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Laser-induced fluorescence is used to measure time-of-flight (TOF) and internal state 
distributions of atoms, ions, and diatomics ejected after the 193 nm ablation of Y203, BaOZ, and 
CuO. These measurements indicate that the bulk of material is ejected with speeds in the range 
of lo’-lo5 cm/s while particle speeds in the emitting component of the plume exceed lo6 cm/s. 
The TOF profiles of all the species were non-Maxwellian, c.ontaining extended low-velocity 
“tails.” It is postulated that these tails arise from the evaporation and/or sputtering of target 
material that occurs after the laser ablation pulse. This particle emission is caused either by 
residual energy deposited in the target after the explosive vaporization/ablation pulse or from 
PddiatiOn exchange and/or ion bombardment from the expanding plasma plume. The extent of 
these “tails” increases with increasing fluence, generating oscillations in the TOF distributions 
of Cu atoms from CuO at high fluence. Rotational and vibrational temperatures were estimated 
for YO and BaO molecules in the plume, and no CuO was detected. 

I. INTRODUCTION 

Thin-film deposition of the superconductor 
YBa&!u307--X (YBCO) is often done with an excimer la- 
ser. There is a narrow fluence range ( 1.5-6.0 J/cm2) at 
which stoichiometric films can be deposited upon a sub- 
strate. The large fluences needed are sufficient to dissociate 
the complex target into ions, atoms, and diatomics, which 
are ejected from the target at high velocities. 

Time-of-flight (TOF) distributions of the ejected spe- 
cies provide information on the nature and velocity of the 
expelled material as well as on the mechanism of ablation. 
Several groups have measured the TOF of atoms, ions, and 
diatomics produced from the ablation of YBCO, They 
have employed emission spectroscopy,‘-‘3 mass 
spectrometry,+” fast photography and irnaging,lsL2 res- 
onance ionization mass spectrometry,23 and transient 
absorption.2’ Each technique has its limits. Mass spectrom- 
etry detection requires high vacuum. Emission spectros- 
copy and fast photographic methods are sensitive only to 
species that are excited in postablation collisions and that 
then emit in the region that is seen by the detector. These 
are not representative of the velocity distributions of most 
plume species, which are in their ground electronic states. 
We describe here the use of laser-induced fluorescence 
(LIF) to probe the ground state. Transient absorption 
measurements indicate that the ground-state TOF distri- 
butions are not Maxwellian and that they have significantly 
lower velocities than do excited species.‘4 

Venkatesan cf a1.25 observed film deposition in a vac- 
uum. There were two distinct components. One was 
strongly forward directed (i.e., cos” 8 where 0 is mea- 

sured from the surface normal) and had stoichiometric 
composition and the other had a cos 8 direction and was 
not stoichiometric. The cos” 8 component may be from 
the init.ial laser vaporization (“blow off’) of target mate- 
rial. The cos 8 component may result from evaporation 
that occurs after the initial ablation, which is caused by 
residual energy in t.he target and/or radiation exchange 
between the target and the expanding plasma plume. We 
investigated the origin of these components in order to gain 
enough understanding of these mechanisms to develop pro- 
cedures to deposit stoichiometric films. 

We used LTF to get ground-state velocity distributions 
of species emitted from the ablation of BaOz, CuO, and 
Y,O,. The TOF distributions are so complex that the mul- 
tiple processes described above probably occur. In vacuum, 
all the TOF profiles contain a very fast component ( > 10 
eV), a fast component (l-10 eV), and a slow component 
(cl eV). 

Rotational and vibrational temperatures Trot and T", , 
were deduced from the i2 ‘II,/z-X”C, A ‘II,;,-X’8, and 
B 28-X “Z bands of YO and from the -4 ‘2-X ‘B BaO band. 
The YO internal temperatures were quite large: 
T,,,==6OOO--9000 K and Tvib=8000 K.The BaO was rota- 
tionally cold, T,,=700 K, and vibrationally hot, 
Tvib= 2500 K. This implies a different mechanism for BaO 
than for YO. 

Although our objective was to investigate the ablation 
mechanism for YBCO, we used only its oxide constituents, 
i.e., BaOz, Y,O,, and CuO. Since the ablation depends 
primarily on the absorption coefficient and thermal con- 
ductivity, the ablation mechanism should be identical for 
all these oxides. Use of the individual oxides simplifies the 
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FIG. 1. Overall apparatus schematic. 

identification of the spectra of CuO, BaO, and YO, because 
these species have overlapping emission bands. 

