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The characteristics of the ablation plume generated by 532 nm Nd: YAG laser irradiation of a Pb(Zry5,Tiy45)0;
(PZT) target have been investigated using a pulsed-field time-of-flight mass spectrometer (TOFMS). The re-
lative abundance of O*, Ti*, Zr*, Pb*, TiO*, and ZrO* ions has been measured and discussed. TiO* and ZrO*
ions were also found to be particularly stable within the laser ablation plasma with respect to PbO* species.
The behavior of the temporal distributions of each ionic species was studied as a function of the delay time
between the laser shot and the ion extraction pulse. The most probable velocity of each ablated ion is es-
timated to be V,,,=1.1-1.6X10° cm/s at a laser fluence of 1.2 J/em?, which is typically employed for the thin
film deposition of PZT. The TOF distribution of Ti* and Zr* ions shows a trimodal distribution with one fast
and two slow velocity components. The fast velocity component (6.8 10° cm/s) appears to consist of directly
ablated species via nonthermal process. The second component, originated from the thermal evaporation pro-
cess, has a characteristic velocity of 1.4-1.6X 10° cm/s. The slowest component (1.2X 10° cm/s) is composed
of a dissociation product formed from the corresponding oxide ion.

Introduction

Lead zirconate titanate, Pb(Zr,Ti; ,)O; (PZT), has attracted

* Author to whom correspondence should be addressed.

much attention due to the promise of applications in dev-
ices such as non-volatile random access memories,' electro-
optic switches,” pyroelectric sensors,” and piezoelectric
surface and bulk wave transducers.*® Pulsed laser de-
position (PLD) has become a powerful and efficient tech-
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nique for reproducibly depositing high-quality mul-
ticomponent thin films of PZT and other ceramics over the
last few years.’

A most useful feature of PLD is that the stoichiometry of
bulk target is preserved during the ablation and film de-
position process, which in turn should result in better
stoichiometric films. During the PLD process, a pulsed-laser
beam of high energy density is used to ablate a solid target
material. The various ablation products are predominantly
ejected in the forward direction, normal to the target surface,
and subsequently deposited on the substrate surface. Owing
to its simplicity, PLD provides an excellent method of thin
film fabrication for a vast variety of materials in a relatively
short time.

Pulsed laser deposition of high quality PZT thin films
was previously reported by our group.® In the course of the
film optimization process, we observed various trends in
variations of deposited film properties, some of which could
not be fully explained. Many studies have also been re-
ported on the fabrications of the PZT thin film, but the de-
tails of the ablation process have not been fully understood.
For a given PLD system the resulting thin-film quality de-
pends on such parameters as the laser energy density, the
ambient oxygen pressure, and the target-to-substrate dis-
tance, all of which influence the chemical and physical pro-
perties of ejected material (plume). The main characteristics
of PLD are closely connected to the plume composition and
to the interaction of the ablated species with the gas en-
vironment. The analysis of the plume composition is very
difficult due to several factors, such as the wide variety of
ablated species, their high kinetic energy, and the com-
plicated plasma reactions occurring inside the dense plume.
Therefore, in situ monitoring of the ablation plume is desir-
able in order to control the growth quality of thin-film ep-
itaxial oxides, and will likely be required in any eventual
film manufacturing facility.’

Many diagnostics such as emission spectroscopy,’® optical
absorption spectroscopy,'" laser-induced fluorescence spec-
troscopy,'>” time-integrated and time-resolved imaging,"
and time-of-flight mass spectroscopy techniques' were ap-
plied to measuring ablation plasma parameters, to study
flow dynamics of plume expansion and its subsequent in-
teraction. Despite the many existing investigations on the
ion emission of laser-produced plasmas, few experiments
have been published on the ablation of a multielement solid
target that could demonstrate directly the origin of the
ejectant formation i.e., electronic excitation, thermal process,
chemical reactions, and dissociations during the plume pro-
pagation.

