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Laser ablation of ceramic oxides in the presence of a RF pulsed oxygen
plasma
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Abstract

We have carried out laser ablation of ceramic targets with synchronous pulsed injection of molecular oxygen gas ionized and
dissociated by a radio-frequency discharge. Time- and space-resolved optical absorption spectroscopy diagnostics reveals that the
conditions occurring in conventional ceramic laser deposition experiments, i.e. with a continuous flow of molecular oxygen, can
be recovered in the novel configuration. This approach allows us to reduce sample exposure to oxygen, which may be useful to
prevent substrate oxidization in coated conductor fabrication.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction More recently, by using time- and space-resolved
absorption spectroscopy for atomig] and molecular
One of the most appealing peculiarities of pulsed [9] 0xygen during PLD of ceramic and metal targets,
laser deposition(PLD) is the occurrence of collisional We have found different reactive collisional channels
effects during the expansion of the ablated plume. In [10] leading to an efficient dissociation of ,O . Due to
particular, when PLD takes place in a gaseous environ-the strong reactivity of elemental oxygen, our findings
ment, such effects lead to modify the plume stoichiom- may explain formation of molecular oxides and oxidized
etry, thus affecting the composition of the deposited clusters, whose arrival onto the substrate can enhance
material. This circumstance is fully exploited in the so- oxygen stoichiometry in the film.
called reactive-PLD[1]. However, the possibility to However, some situations exist where an excess of
enhance the oxygen stoichiometry in high temperature oxygen can lead to detrimental effects. The case of HTS
superconductivéHTS) films by a low pressure molec-  deposition onto metal substratéthe so-called coated
ular oxygen environment has been recognized sinceconductor$ can be considered as a relevant example.
from the early works[2] as one of the key points to  Oxygen must be injected into the deposition chamber in
attain good quality oxide films. order to get the correct structure in the HTS layer
As a matter of fact, the environment turns out to be (typically, a YBCO thin film). On the other hand, the
responsible for a variety of processes. First of all, metal substrate can easily undergo surface oxidization
dynamics of the expanding material is strongly modified hat prevents the attainment of a smooth and homoge-
[3], elemental fragmentation of the ablated material is nequs morphology, leading to poor functional properties.
promoted with direct consequences on film morphology  The search for optimal deposition conditions in sim-
[4], and a blast wave is formed leading to remarkable jo; jtations gave us motivations to explore the feasi-
SPeECIes eXC|tat|qn[5]. On_ the ot_h_er _hand, all such bility of PLD with synchronous injection of atomic
processes can dlr_ectly drive mOQ|f|cat|0ns of thc_e plume oxygen, produced through radio-frequen@gF) disso-
composition, as widely observed in the past, for instance _. °: Lo .
by optical emissior(6] and ion-mass Spectroscopyj. ciation of an Q pulse. In situ dlagnpstlcs of the proces§
through absorption spectroscopy is presented here in
mponding author. Tel.: +39-502214333; fax: +39- orde_r to demonstrate thgt the u_sual corjditions o_f con-
0502214333, ventional PLD for ceramic materials.e. with a contin-
E-mail address: camposeo@df.unipi.itA. Camposep uous flow of molecular oxygen can be roughly

0257-8972/04/$ - see front matt@r 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.surfcoat.2003.10.100



592 M. Cantoro et al. / Surface and Coatings Technology 180—181 (2004) 591-595

UHV
flange Quartz
Valve pipe RF coils
body

T Oxygen

U Optics
UHV to

window oscilloscope

Probe
laser beam

UHV
window

Fig. 1. Sketch of the experimental apparatus for pulsed injection in the presence of RF excitation and for in situ diagnostics by optical absorptior

reproduced, accompanied with a remarkable decrease obxygen, we have exploited a RF discharge, as recently

the sample exposure to oxidizing agents. carried out in, for instance, nitride film depositigh4].
RF driven collisional and plasma processes are known
2. Coated conductor fabrication by PLD to efficiently lead to Q dissociation, especially in the

presence of an inert buffer ga$5].

Our coated conductor prototypes consist of a YBCO
YSZ bilayer deposited by PLD onto a NiF&0:50 3. Experimental
flexible substrate, cold rolled to achieve biaxial textur-
ing. Sample characterization revealed encouraging struc-
tural propertied11], but the electrical performances, in
terms of transition width and critical current, turn out
far from the excellent figures expected for YBCO. We e ! "~
ascribed such a discrepancy between structural ano"’lnd §7d|ffu5|on pum[ivylth base pressure;lp 2. and'
functional features mainly to oxidization of the metal <1O_ mbar, respeqtlve)y Pulsed gas |nject|_on IS
substrate that occurs during the deposition of the YBCO Provided by a solenoid valvéGeneral Valve Series 1,
layer in the presence of O . Indeed, even if the YSz With @ 0.5-mm nozzlp fed by O gas at low pressure
layer should act as a barrier against oxygen diffusion, (~2 bap. Full synchronization of the valve operation
the high temperature experienced by the substrate duringVith the laser shot is provided by specific electronic
the deposition and its high reactivity, along with the Circuitry, which allows us to set independently the
presence of defects in the YSZ film, can lead to a duration and delay of the valve opening. Due to the
remarkable growth of Fe-oxides. relatively slow mechanical rise-time of the solenoid