II. EXPERIMENT 

A Lambda Physik EMG 102 MSC laser (100 mJ, 20 
ns), operating at 193 nm, ablated the targets. The probe 
light originated from a Lambda Physik EMG 2OOE/FL- 
2002 excimer-dye laser combination. That light’s fre- 
quency could be doubled with a KDP crystal and/or dis- 
placed to a desired range with a Raman shifter. We varied 
the fluence by altering the lens-to-target distance, which 
changes the size of the irradiated portion. 

The chamber could be kept at 10m6 Torr (hereafter 
called vacuum) with a diffusion pump and a 77 K cold 
trap. A layout of the chamber and the lasers is shown in 
Fig. 1. A manual x-y-z manipulator was used to move the 
target to expose a fresh surface after each run. The probe 
laser beam was 1.2 cm from the target surface. At closer 
distances emission from the target would interfere with the 
LIF signal. A baffle chamber also helped to align the two 
laser beams. A 100 mm FL lens, several baffles, and a filter 
were used to focus the imaged region onto a photomulti- 
plier. The filter removed light at the laser wavelength. It 
was 3-mm-thick Schott glass, type BG-24, whose transmit- 
tance is < 1% below 220, nm. Pellets of CuO, Y,Os, and 
BaOz were prepared by pressing 99.9% pure oxides to 4000 
kg/cm2 and sintering (at 900 “C for CuO and Y203 and at 
500 “C for BaO,) in flowing 0,. 

The TOF data were acquired using two delay genera- 
tors, two boxcars, and a computer. In order to get TOF 
data, the gate of the first boxcar was scanned: i.e., it was 
advanced 20 ns after each pulse and its gate output was 
used to trigger the probe laser. The second boxcar acquired 
the fluorescence signals from the photomultiplier. Its gate 
width was &O ns and began ~~50 ns after the probe laser 
in order to minimize detection of scattered laser light. 

. J. Appl. Phys., Vol. 75, No. 1, 1 January 1994 

The raw TOF data were obtained on a shot-to-shot 
basis without averaging. The acquired TOF curves were 
smoothed using a 15 point Savitsy-Golay algorithm. Each 
point in a laser excitation scan is an average from three 
shots. 

Because of the high velocities of ejected particles and 
the finite fluoresence times, we needed a relation between 
the LIF signals and the density. We derived an 
expression26’27 for the fraction Fp(tf,7) of probed species 
that fluoresce within the region imaged by our detection 
system. It is 

Xexp{[,(dD-dd/2dLl (t&WI. 
The symbol do is the distance from the left-hand-side edge 
of the laser beam to the right-hand-side edge of the 5 mm 
slit in the apparatus (here 3 mm), dL is the laser width 
( 1.0 mm), tL is the laser pulse duration, and r is the mean 
radiative lifetime. The ejected species travel from left- to 
right-hand sides. The raw data for the long-lived BaO (r 
= 130 ns), measured at short flight times, would give er- 
roneously small population values. For example, a calcu- 
lation for Fp( tf,T) at 2 pus indicates that only 70% of BaO 
molecules emit within the region of the detector; however, 
our atomic species have r < 10 ns and YO has ~=30 ns. 
Within the precision of our data, no corrections to the 
TOF distributions are needed for these shorter-lived spe- 
cies for flight times > 1 ,US. 

III. RESULTS 

BaO and YO are observed in probe laser scans of the 
plumes from Y,O, and BaO,, but no CuO was detected 
from the ablation of CuO. Otis and Dreyfus2’ monitored 
the CuO produced in excimer-laser ablation of 
YBa2Cu30,-x at 193, 248, and 308 nm. They observed 
CuO with 248 and 308 nm, but not with 193 nm. Appar- 
ently the 193 nm light causes complete dissociation of 
CuO. Significant quantities of Ba, Ba+, Y, Y+, and Cu 
were also measured in the ablation of the three oxides. 

The rotational and vibrational populations within the 
YO X28 state were measured from the A 211-X22 and 
B 28-X ‘Z bands. Figure 2 has a LIF spectrum from a 
probe laser scan between 612 and 625 nm. Its largest fea- 
tures are two intense bands at 620 and 623 nm. Their width 
and poor resolution suggest that they originate from poly- 
atomic yttrium oxide, Y,O, . There is no reason why there 
should not be such clusters. Becker and Pallix14 measured 
Y,BaV or Y,O, in mass spectra from ablation of YBCO 
with 532 nm laser light. Such clusters may influence film 
morphology and stoichiometry. 