In this work, the pulsed-field TOFMS system has been
used to observe the ionic species from laser-ablation of a
PZT target and their dependence on laser energy density.
The ablation process has been carried out under similar con-
ditions to which PZT thin films were deposited.® Pulsed-
field TOFMS during PLD makes use of the fact that a por-
tion of the ablation products forms a highly forward-direct-
ed plume extending outward from the target surface. The re-
lative abundance as well as the energy distribution of
ejected ions among the ablation species are characterized by
a time-delayed extraction of ions ablated off-axis to the
flight direction.
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Experimental

The system consists of two main components: the laser
ablation chamber and the mass spectrometer. Laser ir-
radiation was provided by the second harmonic output (532
nm) of an Nd:YAG laser (Quanta-Ray; Model GCR-3) that
produces pulses of 10 ns duration at a 10 Hz repetition rate.
The laser beam strikes the surface of a PZT bulk target, at
45° to its surface normal, which is mounted on a rotatable
target support. A plano-convex quartz lens with a 400 mm
focal length created the spot of 3x 10 2 cm® on the target
surface. The beam fluence at the target surface is 0.5 to 1.5
J/em?, which is typical energy density for the deposition of
high-quality PZT films.® The laser ablation gives rise to the
formation of a hot plume'® consisting of electrons, ions, neu-
trals, and clusters. The detection of the ions present in the
plume was performed using a pulsed-field time-of-flight
mass spectrometer. Figure 1 shows a typical geometry for
the laser ablation and time-resolved ion detection ex-
periments. The ablated material evolves in the region
between the repelling electrode and the collecting electrode
with a 1.0 mm small hole to obtain a very narrow col-
lection region.

As the plume reaches the TOFMS extraction region, the
positive ions are extracted (following a delay of 7,=0-100
us after the laser shot) by a +1500 V pulsed electric field,
applied to the repelling electrode, and enter the orifice of
the collecting electrode. The ions are then moved toward
the microchannel plate (MCP) ion detector through the drift
tube. This geometry places the ion flight path at right an-
gles with the velocity vector of the ejected plume. The ion
extraction pulse has a rise time of 40 ns and a duration of 4
us. Since the ions in the ejected plume propagate in the
field-free region of the source during the time 7, the velo-
city components at directions normal to the ablation surface
can be calculated from their delay times (7;) and the dis-
tance between the target and extraction region.

In this study the target location relative to the center of
the ion extraction region is fixed (£=0.4 inch) and the delay
time is varied. For acceptable signal to noise ratios, all

| Collecting

Repelling Electrode

Electrode

PZT Target

Figure 1. Typical geometry for the laser ablation and time-
resolved ion detection experiments.
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mass spectra in the present experiment were obtained by a
cumulative collection of 300 laser shots. The whole vacuum
system is pumped by a Turbomolecular pump. The back-
ground pressure at the laser ablation chamber is 5% 107’
Torr. The bulk target obtained from Ssangyong Research
Center consists of a single-phase pellet of Pb(Zrys,Tiy45)O;
with 2 wt.% of SrO.

Results and Discussion

The effect of laser energy density (i.e., the fluence) at the
target surface was investigated over a range of 0.5-1.5 J/em®.
At this fluence range, the vapour density directly above the
target surface is generated in the first few nanoseconds of
the laser pulse. Interaction of the remaining energy in the

laser pulse with the vapourized material switches the ab-

lation mode to a plasma-dominated regime."”

Figure 2 shows the typical TOF spectra obtained from las-
er ablation of a PZT target with a laser pulse energy of 0.5
J/em? in high vacuum (p=5%10"7 Torr). As can be easily
seen from this figure, the spectra mostly consist of the
monatomic ions (Ti*, Zr*, and Pb*) and the ionized oxides
(TiO*, ZrO*, and PbO*), whereas the heavy polyatomic
molecular ions and clusters with masses higher than the di-
atomic oxides do not appear. The relative intensities of Ti',
Zr*, and Pb* ions are inconsistent with the normal com-
position of the Pb(Zrys;Tiy.4)0; bulk target. This feature is
presumably due to the difference in ionization potential, va-
por pressure, and oxide binding energy of these atoms in
the laser-produced plume; 6.82 eV(Ti), 6.84 eV(Zr), and
7.42 eV(Pb).

The overall emission of ionic species lasts until 6 us. The
Ti* and Zr* ions show a broad temporal distribution, in-
dicating that these ions are ablated with a wide range of
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Figure 2. TOF spectra of laser ablated ions from a PZT target
in high vacuum as a function of delay time between the laser
shot and the extraction pulse: target to extraction zone distance h=
0.4 inch. The ions were ablated by 532 nm with a pulse energy
of 0.5 J/em’.

