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An ion probe investigation of an excimer-laser-ablated plume from a high-T= superconducting 
YBa,Cu,O,-, (YBCO) target in an oxygen ambient revealed a significant alteration of the 
propagating plume as the laser spot size on the target was changed. For larger spot sizes, the 
time-resolved ion signals showed a bifurcation of the laser plume into two distinct components with 
increasing spot size. The faster component of the plume showed free expansion behavior, while the 
slow component corresponded to a highly collisional regime that represented the onset of a shock 
wave. Similar plume characteristics have been seen for laser-generated plumes expanding in 
high-pressure ambient gases. The YBa2Cus07-, films grown under the conditions that produced a 
high degree of plume bifurcation yielded high-quality superconducting films. implications of these 
findings toward superconducting film growth are discussed. 0 199.5 American Institute ofPhysics. 

1. INTRODUCTION 

Laser ablation has been shown to be a promising tech- 
nique for the deposition of high-quality thin films.lT3 This 
technique works exceptionally well for the growth of films 
that require gas phase reaction to incorporate a gaseous con- 
stituent into the growing film. It has also been established as 
the most favorable technique for the growth of high-T, su- 
perconducting films!-’ In spite of the considerable amount 
of research that has been conducted to study the laser abla- 
tion process, a complete understanding with respect to the 
large number of process variables has not been achieved. The 
extension of this technique to large area film growth at a high 
deposition rate requires further study at high pulse energies 
and larger laser spot sizes. 

Laser ablation of a composite target and the subsequent 
film growth on a heated substrate .yields three different re- 
gimes of interaction. Each of these regimes comprising the 
laser-target interaction, the laser-plume-ambient-gas inter- 
action, and the plume-substrate interaction plays an impor- 
tant role in determining the quality of the deposited film. In 
the growth of high-T, superconducting oxides, where a sig- 
nificant gas phase reaction is desirable to produce in situ 
superconducting films, the interaction of the ambient gas 
with the expanding plume is important. Typically, high- 
quality superconducting films are grown at high pressures 
(5100 mT), due to a correspondingly high collision prob- 
ability that leads to the formation of the oxides in the gas 
phase. ‘-* However, since the expansion of the plume is con- 
siderably suppressed at high pressures, the film growth has to 
be carried out very close to the target. The kinetic energy of 
the plume species also decreases rapidly with increasing 
pressure, requiring high substrate temperatures for film 
growth. 

One possible solution is a reduction in ambient pressure 
which allows the use of longer target to substrate distances, 
thereby increasing the area of uniform film growth while 
facilitating low-temperature growth due to the high species 
kinetic energy. This benefit is offset by the deleterious effect 
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of insufficient gas phase reaction at low pressure, leading to 
films with low oxygen content. The determination of the op- 
timum pressure for the growth of large area films at a low 
substrate temperature, therefore, requires a careful investiga- 
tion of the plume expansion characteristics. Previous optical 
emission spectroscopic investigations’ of YBa,Cu,07 -x 
(YBCO) plumes suggested that different species in the plume 
expand with different velocities near the target, and attain a 
common velocity further away from the target. This result 
indicates that, at a given oxygen pressure, in situ supercon- 
ducting film growth is possible only above a specific 
substrate-target distance. Kim and Kwok” have presented a 
P-D scaling law to make a correlation between the target- 
substrate distance and the ambient oxygen pressure for the in 
situ growth of superconducting films. This law provides a 
useful guide to film growth at high pressures where the 
plume propagation has. been shown to follow a “blast wave 
model.” The effect of the ambient oxygen pressure on 
YBCO plume expansion has also been studied previously by 
using optical and ion probe techniques.“7’2 These studies 
have revealed a bifurcation of the laser-generated plume, and 
have shown an increase in the degree of bifurcation of the 
plume with increasing pressures that leads to a single slow 
component above a pressure of 100 mT. 

In this article, we report a series of ion-probe experi- 
ments to investigate the dependence of the plume dynamics 
as well as the properties of the deposited films on the laser 
spot size at the target. A time-of-flight ion probe study of the 
evolving plume as a function of ambient pressures and laser 
spot sizes has been carried out at a fixed laser fluence. 