An oxygen excesgi.e. use of Q pressures above (hundreds of microsecongisthe electronic pulse con-
0.4—0.5 mbar produces macroscopic effects, with dif- trolling the opening must be sent in advance with respect
fused cracks and holes in the YBCO layer. However, to the ablating laser shot. For this reason, the delay will
even by keeping the oxygen pressure at the minimum be indicated in the following with negative figures.
values compatible with superconducting YBCO forma-  The output of the valve is connected to a quartz tube
tion (0.1-0.3 mbar, an inhomogeneous film composi- (OD 6 mm, ID 2.5 mm, length 180 mmpointing at
tion is detected at the level of the single grdit2]. the plume, as sketched in Fig. 1. We note that our
Thus, a strategy to reduce exposure to oxygen of theconfiguration is similar to the so-called crossed-beam
sample during its growth is expected to improve signif- laser ablation[1,1¢. In any case, we stress that the
icantly the quality of the coated conductors, also in view dynamics of our pulsed gas beam is not expected to
of possible applications. exhibit a supersonic character because of geometrical

Pulsed injection of @ into the plume expansion and size reasons. The residual pressure of oxygen in the
region has been already proposed in the &8s}, but substrate region during the pulsed valve operation cannot
the average © pressure in the chamber during the plumebe easily ascertained. However, estimations based on
expansion may turn out too small to induce significant time-averaged measurements by vacuum gauge suggest
molecular dissociation processes leading to formation of that, depending on the pulse durati6typically, hun-
the highly reactive atomic oxygefeither neutral or  dreds of microseconds the repetition rate(typically,
ionized. In order to improve the density of atomic below 10 H2 and the pumping conditions, values more

We use a standard apparatus for PLD, based on a
XeCl excimer laser(pulse duration~17 n9 and a
stainless steel deposition chamber evacuated by a rotary
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than one order of magnitude smaller than in conventional
PLD can be achieved.

A RF plasma is produced by two copper wire coils
(17 rounds wounded around the quartz tube. The coils g2
are connected to a home made cw RF oscillator in a
push—pull configuration(frequency ~23 MHz, power
~1 W). In order to reduce problems associated with 0
impedance matching between the oscillator and the coils<
(the oscillator being outside the vacuum chamber, and
the electrical connection being made by a vacuum
feedthrough, a thermionic tube is exploited in the final 0-°-_|
stage of the oscillator. Furthermore, a controlled cw N AL S B B S B S B S
flow of a buffer gas can be injected into the chamber 0 v time (2 3

ime (ps)

through a needle valve.

The set-up for the in situ diagnostics of the process Fig. 2. Time-resolved absorption Ay measured at=6 mm and
has been already presented elsewtigQ. Briefly, a x=0 during PLD of a YBCO target at a fluence of Zd¥. The three
diode laser provides radiation approximately 777 nm, curves correspond to different experimental conditions, as indicated
resonant with the transition %&S 3p5P3 of atomic in the plot. He buffer gas has been used, at the pressure of 0.6 mbar;
oxygen. The weak probe radiation is sent, through an delay and duration of the gas pulse wer@ and 0.3 ms, respectively.
optical fiber, across the plume and the transmitted
intensity is collected, after crossing some optical com- acquired without @ . Two distinct absorption features
ponents mainly used to reduce the optical emission from can be distinguished in the plots. The first peak, located
the plume, by a photodiodéFig. 1). The photodiode a few hundreds of nanoseconds after the arrival of the
signal is recorded by a digital oscilloscope triggered by ablating shot(the origin of the horizontal axjs is
the arrival of the ablating laser shot onto the target. mainly due to residual plume emission collected by the
Signals are typically averaged over hundreds of ablating photodiode, and is thus not representative of oxygen
shots to improve the signal-to-noise ratio, and by acquir- absorption. We note, however, that absorption by oxygen
ing a sequence of data with the probe beam on and off,dissociated following collisions with prompt electrons
the temporal behavior of the local oxygen absorption [10] might contribute to the first peak, as well. The
Abs(7) (normalized, i.e. Abs0 and Abs=1 for null or second peak reflects formation of atomic oxygen due to
full absorption, respective)ycan be derived8]. The blast wave-driven dissociation of ,O . This peak is
probe bean{1-mm diameter can be scanned within the strongly suppressed when no oxygen gas is sent into the
plume range, and by repeating measurements at differenthamber, as seen in the figure, the residual absorption
positions information on the local oxygen absorption, signal being due, in this case, to oxygen release from
dependent on the local oxygen density, can be obtainedthe target. At the distance from the target considered in

the figure, the peak height is only slightly enhanced by
4. Results and discussion the RF. Furthermore, it turns out to depend on the valve
operating parameters. In particular, the delay plays an