Young-Ku Choi et al.

velocity components. It is interesting to note that the tem-
poral distribution of the Pb* ion is narrow in spite of the
high volatility of Pb with respect to the other elements of
the PZT target,' as will be discussed in more detail later.

Increasing the laser fluence, the spectra are characterized
by the increase of atomic and oxide species abundance and
the occurrence of O* and PbTiO* ions (see Figure 3). The
result indicates, as expected, that as the laser fluence is in-
creased, more material is ablated from the target and emits.
The production of the monoxide ions TiO* and ZrO* as
well as their monatomic ions is clearly observed, whereas
Pb is predominantly present in the form of a monatomic ion.
Recently, the dynamics of laser ablation of PZT have been
studied by Tyrrell et al. using a quadrupole mass spec-
trometer.!” They have isolated the characteristic elemental
and molecular ionic Ti*, Zr*, Pb*, TiO*, ZrO*, and O
species during the 532 nm irradiation of a PZT target at a
laser fluence of 5 J/cm? which is in good agreement with
our current observation. The temporal distribution of the
ejected species shows quite a broad distribution as com-
pared with the result at low laser fluence (see Figure 2).
This observation implies that an increase in the irradiance
results in a broad emission of ions which lasts ~13 us.

The presence of oxide ions in the laser ablation plasma is
a subject of great interest since these molecular ions are
known to influence thin film growth of multicomponent ox-
ides quite significantly. As a general trend in the present
study, the abundances of monoxide ions are always lower
than their corresponding atomic ions; this behavior can be
ascribed to the fact that the monoxide ions take part in the
formation of atomic ions in the early stage of laser ablation,
thus their relative abundance results lowered. The ZrO* ions
are found to be particularly stable within the laser ablation
plasma with respect to TiO* and PbO* species. The dis-
sociation energy of the molecular ion appears to be a crit-
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Figure 3. TOF spectra obtained from laser ablation of a PZT tar-
get with a laser pulse energy of 1.2 J/em® in high vacuum.
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ical indicator of its stability in the laser produced plasma.
The bond dissociation energies, D,, of the diatomic species
are 6.8, 8.0, and 2.2 eV respectively for TiO*, ZrO*, and
PbO"*® The weak bond dissociation energy of the PbO* ion
is suggestive of the fact that the PbO* ion would presum-
ably have a greater opportunity to dissociate into Pb*+O dur-
ing the ablation. The early ejection of the polyatomic
PbTiO* ion is quite interesting. Such an occurrence in-
dicates that PbTiO* is produced by direct evaporation from
the target, rather than by a reaction between ablated Pb, Ti,
and O atoms during the plume propagation. It is considered
that this type of ablation is initiated by the photochemical
fragmentation.

In the present experiment, the time-of-flight measurement
of the ablated ions was triggered by the laser irradiation.
Thus, the increase of delay time between the laser shot and
ion extraction pulse indicates the increased flight time of
the collected ions through the axis perpendicular to the
TOFMS detection axis. The increase corresponds to the
greater time necessary to travel from the target to the col-
lection region of the mass spectrometer. Therefore, one of
the great strengths of a pulsed-field TOFMS study is that
by varying the delay time the temporal profile of each ion
can be obtained, permitting accurate measurement of the
velocity distribution as well as drift velocity of the ionic
species.

The intensities of the ablated ions were plotted as a func-
tion of the delay time of the ion extraction pulse as shown
in Figure 4. The intensities of the O* and Ti* ions were mul-
tiplied by 1/6 and 1/3, respectively, for display purposes. A
narrow temporal distribution of the O* ion is ascribed to the
nonthermal (electronic) process, i.e., direct photochemical in-
teraction, where rapid energy deposition gives rise to elec-
tronic transitions of the chemical bonds in solid surface to
antibonding states resulting in the production of pho-
tofragments with a fast and narrow velocity distribution,
and subsequent ionization within the relatively high-density
plume.”

The figure shows also that in general heavier species go
through local maxima with a longer delay time. It is known
that the velocity and acceleration of the species in the plas-
ma depend on the molecular weight of the respective
species. Since the plasma from the PZT surface is com-
posed of atoms and molecules of different atomic weights
(0=16.0, Ti=47.9, Zr=91.2, and Pb=207.2), the expansion
velocity of each of the species would not be the same.
Singh and Narayan® proposed an adiabatic expansion
model in which a high-temperature, high-pressure laser-heat-
ed plasma is formed directly above the surface. The model
predicts an inverse square-root dependence of the atomic
asymptotic velocities with mass. The observed discrepancy
for TiO* and Pb” ions in the present measurements is prob-
ably due to the interaction (mixing effect) of different
atomic species present in the plume.

