latter part oflaser pulse, as has been shown in 
the measurements shown in Figs, 2 and 3. The highly excited 
clusters eventually decompose by ejecting electronically ex
cited atoms and their ions, With increasing laser energy den
sity, the generation rate of atomic particles and plasma is 
enhanced due to the rapid decomposition. of clusters. The 
atomic particles and plasma have smaller absorption coeffi
cients compared to the clusters, so the degree of inclination 
decreases with the laser energy density as seen in our mea
surements shown in Fig, 3. 

The position of maximal emission intensity in the time
space mode is further delayed with increasing laser energy 
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density [see Fig. 2 (c) ]. This may be caused by the produc
tion of a highly dense plasma by the inverse bremsstrahlung 
process. Hence, numerous highly ionized atoms and mole
cules are produced and their expansion velocity increases, so 
that the plasma recombination time becomes longer; i.e., the 
light emission is delayed,9 We believe that the direct cluster 
ejection from the surface is an essential mechanism for form
ing a film with stoichiometric composition, even though the 
clusters may decompose during the flight, The production 
mechanism of fast-component particles has not yet been 
clarified in detail at present. 

In conclusion, the dynamics of the laser ablation process 
of YBa2Cu]O" oxide superconductor has been investigated 
by space/time resolved optical measurements. This experi
ment proves that there are two distinct components in pro
duced particles, that is, the fast component and the slow 
component are ejected. Furthermore, it was found that the 
average velocity of the slower component particles increases 
with increasing laser energy density and the direction of the 
distribution ofluminous particles inclines toward a laser in
cidence. These results, as well as the time-of-flight measure
ments, can be interpreted in terms of the ejection of clusters 
from the target surface followed by partial decomposition 
yielding light-emitting particles in a time scale of 1-100 ns 
after laser excitation. 
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