II. EXPERIMENT 

The experiment was carried out in a standard laser abla- 
tion chamber with the ion probe replacing the substrate. The 
ion probe was a shielded single circular plate 2 rnm in diam- 
eter, biased at -30 V, and placed along the plume propaga- 
tion axis. At high pressures a rapid radial change in the 
plume stoichiometry and the species kinetic energy across 
the plume is expected.13 Therefore, the use of a small area 
probe ensures spatial selectivity of on-axis ion signals exclu- 
sively. 
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FIG. 1. Time-of-flight ion signals as a function of laser spot size on tmget and the ambient oxygen pressure. The three rows [(a), (b), (c); (dj, (e), (f); and (gj, 
(h), (ij] correspond to laser spot sizes of 3, 6, and 9 mm* with a laser fluence of 1.8 J/cfn*. The three columns [(a), (d), (g); (b), (e), (h); and (c), (f). (i)] were 
obtained at ambient oxygen pressures of 20,40, and 60 mTorr, respectively. The target-probe distance was 6.25 cm in each case. Tie scale: 5 ,us/div; vertical 
scale: (d), (g) 0.5 V/div; (a) 0.2 V/div, (h) 0.1 Vkiiv; (e). (i) 50 mV/div; (b), (fl 20 mV/div; and (c) 5 mV/div. 

The details of the experimental setup have been de- 
scribed in a previous publication.‘4 The KrF excimer laser 
was focused on to a rotating YBCO target in the vacuum 
chamber by a 30 cm focal length converging lens placed on 
a translation stage. The on-target laser spot size was adjusted, 
as required, by translating the focusing lens while keeping 
the laser fluence constant. The ion signals were recorded on 
a fast oscilloscope with a response time of 2 ns, across a 50 
Q terminator. 

YBCO films have been deposited on ZrOz (100) sub- 
strates under similar deposition parameters with different 

spot sizes, to study the effect of the ablation laser spot size 
on the superconducting properties. All the films were grown 
at a substrate temperature of 680 “C. 

III. RESULTS AND DISCUSSION 

The time-of-flight ion signals of the plume obtained at 
oxygen pressures of 20,40, and 60 mTorr for laser spot sizes 
of 3, 6, and 9 mm2 on the target are shown in Fig. 1. For 
these signals the ion probe was placed 6.25 cm from the 
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FIG. 2. Dependence of the average velocity on the oxygen pressure for (a) 
the fast component and (b) the slow component. 

target. The laser fluence at all three spot sizes was 1.8 J/cm”. 
This Iluence is above the 0.4 J/cm’ threshold fluence for 
congruent evaporation of an YBCO target.15 

Figures l(a), l(b), and l(c) correspond to the ion signals 
obtained with a focused laser beam (3 mm ’ spot size) on the 
target at 20, 40, and 60 mTorr ambient pressures. At low 
pressures (<20 mTorr) the ion signal was dominated by the 
fast component and the development of a weak slow compo- 
nent with increasing pressure was observed. The pressure 
dependence of the signal at a larger spot size of 6 mm’ is 
shown in Figs. l(d), I( e , and l(f). At this spot size increas- ) 
ing pressure caused the fast component to become weaker 
while the slow component was enhanced. As shown in Figs. 
l(g), l(h), and I(i), a further increase in spot size to 9 mm’ 
produced a much larger slow component that dominated the 
ion signal even at the intermediate pressure of 40 mTorr. 
Notably, the arrival time of the slow component at a given 
pressure was reduced with increasing spot size, indicating a 
corresponding increase in the species kinetic energy. 

The fast component was rapidly quenched by the in- 
creasing pressure, and was not detectable above 80 mTorr. It 
was also noted that the time of arrival of the fast component 
at the probe, indicated by the primary peak, increased rapidly 
with the initial increase in pressure, but attained a steady 

value above 40 mTorr. The mean velocity of the fast and the 
slow component of the plume (computed from the peak of 
the time-of-flight ion signals) as a function of pressure is 
shown in Fig. 2. As indicated in the figure, after the devel- 
opment of the slow component, the velocity of the fast com- 
ponent remained almost constant. 