The most probable velocities can be estimated from the
delay time showing maximum intensities and the target lo-
cation relative to the center of the ion extraction region (or
TOFMS detection axis). The most probable velocities for
Ti*, Zr*, TiO*, ZrO*, and Pb* ions lie in the range of V=
1.1-1.6 X 10° cm/s. In addition, two velocity components
can be distinguished in the case of Ti* and Zr* ions, sug-
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Figure 4. The ion intensities of the ablated species as a function
of delay time between the laser irradiation and the extraction
pulse at A=0.4 inch following 1.2 J/em’ laser irradiation of a PZT
target. The O" and Ti' ions data was scaled by 1/6 and 1/3,
respectively, to facilitate comparison.

gesting two different ejection mechanisms. The narrow and
small peak with nearly the same maximum at 1.5 ys may
be attributed to a nonthermal distribution (V,,, 6.8 10° cm/
s), while the second and broad peaks with maxima at 6.3
ps (Ti*) and 7.5 us (Zr*) correspond to a Maxwellian dis-
tribution of thermally evaporated Ti* and Zr* ions. The sim-
ilar peak velocity of fast component with that of O* ion
also supports our conclusion that the fast component is ori-
ginated from the direct nonthermal ejection mechanism. The
slow velocity component, however, has the lower energy
spreads characteristic of thermally produced ions and is
probably observed whenever the substrate is unable to dis-
sipate the laser energy promptly.

The narrow temporal distribution of ZrO* jon indicates
that most or all of the ZrO* signal is from ZrO neutrals,
with negligible contributions from the decomposition of
large cluster. Alternatively, the ZrO* jons can be created by
plasma reactions in the plume. If ZrO* ions are expected to
be created by the collision between the high energy O* ions
and Zr atoms, they should have high drift velocity. The ob-
servation of the slow velocity component of ZrO* ions also
demonstrates that these ions derive directly from the target
surface via thermal evaporation rather than being created by
reactive or collisional processes within the plasma. On the
other hand, the measured temporal distributions of the Ti*
and Zr* ions show a much broader distribution compared
with those of the TiO* and ZrO* jons. It is implied by such
a wide energy distribution that the ablation mechanism gen-
erating these species is very complicated.

In order to understand more fully the origin of the fast
and slow velocity components we investigated the temporal
distribution of Ti* ions as a function of laser fluence. Figure
5 displays a plot of Ti* ion intensities as a function of delay
time at three different laser fluences. Clearly two features
are obvious in the figure, one a weak, “fast” velocity com-
ponent and the other a “slow” velocity component. The fast
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Figure 5. Plot of the Ti" ion intensities as a function of delay
time at three different laser fluences.

component exhibits a very nonthermal distribution (having a
high velocity peak and a narrow distribution), which is in-
sensitive to the fluence range of @=0.5-1.2 J/cm®. The in-
cident laser energy, on one hand, is used to break the chem-
ical bonds in solid surface and on the other hand, is con-
verted into kinetic energy of the ablated species. Whatever
the fluence is, the photon energy needed to break the chem-
ical bonds is the same. For this reason, the fast component
results from the direct ejection in the atomic form via nonth-
ermal process followed by the multiphoton or free-electron
impact ionization within the expanding plasma.

The most probable velocity and its distribution of the
slow component is greatly influenced by the laser fluence.
As the fluence is increased, the peak of the slow velocity
component moves toward longer time-of-flight and keeps
on broadening, but its magnitude, in contrast to that of the
fast peak, continuously grows. A similar trend has also
been found in XeCl laser ablation of a PZT target,” in
which the thermal evaporation component increases and be-
comes more important at high fluence. Based on the above
results, we believe that the thermal process in the laser ab-
lation plays an important role as increasing the laser fluence.

