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Abstract

Laser — induced plume and laser — target interaction during pulsed laser deposition are
demonstrated for a lead zirconate titanate (PZT). A KrF excimer laser (wavelength 248nm)
was used and the laser was pulsed at 20Hz, with nominal pulse width of 20ns. The laser flu-
ence was ~ 16J/em?, with 100mdJ per pulse. The laser —~induced plasma plume for nanosecond
laser irradiation on PZT target has been investigated by optical emission spectra using an
optical multichannel analyzer(OMA) and by direct observation of the plume using an ICCD
high speed photography. OMA analysis showed two distinct ionic species with different expan-
sion velocities of fast or slow according to their ionization states. The ion velocity of the front
surface of the developing plume was about 10°cm/sec and corresponding kinetic energy was
about 100eV. ICCD photograph showed another kind of even slower moving particles ejected
from the target. These particles considered expelled molten parts of the target. SEM morpholo-
gies of the laser irradiated targets showed drastic melting and material removal by the laser
pulse, and also showed the evidence of the molten particle ejection. The physics of the plas-

ma(plume) formation and particle ejection has been discussed.
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Introduction

Pulsed laser has been used for drilling, weld-
ing, and cutting a variety of materials. Recent-
ly, pulsed laser deposition(PLD) with use of
excimer laser is becoming the method of choice
for the preparation of multicomponent materi-
als in thin film forms. PLD process has gained
considerable attention with regard to the
preparation of high T; superconducting thin
films'®. Many other types of materials have
been successfully deposited using PLD; these
include metals, biomaterials, and ferro-
electrics®>. The intensity of research in ferro-
electric thin films has been driven primarily by
their attractiveness for use in non - volatile
random access memory(RAM) devices®. One
material, in particular, PbZryTi, _O4(PZT),
shows great promise for this application
because of its intrinsically high remanent
polarization and dielectric strength. Laser -
based systems offer a number of advantages”
for film deposition. Virtually any solid material
can be used as a target, including those with
complex multicomponent compositions. Simi-
larly, there is no inherent limitation on the sub-
strate material, and films can be deposited
under a variety of conditions, including the
presence of active gases, or the use of heated
substrates. Another promising characteristic of
the laser deposition is little difference in the
composition between the target material and
the deposited film.

The film growth process from PLD is, in gen-
eral, a complex convolution of several process-
es: material ejection from the laser — target
interaction, chemical and physical interactions
of the evaporated material with gas ambient,
and finally surface interactions on the sub-
strate.

In this study, the laser — target interaction is

focused. The use of optical diagnostics as a tool
in studying the complex chemical interactions
occurring in the vapor plume will be demon-
strated. The vapor plumes produced by laser -
induced vaporization have practical application
as a material transport medium for the deposi-
tion of ceramic thin films. The physical interac-
tions occurring during laser - induced mass
transport are complex, and include melting,
vaporization, particle ejection, ion etching, and
plasma condensation. Most film deposition
methods utilize pulsed, rather than continuous
wave excitation, as this produces larger instan-
taneous power output without raising the tem-
perature of the bulk target significantly.
Time - dependent phenomena are important
during laser irradiation. The material exiting
the surface during initial plume generation
may interact further with the tail of the incom-
ing laser pulse. The laser — generated plume
typically has a strong directional component,
and the resulting optical spectra are very com-
plex, with contributions from ions as well as
neutrals which vary both temporally and spa-
tially.

Several imaging experiments of the laser —
target interaction have been also conducted™,
but the researchers could not separate the par-
ticle ejection from the glowing plasma plume.
This study has shown a separation of the
bright plasma(plume) and particles. It is the
intention to present new observations which
provide additional support for the general utili-
ty of the laser method as a means for producing
very fine - grained films of ceramic material, as
well as films containing a mixture of particles
of different sizes. Although the presence of both
a relatively coarse and a relatively fine -
grained component(particle) in laser - generat-
ed deposits has been noted in the literature,

the fact that extremely fine — grained films of
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multicomponent bulk compositions can be pro-
duced which are homogeneous both physically
and chemically on a scale of a few nanometers
may not be widely realized. These attributes
appear to be related to the direct condensation

of material from the vapor plume.
Experimental

Laser Deposition Facility

The laser deposition facility consists of a high
power pulsed laser system, deposition chamber,
and ancillary analysis equipment. The laser
used in this work was a KrF excimer laser
(wavelength 248nm). The laser was pulsed at
20Hz, with nominal pulse width of 20ns. Flu-
ence was ~ 16J/cm?, with 100mJ per pulse. A
radiometer was used to directly measure the
laser energy. These measurements were made
periodically during experimental runs to con-
firm constant laser power conditions. Deposi-
tion took place in an evacuated chamber, with a
background oxygen pressure of 13.33Pa.