We have already demonstrated that, in the usualimportant role, and the maximum absorption is observed
conditions of PLD, i.e. with a continuous flow of O for a delay of a few milliseconds. Considering the length
into the deposition chamber, efficient processes occurof the quartz pipe(180 mm) and the rise-time of the
leading to a local increase of atomic oxygen stemming solenoid, such a finding suggests an average gas velocity
from environment gas dissociation. Those processesbelow the supersonic speed. Finally, the presence of the
have been ascribdd 0] to both prompt electron produc- buffer gas is another relevant parameter in our experi-
tion and, mostly, to the partial development of a blast ments. We found that He is particularly efficient in
wave following plume expansion. In addition, when a promoting Q dissociation, probably as a consequence
ceramic target is ablated, we have to take into accountof collisional-ionization and energy transfer processes
direct release of oxygen from the target, which also involving high-level He statefl5].
contributes to the observed absorption signals. The behavior of the absorption as a function of the

An example of our results is presented in Fig. 2, distancez from the target is shown in Fig. 3. As
where Abgr) is shown as measured at a distanee6 expected, the absorption peak shifts towards larger
mm from the targefalong the plume axis, i.e. for= delays, and its height is reduced, for increasing distances,
0, Fig. D during PLD with pulsed injection(pulse reflecting the decrease of particle density experienced
delay-2 ms, duration 0.3 msand in the presence of 0.6 by the plume during its expansion. Off axis measure-
mbar of He as buffer gas. Curves corresponding to RF ments, i.e. obtained as a function of thecoordinate
switched on and off are plotted, along with the signal (Fig. 1), reveal that the transverse size of the oxygen
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Fig. 3. Time-resolved absorption Al measured along the plume
axis during PLD of a YBCO target at a fluence of Zcd?. Curves
correspond to different distancedrom the target, in the range 0-16
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results is shown in Fig. 4a, displaying the height of the
absorption peak as a function of the distapdeom the
target. The pulsed injection leads to a smaller peak
absorption for distances up to 8-10 mm, whereas at
larger distances practically coincident results are found.
We note that in this case no buffer gas has been used
in order to enable a better comparison. We recall also
that the typical target to substrate distance used in
YBCO film deposition is above 30 mnill]. The
average base pressure in the chamber, read with a
vacuum gauge, was around one order of magnitude
lower than for the continuous O flow. Thus, we can
conclude that the pulsed injection leads to a local density
of atomic oxygen in the plume region not too smaller,
or even comparable, to that achieved in continuous flow
conditions.

Finally, the role of the RF plasma is clarified in Fig.
4b, where the peak height is plotted as a function of the

mm. He buffer gas has been used, at the pressure of 0.1 mbar and RiiStancez from the target with or without the RF. Due

was switched on; operating parameters of the gas pulse as in Fig. 2.

absorbing region is 3—-5 mm FWHM. No effects in the
plume dynamics ascribed to mechanical interactions
with the pulsed gas beam were observed.

We recall here that a primary goal of our investiga-
tions was to find the operating parameters able to
reproduce in pulsed conditions the oxygen absorption
found in conventional PLD experiments. To this aim,
we have compared our data with those obtained with a
continuous @ flow in the chamber, at a pressure of 0.3
mbar, that is the value typically adopted for the attain-
ment of HTS YBCO films[11]. An example of the
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Fig. 4. (a) Comparison between the height of the absorption peak as
a function of the distance in continuous(p(0,)=0.3 mbay and
pulsed flow conditions; in the latter case, no buffer gas was used;
other parameters as in Fig. @) Comparison between the height of
the absorption peak as a function of the distanseith RF on and

off; He buffer gas was used at the pressure of 2 mbar; other para-
meters as in Fig. 3.

to the relatively large He buffer gas pressigmbap

used in the measurement, the plume range is rather
small, as demonstrated by the sudden decrease of
absorption at>6 mm in data without RF. Nonetheless,
at this buffer gas pressure, the RF excitation turns out
efficient to promote @ dissociation even at relatively
large distances from the target.

5. Conclusions

We have shown, through in situ diagnostics based on
absorption spectroscopy, that synchronous pulsed injec-
tion of O, gas combined with RF plasma is a viable
strategy to obtain a significant amount of atomic oxygen
in the plume expansion region during PLD experiments.
Such highly reactive species can combine with the metal
materials ablated from ceramic targets to produce molec-
ular oxides and oxidized clusters, whose arrival onto the
target is expected to favor the attainment of the correct
film stoichiometry.

Advantages with respect to conventional PLD of
ceramics are in the reduced exposure of the sample to
oxidizing agents, that can be a key point in the fabri-
cation of coated conductors on flexible metal substrates.
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