The effect of the laser fluence on the plume expansion is 
demonstrated by the ion signals obtained at different fluences 
for the same spot size and ambient pressure. The signals 
produced at respective laser energy fluences of 2.5 and 1.8 
J/cm’ in a 6 mm2 spot size for an oxygen pressure of 60 
mTorr is shown in Fig. 3. In comparing Fig. 3(a) at the 
higher fluence to its low-fluence counterpart [Fig. 3(b)], it is 
clear that the increase in fluence has led to an enhancement 
in the slow component. The earlier arrival of the slow com- 
ponent at the higher fluence is indicative of the correspond- 
ingly high plume energy. 

The characteristics of the plume expansion at a given 
pressure were also studied by observing the ion signals at 
different distances from the target. For a given spot size, the 
bifurcation of the plume was observed to occur closer to the 
target at high pressures, whereas at low pressures the onset 
of the bifurcation was seen only at larger distances from the 
target. The time of arrival of the fast and the slow compo- 
nents at the probe for different target-probe distances R for a 
spot size of 4 mm’ is plotted in Fig. 4. In vacuum, at all 
distances, the plume consisted of only the fast component, 
and the time of arrival varied linearly with the distance. This 
observation is consistent with previously reported results. l6 
This free expansion behavior corresponded to an expansion 
velocity of 2X106 cm/s. The expansion velocity of the fast 
component reduced with increasing pressure, while the 
time-distance relationship continued to be linear. Curve (a) 
in Fig. 4 represents the fast component at an ambient oxygen 
pressure of 40 mTorr. 

In our experiment, where the plume expansion within a 
2.5- 10 cm distance from the target was observed, the propa- 
gation of the slow component followed a functional behavior 
of the form R=atn, where a is a constant that depends on 
the laser energy and the ambient oxygen pressure. As indi- 
cated by curve (b) in Fig. 4, the slow component assumed the 
form R = 1 .5t0.46 at 40 mTorr. With increasing pressure the 
value of a became smaller and the exponent approached a 
limiting value of 0.4. This agrees with previous observation 

RG. 3. Time-of-flight ion signals for a laser fluence of (a) 2.5 J/cm’ and (b) 1.8 J/cm’ for an oxygen pressure of 60 mT and a spot size of 6 mm’. The 
target-probe distance is 6.25 cm. Time scale: 5 psldiv; vertical scale: (a) 50 mV/div and (b) 20 mV/div. 
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FIG. 4. R-r plot at an oxygen pressure of 40 mT for (a) the fast component 
and (b) the slow component. The fast component shows a linear variation 
that corresponds to a 0.9X106 cm/s velocity. The slow component follows 
R = 1 5r0.& . . 

at high pressures (>lOO mT), where the slow component 
produced as a result of the hydrodynamic interaction of the 
plume with the ambient gas has been shown to follow a 
shock wave behavior of the form R = &,(Elpo)to~4, where ,$a 
is a constant, E is the total absorbed energy, and p. is the 
background gas density.16-r8 

In vacuum, the laser-generated plume expands freely 
without background gas collisions. In the presence of a rela- 
tively low-pressure ambient gas (<20 mT) the plume contin- 
ues to expand freely, but with a reduced forward velocity due 
to collisions between the plume and the ambient gas. With 
increasing pressure the expansion is suppressed as a result of 
the reduced pressure gradient between the plume and the 
ambient gas. This may give rise to two different expansion 
mechanisms for the expansion front and the core of the 
plume. The expansion front which is mainly subjected to 
plume-gas collisions wouId expand freely with a higher ve- 
locity than the high density core of the plume which under- 
goes extensive intraplume collisions. The slow component 
that represents the core of the plume leads to the formation 
of a shock front that develops with increasing background 
pressure.” 