The A 2111,2-22 and A 211,,2-28 bands of YO are in the 
range 6 13-620 nm and 597-603 nm, respectively. They are 
useful to find Tvib of the ejected YO. At a laser resolution 
of 0.2 cm-‘, the YO rotational states overlap smoothly and 
thus simplify integration over each band. There are also 
strong Q-branch band heads. That allows an estimation of 
band intensities from Q-branch peak heights. 

Fried et a/. 523 
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FIG. 2. LIF from probe laser scan after the ablation of YzOJ in vacuum 
(3 J/cm’). The A ‘IIi~2-X’): band of YO lies between 612 and 619 nm. 
Two Y lines and two polyatomic yttrium oxide bands are in the range 
from 619 to 625 urn. 

In addition, the Franck-Condon matrix for the YO 
A “Il-X ‘8 system is almost diagonal, i.e., the intensities of 
the Sv=O transitions are directly proportional to the pop- 
ulations of the X ‘I: vibrational states. For the A ‘Il ti2 Au- 
orescence, the first four vibrational bands were measured. 
For the A 2II5,2 fluorescence, only the ( 1,l ), (2,2), and 
(3,3) bands were measurable. From these states, r,, were 
calculated to be ~8000 K. This large Tvib is not surprising 
because it requires many collisions to thermalize vibra- 
tional populations, while rotational distributions require 
only a few collisions. We also attempted to estimate a Trot 
for these two systems by comparison with simulations of 
the (0,O) band at several temperatures. These simulations 
are discussed and shown in Fried’s Ph.D. thesis.“” Unfor- 
tunately, the simulations indicate that the only resolvable 
features in the spectra, the Q branches, are insensitive to 
temperature. 

shown in Figs. 4 and 5, in the range 604-632 nm. The BaO 
A ‘2-X ‘Z band is simple. It has P and R branches and a 
large rotational constant. A Trot was estimated for the BaO 
(1,l) band (see Fig. 5) by comparison with simulated 
spectra. 26 The result is 7&= 500-750 K, which is cooler 
than the YO. A Boltzmann plot of the vibrational popula- 
tions yields Tvib=2500 K. Because the Ba+Oz reaction 
has a much smaller cross section than that of Y+0,,33,3” 
there should be far less reaction even at high ablation flu- 
ences. 

The B %Z-X “Z band in YO was also measured between 
480 and 490 nm, where rotational lines were resolved. Be- 
cause of the low density of states here, there are only four 
main branches. Figure 3 shows the (0,O) band in this sys- 
tem. The spectrum was complex and noisy so that we 
could not find r,, from a Boltzmann plot. In order to 
estimate T,, we overlayed simulated spectra and the ac- 
quired spectra. The procedure was less than ideal, hence 
we estimate an error of 1000 K. 

The TOF of Y+, Y, and YO were measured in the 
ablation of Y,O,. The results for a Ruence of 3 J/cm” are 
shown in Fig. 6. None of the TOF plots can be fitted to a 
Maxwellian distribution. Neither a half-Maxwellian nor a 
full Maxwellian distribution35 can be fitted to the data. The 
TOF distributions are quite broad. The three distribut.ions 
have similar maxima, however, they display different pop- 
ulations on the slow tail of the TOF plots. The long tail 
cannot be explained by the formation of a Knudsen layer. 

, I 24P 

ii’- 

\ ~~------r-- 

, , 1 11.1, 

For the B “8-‘2 (0,O) band in YO, the best fit to the 
spectra gave Trot= 8000* 1000 K, which is much higher 
than other T,, measured from ablated species. Kelly, 
Dreyfus, and Walkupz9 estimated T,,=!500 K in A10 pro- 
duced from the ablation of AlLO,. One explanation for our 
large T,, for YO is reaction in the plume. The reaction 
Y $- O2 has a large cross section, i.e., = 100 Az,3G32 and 
proceeds via the harpoon mechanism. The reaction in the 
high-density plume is very likely due to the presence of 
oxygen in the background and its formation and ejection 
from the target. 