The cylindrical deposition chamber was con-
structed of stainless steel and had internal
dimensions of 20cm in diameter and 8cm high.
The chamber was equipped with multiple ports
for: mounting targets and substrates, laser
access to the targets, and optical imaging and
spectroscopic observations of the laser generat-
ed plumes. The reaction chamber was continu-
ously evacuated to 10mPa by a roughing
pump - backed diffusion pumnp. The laser beam
was brought into the chamber and focused onto
the target at an incidence angle of 35" using a
20cm focal length lens through a windowed
vacuum port. The background oxygen gas pres-
sure in the deposition chamber was introduced
through a needle valve from a ballast tank

whose pressure was servo controlled to obtain

Thin
Film

Substrate

Thin Film Deposition

Fig. 1 Schematic configuration of KrF pulsed laser
deposition.

[Bulk Material PreparationJ

the desired background pressure. Side ports on
the chamber allowed for several line — of - sight
optical access paths perpendicular to the
laser - plume axis. Other side ports on the
chamber were available for electrical probing of
the plume ions and optical probing of the
plume particulates.

The geometry of the deposition system is
shown in Fig. 1. During deposition, a luminous
plume was produced, the axis of which was per-
pendicular to the target surface. Since the
pulse duration of the laser was short compared
to the pulse rate, the sample cooled nearly to
the ambient temperature between laser shots.

Optical Diagnostics

An optical multichannel analyzer(OMA), con-
sisting of a 0.275 meter monochromator with a
gateable intensified photodiode array, was used
to record the emission spectra synchronous
with the laser. An intensified charge — coupled
device(ICCD) array photography is used to
observe the glowing plume expansion and
detect the particles ejected from the target. The
timing of the laser firing, OMA gate and ICCD
array were controlled by a laboratory computer.
The computer was used to plot the data from
OMA and the ICCD images. A fused silica
10cm focal length lens was used at twice its
focal length to obtain one - to - one imaging of
the plume on the entrance slit of the OMA and
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ICCD array.

Materials and Materials Characteri-

zation

Targets were dense stoichiometric ceramic,
diameter of ~2.5¢cm. The targets of PbZr 5,
Tig4704(PZT) composition were prepared by
conventional oxide sintering method at 1250¢C
and their phase chemistry was verified by pow-
der x - ray diffraction.

Typical grain size examined by a scanning
electron microscope(SEM) was 3~5um. During
typical experiments, the focused laser beam
irradiated a large number of grains during any
given pulse. The targets were fixed or rotated.
Single and multiple laser shots were irradiated
on a different area of the fixed target and a
crater structure was formed. The rotating tar-
get was continuously translated back and forth
along one direction, so that each shots focused
on a different area of the target and the target
was uniformly removed.

Substrates were silicon single crystal wafer
which were coated with 200nm platinum. The
substrate were mounted in the deposition
chamber by a stationary substrate holder. The

target to substrate distance was 3.0cm.

Results and Discussion

A theoretical description of laser - solid inter-
action is complex and draws from many disci-
plines. The dominant laser - target interaction
mechanism depends on the laser pulse
width(duration), power density, wavelength
and the target itself*". For low power(e.g.
< 3J/cm?) and long pulse width(e.g.>100us)
melting will dominate which is favorable for
welding. As the power density increases (>
3Jd/cm?) or the pulse width decreases, vaporiza-

tion dominates; in this study, power

density(fluence) was high as 16J/cm? and pulse
width was short as 20ns as mentioned. For this
high power density and short pulse width, the
vaporization dominates and the evaporation
from the target is stoichiometric without com-
positional segregation which is due to the
anisotropic absorption of the surface for the
case of low power density and long pulse width.
In PLD process, the model which can be devel-
oped by the absorption of the incident laser
beam is classified as follows : (1) the interac-
tion of the laser beam with the target, (2) gen-
eration and expansion of laser induced plume
towards the substrate, (3) plume condensation
on the surface of substrate, leading to deposi-
tion of thin films, (4) possible additional pro-
cesses (e.g. plasma etching and particle cjec-
tion). The interaction of nanosecond high -
power laser beams with the bulk target leads to
very high surface temperatures(typically > 2000
), which results in emission of positive ions
and electrons. The thermionic emission of posi-
tive ions can be calculated by the Langmuir -
Saha equation'®. This equation is expressed as