Our observations of the enhanced plume bifurcation at 
large laser spot sizes can also be explained by considering 
the hydrodynamic behavior of the plume. Increasing the spot 
size at a constant laser fluence on the target will lead to an 
increase in the vaporized flux and also proportionately higher 
region of intraplume collisions. Therefore, the slow compo- 
nent, which represents the highly collisional core of the 
plume, is expected to be enhanced with increasing laser spot 
size. Furthermore, the increase in the peak velocity of the 
slow component with increasing laser spot size can be ex- 
plained by using the time-distance relationship 
R = ,$o(ElpO)to.4 for a shock wave. As the spot size is in- 
creased at a fixed laser tluence, the total energy imparted to 
the explosive evaporation (E) is increased. This implies a 
higher velocity for the shock front, as observed in our re- 
sults. 
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FIG. 5. Normalized resistance vs temperature for YBCO films grown on 
ZrGs (100) substrates at a substrate temperature of 680 “C and an ambient 
oxygen pressure of 80 mTorr, for laser spot sizes of (a) 2 mm*, and (b) 7.5 
mm?. The target-substrate distance was 6.25 cm. 

As far as the YBCO film growth is concerned, increase 
in collisions leads to increased gas phase reaction, which will 
in turn enhance the oxygen content of the film. For a high 
degree of plume bifurcation where the highly collisional re- 
gime dominates the plume the gas phase reaction is en- 
hanced. As indicated in our experiments, enhancement in gas 
phase reaction at low pressures can be obtained by increasing 
the laser spot size at the target, while keeping the laser flu- 
ence above the threshold fluence for congruent evaporation. 
To validate our hypothesis, two superconducting films were 
deposited on ZrOp (100) substrates, using different laser spot 
sizes. These films were grown at an oxygen pressure of 80 
mTorr and a substrate temperature of 680 “C. The target to 
substrate distance was 6.25 cm, and the two spot sizes used 
were 2 and 7.5 mm’, respectively. Figure 5 shows the nor- 
malized resistance versus temperature characteristics of the 
two films grown with the two different spot sizes. At this 
pressure, the plume arriving at the substrate for a 2 mm’ spot 
size consists mainly of the fast component. Therefore, insuf- 
ficient gas phase reaction is expected to produce films with 
low oxygen content. The broad transition and the low critical 
temperature (T,--36 K) shown in Fig. 5(a), for the film 
grown with a tightly focused 2 mm’ spot size, is a clear 
indication of the low oxygen content of the lilm. On the 
other hand, for a 7.5 mm’ spot size where the plume consists 
of only the slow component, increased gas phase reaction is 
expected to produce films with high oxygen content. This is 
evident in Fig. 5(b) where a high critical temperature 
(T,-89 K) and metallic behavior of the film grown with the 
7.5 mm2 spot size is observed. 

IV. CONCLUSION 

In conclusion, the propagation characteristics of laser- 
ablated YBCO plumes have been investigated by an ion 
probe technique. The plume was shown to bifurcate into a 
fast and a slow component at high pressures and larger laser 
spot sizes. The slow component that developed with increas- 
ing spot size for a given pressure, was seen to approach a 
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shock wave behavior. Previous studies on the pressure de- 
pendence of the plume expansion by others1”t6 have de- 
scribed the early part of the expansion by a drag force model, 
while the latter stage of the expansion has been shown to 
follow a blast wave model. ,In our studies of the laser spot 
size effect on the plume expansion, which involves only the 
latter stage of the expansion (distances greater than 2.5 cm 
from the target), the slow component has also been shown to 
follow a blast wave model. Similar behavior of the plumes 
produced by single component targets2’ suggests that the 
plume bifurcation results from a hydrodynamic effect rather 
than a mass selective species separation. The formation of 
the slow component, which represents a high collision re- 
gime, has been shown to be preferable for superconducting 
film growth as it enhances the gas phase reaction. Our results 
show that at low pressures a significant enhancement in the 
slow component can be obtained by increasing the size of the 
laser spot on the target. In a recent reportI we have pointed 
out the significance of the slow component in the plasma- 
assisted laser deposition process ‘for low-temperature film 
growth, where greater than 100% ionic enhancement of the 
slow component was obtained in the presence of a plasma. 