6100 8160 szoo 
WAVELENGTH ( 1) 

Several bands of the BaO A ‘C-X *H system were mea- 
sured in the range of 460-500 nm (not shown) and, as 

FIG. 4. LIF from probe laser scan after the ablation of BaO, in vacuum 
(3 J/cm’). Shown is the BaO A “I-S’L band in the region 604-632 nm. 
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FIG. 3. LIF from probe laser scan (in range 482-485 nm) after the 
ablatinn of Y20, in vacuum (3 J/cm’). Shown is the YO (0,O) band 
B c&x “I. 
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FIG. 5. LIE from probe laser scan after the ablation of Ba02 in vacuum FIG. 7. TOF of Cu atoms (no probe laser) after the ablation of&O in 
(3 J/cm’). Shown is the BaO A ‘3 ,-X?Z ( 1,l) band in the region 604- vacuum (3 J/cm’). The dotted line is the best fit to a Maxwellian diitri- 
610.5 nm. bution. 

One explanation is the effect of residual energy deposited in 
the surface after ablation and/or evaporation from the sur- 
face caused by radiation exchange with the expanding 
plasma plume. This hypothesis is discussed below. Similar 
results were observed for Ba +, Ba, and BaO, after the ab- 
lation of 13aOz. 

The TOF of the 325 nm Cu line was measured. The 
results are most unusual. The plasma extends more than 
1.25 cm from the target. We find Cu emission even without 
the probe laser. This fast component fluoresces because 
high-energy calliiions continuously repopulate the upper 
state. As shown in Fig. 7, this emission leads to a Max- 
wellian distribution with an average kinetic energy of & eV. 
The TOF of t.he ground-state Cu persists to > 100 ps. This 
lung residence time of Cu was observed by Geohegan and 
Mashburn” in transient absorption measurements from 
the ablation of YBCO. The relevant difference between 
BaO and YO, and CuO, is the smaller bond energy of CuO. 

L, 
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TIME t IV* sod 

FIG. 6. TOF of species after the ablation of Y,Od in vacuum [3 J/cm’). FIG. 8. TOF of Ba+ after the ablation of BaO, in vacuum (3 J/cml). The 
(.A) YO, using the B’Z-X’Z: (O,O) band; (B) Y; and (C) Yi. dotted line is the best fit to a Maxwellian distribution. 
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The bond energies are 5.8, 7.3, and 4.9 eV for BaO, YO, 
and CuO, respectively. 

Average velocities cannot be estimated from the TOF 
curves because they are not Maxwellian. When the data are 
fit to a Maxwellian, the left-hand side shoulder of the dis- 
tribution rises very fast and if a temperature is chosen to fit 
this portion the tails do not fit leaving out a large portion 
of the material. A Maxwellian distribution superimposed 
on the TOF curve of Ba+ from the ablation of BaO, is 
shown in Fig. 8. As shown for the Cu atoms, the TOF 
distribution of the luminous portion of the plume is Max- 
wellian in nature. 

TOF distributions of Cu atoms from the ablation of 
CuO were acquired as a fun&on of fluence. The distribu- 
tions are shown in Fig. 9 and they change drastically with 
the !luence. There is a fluence threshold, which is < 1 
J/cm’, below which no Cu are detected. With increasing 
fluence, the TOF distribution shifts to shorter times and 

IO 10 

TIME ( IO-’ Ied 
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FIG. 9. TOF of Cu in vacuum after the ablation of CuO with (A) 3 FIG. 1 I. TOF of Ba after the ablation of BaO, at 3 J/cm’ in vacuum 
J/cm’; (B) 2 J/cm*; (C) 1 J/cm’; and (D) 0.5 J/cm’. (dotted line) and at 30 mTorr of air (solid line). 

the large tail increases. At Auences > 3 J/cm’, oscillations TOF curve contains a fast fluorescent component caused 
are observed in the long t.ail. We saw these oscillations only by reactive collisions of Y + O2 at 30 mTorr. When we shut 
with Cu atoms. The origin of these oscillations is not clear off the probe laser, this component remained. The distri- 
but the long tail is the result of the continual emission of bution of the YO chemiluminescence overlaps the Y dis- 
particles long after the laser pulse. As a result we feel that tribution in Fig. 10, which suggest that Y is rapidly con- 
there is no information about the velocities of the particles sumed. The nonluminescent velocity distribution shifts to 
in the tail of the distribution, The position of the maximum lower velocities and the slow component extends to over 
of the initial fast peak is not affected by this, however. 100 ps. 

We repeated t.hese experiments with 30 mTorr of air in 
the chamber in order to investigate the attenuation effects 
on plume species from both inelastic and reactive colli- 
sions. The TOF distributions of Y in vacuum and in 30 
mTorr of air are shown in Fig. 10. For Y there is a sub- 
stantial attenuation of the TOF curve by the air that is 
caused by the reaction Y + 0,. In contrast, with Ba there is 
little difference between the TOF distributions in vacuum 
and at 30 mTorr, as seen in Fig. 11. 