i,/ig=(g./gy)exp[(® - IVKT],

where i, and i, are, respectively, positive and
neutral ion fluxes leaving the surface at tem-
perature T, g, and g, are, respectively, the sta-
tistical weight of ionic and neutral states, @ is
the electron work function, K is the Boltzmann's
constant, and I is the ionization potential of the
material departing from the surface. Since 1>
®, the fraction of ionized species increases with
increasing temperature. As a result of this pro-
cess, an appreciable flux of positive ions and
electrons is produced during the PLD. A bril-
liant glow of laser plasma, plume, is produced
and extending outward from the surface.
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Spectral Analysis and Direct Obser-
~ vation of the Plume

Time resolved émission spectra of the plume
can be obtained by \jsing a 10ns gate on the
OMA and aperturing the entrance slit of the
OMA's monochromator as described before.
Fig. 2 shows the time - resolved emission spec-
tra from the laser - induced plume 10mm
above a PZT target irradiated by the focused
laser beam. Spectral features attributed to dou-
bly and triply ionized Ti and Zr, and singly ion-
ized Pb appear at the early stage of the laser -
surface interaction(< 200ns). The dominant
spectral features which appears at later times
are due to slower —~ moving, singly - ionized Zr,
Ti, and neutrals. Identification of time -
resolved spectral features is aided by analysis
of plumneé emission from Ti, Zr, and Pb pure tar-
gets. ﬁléctrons being much lighter than ions
extiéii,d rapidly and generate electric field at
ﬁhe fmnt of plasma surface. Ions are accelerat-
ed“py‘,lthis'ﬁeld. Therefore, species with higher
states of ionization have greater velocities as a
result of the field. The ion velocity of the front
surface of the developing plume is about

10°cm/sec. The velocity and those of the other
lonic species present correspond to kinetic
energies of from 50 to 100eV. These high kinet-
ic energies of the ionic species in the deposition
process are likely to be very important in the
formation of gas phase products (in this case,
forming oxides with ambient oxygen gas) that
deposit on the substrate and also help the crys-
tallization of the films at relatively low sub-
strate temperature compared with those of other
deposition methods because of improved sur-
face diffusion and mobility of the ions.

Fig. 3 shows computer plotted ICCD images
of the expansion trajectory of PZT plasma from
the target. The observable bright glow of the
plume begins to appear about 200ns after the
start of the laser pulse(pulse width, 20ns), and
the plume expands and fades relatively slowly
thereafter which lasts for ~10ps. The delay of
the emission pulse with respect to the laser
pulse is of interest in elucidating the processes
occurring. This is assumed as follows: there is a
rapid heat absorption at the target surface,
which can produce the transient vaporization
and ionization of the surface. The transiently
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Fig. 2 Time - resolved optical emission spectra of the laser generated plume from a PZT target from 10mm

above the surface. The laser was on at 200ns,
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Fig. 3 Computer plotted ICCD images tracing the glowing plasma(plume) expansion. Exposure was 200ns
and time delays were as follows : (a) 500ns, (b) 1.5ps, (c)4.5ps, (d) 9.5us.

vaporized surface may become cooler than the
sub - surface regions because of evaporation.
This non - equilibrium situation leads to a
pulse of high pressure and subsequent super-
heating of the underlying material until the
temperature rises above the critical point.
There is no longer any distinction between the
superheated solid and the highly condensed

gas. The emission of the vaporized material,

which is delayed relatively to the peak of the
temperature pulse at the surface, proceeds like
a thermal explosion. This explosive evaporation
is also presumed cause of the highly forward
directed plume(note the laser incidence angle
which was 35°).

ICCD images from the PZT target clearly
showed a separation of the bright plasma
which lasted ~10ps and particles which begins

(544)



Interaction of Laser Beam with PZT - Target and Observation 99
of Laser - Induced Plume and Particle Ejection

Fig. 4 Computer ploited ICCD image of the glow-
ing particles ejected from the target.
Exposure was 50ps and time delay was 500ps.

to appear ~270us after the laser pulse. Fig. 4
shows the computer generated ICCD photo-
graph taken at 500us after the laser pulse with
exposure of 50us. The photograph shows many
bright spots and the spots mean still very hot
and much slower moving particles ejected from
the target toward the substrate. These parti-
cles considered expelled molten parts of the
target. It is not clear how these particles are
produced. Regarding the ejection of the parti-
cles found in some metal and ceramic films,
several models''**' have been proposed.
Among them, one possibility is a shock wave
model®. The rapid surface evaporation and
consequent recoil pressure could cause the gen-
eration of shock wave at the target surface. The
shock wave could result in the splashing (ejec-
tion) of the liquid layer underneath the evapo-

ration front.