ACKNOWLEDGMENTS 

The authors thank P. Sal&hive1 and K. Ahmed for their 
technical support. They also acknowledge partial support of 
this work through National Science Foundation Research Ini- 
tiation Awards to S, W. and P. M. (Grants No. ECE-9309498 
and No. DDM-9219326) and a USF Research and Creative 
Scholarship Award to S. W. (Grant No. 1253-933-OR). 

‘J. T. Cheung and H. Sankur, CRC Chit. Rev. Solid State Mater. Sci. 15.63 
(1988). 

2H. Sankur and R. Hall, Appl. Opt. 24, 3343 (1985). 
3H. S. Kwok, J. P. Zheng, S. Witanachchi, L. Shi, and D. T. Shaw, Appl. 

Phys. Lett. 52, 1815 (1988). 
4S. Witanachchi, H. S. Kwok, X. W. Wang, and D. T. Shaw, Appt. Phys. 
L&t. 53, 234 (1988). 

‘T. Venkatesan, A. Inam, B. Dutta, R Ramesh, M. S. Hegde, X. D. Wu, L. 
Nazar, C. C. Chang, J. B. Barrier, D. M. Hwang, and C. T. Rogers, Appl. 
Phys. Lett. 56, 391 (1990). 

6R. K. Singh, .I. Narayan, A. K. Singh, and J. Krishnaswamy, Appl. Phys. 
Lett. 54, 2271 (1989). 

7P K. Fork, F. A. Ponce, J. C. Tramontana, N. Newman, J. M. Phillips, and 
T. H. Geballe, Appl. Phys. Lett. 58, 2432 (1991). 

s G. Koren, A. Gupta, E. A. Giess, A. Segmuller, and R. B. Laibowitz, Appl. 
Phys. Lett. 54, 1054 (1989). 

9J. P. Zheng, Q. Y. Ying, S. Witanachchi, Z. Q. Huang, D. T. Shaw, and H. 
S. Kwok, Appl. Phys. Lett. 54, 954 (1989). 

‘OH. S. Kim and H. S. Kwok, Appl. Phys. Lett. 61, 2234 (1992). 
“D. N. Mashburn and D. B. Geohegan, Processing of Films for high T, 

Superconducting Electronics (SPIR, 1989). VoL 1187, p. 172. 
“D. B. Geohegan, in Laser Ablation of Electronic Materials: Basic Mecha- 

nisms and Applications, edited by E. Fogarassy and S. Lazare (North- 
Holland, Amsterdam, 1992). 

13T. Venkatesan, X. D. Wu, A. Inam, and J. B. Wachtman, Appl. Phys. Lett. 
52, 1193 (1988). 

14P Mukherjee, D. Sakthivel, K. Ahmed, and S. Witanachchi, J. Appl. Phys. 
7h, 1205 (1993). 

“D. B. Geohegan, D. N. Mashburn, R. J. Culbertaon, S. J. Pennycook, J. D. 
Budai, R. E. Valiga, B. C. Sales, D. H. Lowndes, L. A. Boatner, E. Sonder, 
D. Bres, D. K. Christen, and W. H. Christie, J. Mater. Res. 3, 1169 (1988). 

“D. B. Geohegan, Appl. Phys. Lett. 60, 2732 (1992). 
“A Gupta, B. Braren, K. G. Casey, B. W. Hussey, and R. Kelly, Appl. Phys. 

Lett. 59, 1302 (1991). 
‘*Ya. B. Zel’dovich and I? Raizer, in Physics of Shock Waves and High 

Temperature Hydrodynamic Phenomena (Academic, New York, 1966). 
Vol. 1, p. 94. 

19D. B. Geohegan, Thin Solid Films 220, 138 (1992). 
mP Mukherjee., S. Sakthivel, K. Ahmed, and S. Witanachchi, CLEO Digest 

8, 212 (1994). 

J. Appl. Phys., Vol. 78, No. 6, 15 September 1995 S. Witanachchi and P. Mukherjee 4103 
Downloaded 12 Jan 2011 to 131.247.244.186. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