IV. CONCLUSIONS 

Figure 12 shows that the TOF distribution for YO is 
strongly perturbed by the injection of 30 mTorr of air. The 

Faster speeds occur at larger fluences because more 
energy is deposited into the target which can then transfer 
more of it into kinetic energy. The comples TOF curves 
are more difficult to explain: Two possible mechanisms are 
discussed below. 

Calculations36’9 have shown that substantial heat en- 
ergy can diEuse into a target during the times of our mea- 
surements. The energy absorbed per molecule versus the 

rr--- ---l--V --.V - -..--- 

TIME ( IO= sod 

FIG. 10. TOF of Y  after the ablation ofYzO1 (A) in vacuum and (R) at 
30 mTorr of air. 
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FIG. 12. TOF of YO after the ablation of Y20j, measured with 
B  ‘L-X “Z: (0,O) band at 3 J./cm’, with (A) 10 ’ Torr and (B) 30 mTorr 
of air. 
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depth into the target can be calculated with a simple 
mode1. We assume that the absorption coe3icient remains 
constant during the laser pulse, that it is independent of 
depth, and that the very significant effects of plasma ab- 
sorption and dissociation upon it are negligible. Because of 
the large absorption coefficient at 193 nm, the results of the 
calculation show that most of the absorbed energy is close 
to the surface and that approximately 80% of the mole- 
cules near the target surface absorb more than one photon. 
That results in subsequent dissociation and vaporization 
with large kinetic energies. The energy is deposited in a 
thin layer at the target surface. In essence, because so 
much energy is absorbed, the target area is heated to sev- 
eral thousand degrees and nearly all of the material is va- 
porized, i.e., there is very little selective distillation. 

If the radiation penetrates deeply, as happens with 1 .O6 
pm light from a Nd-YAG laser, both the target surface 
and underlying layers are heated. The surface cools more 
rapidly by radiative processes. That leaves the underlying 
region much hotter and it liquifies and vaporizes, and its 
expansion “‘blows off the cool surface layer. This is an 
er;plosive desorption that yields the fast. forwarddirected 
component that is observed in the TOF distributions. Re- 
sidual energy left in the target results in the desorption of 
more target material, possibly the slow nonstoichiometric 
cos 8 component, which is probably the source of the long 
tails in the TOF distributions. This mechanism is more 
likely to occur at an ablation wavelength of 1.06 pm than 
of 193 nm, because of the greater penetration depth in the 
infrared. 

Anot.her probable, or competing mechanism, is de- 
scribed beIow. It is more evident at high fluences. As a 20 
ns ablation pulse impinges upon a surface, the material that 
is ablated during the first few ns generates a dense plasma. 
This plasma screens the target because it absorbs all inci- 
dent radiation arriving later during the laser pulse. This 
absorption heats and accelerates the plasma particles, 
which propagate away at high velocity and become the fast 
TOF component. The surface is radiatively heated by this 
plasma and it is also bombarded by high-energy ions and 
electrons from it. These two added energy sources further 
desorb target material which contributes to the slow com- 
ponent over a much longer time period [ 10 pus) .22 

As indicated by the TOF profile, the residual energy 
left in the target material from the irradiated area, and 
radiation from the plasma generated close to the target 
surface, will heat and vaporize a significant amount of ma- 
terial. This material will be heated to a few thousand de- 
grees, causing selective vaporization from the irradiated 
region. 

Ross> Schultz, and EndressjO have measured the film 
stoichiometry as a function of fluence and found that there 
is an optimum lluence that produces the required film sto- 
ichiometry. If the fluence is too high the films are copper 
deficient.” Our observations indicate that a long oscillating 
tail, which lasts over 100 (us, is present for the copper 
species. It has been determined that proper control of the 
fluence is critical to the deposition of stoichiometric 
YBCO. The TOF curves in Fig. 9 show the growth of the 
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long tails at higher fluenoes. We suspect that these tails are 
caused by the processes described above which may result 
in the preferential evaporation of target material which 
generates the nonstoichiometric component in the films. 

Otis and Goodwin” have recently described an abla- 
tion experiment from YBCO using 351 nm light. This 
study reports internal state distributions and TOF on the 
YO .4 state. Their observations on the TOF agree with 
what we have observed. They observe a much lower rota- 
tional temperature for YO than we do, possibly because of 
the ditference in substrate and wavelength. 
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