The broadening of the slow velocity component at high
laser fluence can be explained by the increased plume tem-
perature as well as the scattering mechanism over extended
distances in which ions and atoms in the ablation plume un-
dergo collisions, thus distorting the nascent mass and velo-
city distributions. The plume material is retarded from the
fast vacuum velocity distribution due to momentum transfer
with the background gas (as well as other retarded plume
material). For this reason, one can attribute the decrease in
most probable velocity of a slow component with laser flu-
ence to the gas collision between the plume ejectants in the
high pressure region of the initial expansion, resulting in a
Knudsen layer with stopped and/or backward moving ma-
terial 4%

Another distinct feature to be noted is that, as shown in
Figure 5, a third component of the plume appears on the fal-
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Figure 6. Comparisons of monatomic and monoxide ion in-
tensities as a function of delay time at 0.5 J/em’ laser fluence.

ling edge of the slow component, i.e., 4.3 ps ($=0.5 J/cm’),
6.8 pus (P=0.8 J/cm®), and 8.3 us (P=1.2 J/em?). In order to
determine the origin of these much later arriving materials,
we plotted the ion intensities as a function of delay time at
h=0.4 inch following 0.5 J/cm® laser irradiation. Figure 6
shows that the temporal distributions of Ti* and Zr" ions dis-
tinctly split into three peaks, one fast and two slow ones.
The slow velocity components of Zr* and Ti* ions can be
explained by the two different mechanisms. Either Ti (and
Zr) atom is ablated intact via thermal evaporation process
and subsequently excited to form a Ti* (and Zr*) ion by free
electrons in the expanding plasma, or a Ti* (and Zr*) ion is
formed through the dissociation reaction of oxide ions, MO*
— M*+0, where M denotes the Ti and Zr atoms. It has
been known that the laser ablation of Pb is dominated by
thermal evaporation even at the intermediate laser fluences,
as Pb and its corresponding oxides have relatively low melt-
ing temperatures. The slow components of Ti* (2.7 us) and
Zr* (3.0 us) ions show a similar drift velocity and dis-
tribution with that of a Pb* ion, indicating that these com-
ponents arise from the thermal process.

The slowest velocity component of Ti* and Zr* ions is
not a direct ablation product, but rather is formed within the
plume by a secondary process, ie., dissociation of TiO* and
ZrO* ions. It is conceivable that the highly excited oxide
ions heavier than the monatomic ions may spontaneously
fragment into lighter ions since they are reasonably sup-
posed to have enough internal energy. In such a case, the
bond breaking and/or energy release by translation of the
fragments should effectively play a role as a major cooling
process for the hot particles. The similarity in the slowest
velocity distributions of Ti* and Zr* ions with those ob-
served for the TiO* and ZrO* strongly suggests the dis-
sociation of oxide ions during the plume propagation. There
are two likely mechanisms for the dissociation of these
monoxide ions. The first is the photodissociation by ab-
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sorbed laser energy which could proceed via a multiphoton
absorption process. Secondly, collisional phenomena within
the plasma could account for the dissociation.

In the light of these observations, one concludes that
three types of Ti* and Zr* ions are considered in the laser-
ablated plume: (i) nascent atomic ions that are ejected from
the target by electronic excitation, (ii) thermally evaporated
atomic ions, and (iii) those from the dissociation of the di-
atomic or polyatomic species ejected from the target.

Conclusion

The pulsed-field TOFMS technique was used to charac-
terize the evolution of charged species in the laser ablation
of a PZT target. The analysis of mass spectra has been car-
ried out as a function of delay time between the laser shot
and the ion extraction pulse. The dominant ions in the mass
spectra consist of monatomic Ti*, Zr*, and Pb* species,
whereas the monoxide ions, such as TiO*, ZrQ*, and PbO",
show only small contributions. Time-resolved analysis of
the temporal evolution of the ionic species shows that the
emission spreads over some tens of microseconds. As the
laser fluence is increased, the overall ion intensiy increases
and its distribution becomes broad due to the dominant con-
tribution from the thermal evaporation process. The tem-
poral distribution of Ti* and Zr* ions consists of three com-
ponents, one from nonthermal process, another from ther-
mal evaporation, and the other from dissociation of oxide
ions. Because the present experiments monitor the plume it-
self, the instrument has the advantages of direct monitoring
of the laser-ablated material that is in the process of becom-
ing a thin film, thereby providing an important in situ di-
agnostic for pulsed laser deposition. A detailed description
of the plume propagation and implications for plume tem-
peratures will be presented elsewhere.
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