Laser Induced Morphology of PZT -
Target

An examination of the PZT target itself will
give some insights into the plume generation
and particle ejection. To make flat target sur-

(a)

(b)

Fig.5 SEM photographs of the laser irradiated
PZT - target : (a) after one pulse, (b) after 10
pulses.

face and to observe the laser irradiation effect
easily, the PZT as - prepared was abraded with
# 2000 SiC paper and polished with 0.05um
alumina abrasive powders. Fig. 5 shows SEM
micrographs of fixed PZT target after being
irradiated with laser shots (20ns, 248um).
After one laser pulse (Fig. 5(a)), the rounded
appearance of the surface is shown in the tar-
get. The morphology suggests melting, but
probably only in a very thin layer, as there
appears to be no tendency for pooling of the lig-
uid or filling of voids. Thus the liquid film is
probably removed in this process by vaporiza-

tion as rapidly as melting takes place. The
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Fig. Gﬂ SEM })hotogf;xéh of Vtrhe ‘x"(;tated and trans-
lated PZT - target. The target was uniform-
ly irradiated for 30min.

grain boundaries removed at the beginning by
the abrasion are also shown in the micrograph,
which indicates that there was an etching by
the reaction of reactive chemical species of
plasma with the target surface. After 10 laser
pulses (Fig. 5(b)), a crater structure is formed
and many deep holes are found in the center of
irradiated area as materials were removed
from the target. The holes présent that the
material removal was explosive fashion which
was expected. Evidence for melting and recoil
pressure is clear from such features as con-
gealed liquid stream of viscous flow and small
droplet formation on the top of the ridge which
appear at the surrounding edge : the droplets
may represent molten or partially molten vis-
cous flow which was frozen with inadequate
escape velocities. Fig. 6 shows a SEM micro-
graph of the rotated and translated target
which was irradiated uniformly for 30min. A
conical structure is formed as material was
removed from the target and the congealed
droplets are also shown on the top of the cone.
The morphology is an evidence of obvious melt-
ing and (large) particle ejection (note the neck-
ing of some droplets and their size of ~1um),

with the effect resembling a frozen liquid

splash pattern. Also, materials removed from

the small holes shown in the trench are likely
responsible in the (small) particle deposition
{note the submicron hole size). Fig. 7 shows a
representative SEM micrograph of an as -
deposited thin film. The film is composed of
extremely fine grained(< 10nm) base film and
spherical particles ranging from submicron to a
micron size. Spherical shape of the particles
suggest that they have been molten state dur-
ing depositici:. The spherical particles are
believed to be caused by the ejection of melted
target material. The experiments have con-
firmed that the film formed by the PLD process
consist of three components : (1) a relatively
coarse fraction in the range of ~1.0pm and (2)
a rather fine fraction in the range of submi-
cron(~0.2pum) ; both the components are
believed to have been physically ejected molten
particles from the droplets and trench of the
target, respectively, as described above, and (3)
the extremely fine grained fraction having a
smooth morphology as a base film formed by

condensed vapor from the plume.

Conclusion

In conclusion, the dynamics of the laser depo-
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sition process of PZT has been investigated by

optical measurements. The standard picture of

material removal by high power density laser
beam from a solid surface assumes many step
processes. As the laser beam hits the target,
photons are absorbed by the surface, forming a
molten layer that vaporizes. The vaporization
process creates a surface cooling and/or a kind
of recoil pressure on the liquid layer and again
vaporizes or expels the molten material.

Study of the optical spectra of plume showed
that the species with higher states of doubly
and triply ionized appeared at the early stage
of the laser — surface interaction and had high-
er expansion velocities than those of singly -
ionized species or neutrals which appeared at
later times. ICCD photography showed much
slower moving particles. These particles consid-
ered expelled molten parts of the target. The
mechanism of the particle ejection has been
proposed by the recoil pressure resulting from
rapid surface evaporation and consequent
shock wave, which leads to the splashing of the
molten part of the target.

The results confirm the existence of three -
defined particle size distributions in most film
deposits : a coarser(~1.0pm) and a rather
finer(~0.2um) fraction physically ejected from
the target surface but having different origins,
while the finest fraction(< 10nm) may arise
from vapor{plume) condensation.

The present work will provide fundamental
insight of laser — target interaction and infor-
mation useful in controlling precisely the film

morphology.
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