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Laser power dependence of particulate formation on puise laser

deposited films

Yukio Watanabe,® M. Tanamura, S. Matsumoto, and Y. Seki
Mitsubishi Chemical Yokohama Research Center, Yokohama 227, Japan

(Received 3 February 1995; accepted for publication 13 Apﬁl 1995)

The density and the size of particulates in films laser-deposited at room temperature using various
target materials were observed to depend strongly on the target material and the laser power density.
However, loose universal relations between the deposition rates and the particulate density as well
as the particulate size were found, where the latter corresponds approximately to the ratio of the
laser power density to the ablation threshold. Furthermore, particulates consisting of only some of
the target elements such as CuOx were found. Additionally, an acceptably high deposition rate was
obtained by using halide and sulfide targets. These materials offer a possibility of deposition using
a low power laser. © 1995 American Institute of Physics.

I. INTRODUCTION

Pulse laser deposition (PLD) has been regarded as a ver-
satile method to grow ceramic thin films.! However, despite
local flatness,” particulate formation has been observed in
some films such as YBa,Cu;0; (YBCO).? Although its ori-
gin is complicated and has not yet been fully understood, it is
a generally accepted view that particulate formation is af-
fected by the target material, the target surface morphology,
the target density, and the laser power density.

Two kinds of particles in laser deposited films have been
reported: Particulates, boulders, or droplets which usually
have rounded shapes and the same composition as the film
matrix.>~8 Precipitates or outgrowths which have a composi-
tion different from the film matrix.>~® Precipitates were ob-
served in films grown by virtually all deposition methods
such as spuiter depositionm'11 or metalorganic chemical va-
por deposition.!? Although particulates are easily reduced to
a certain density, e.g., one per 100 um?® for a 1000-A-thick
YBCO film, by controlling the target surface condition, par-
ticulate elimination has not been achieved with conventional
PLD, except some special versions.”'> On the other hand,
reduction or elimination of the precipitates number density
and their size has been achieved well by optimizing growth
conditions.

Whether particulates or precipitates are the dominant
particles on the film depends on the deposition conditions.
The particulates are observed to reduce at a low laser power
density (LPD), e.g., ~1 J/em® for YBCO.'*!> However, the
use of such a low LPD usually degrades the film stoichiom-
etry, resulting in growth of precipitates or in surface rough-
ness at temperatures which are suitable to obtain good crys-
tallographic and electrical properties.'> Such precipitates
were observed to reduce when lowering the substrate tem-
perature (T), which causes a slight degradation of the elec-
trical and crystallographic properties. Indeed, there seems to
be a trade-off among the particulate density, the precipitate
density, and the electrical and crystallographic properties for
a given target material. The success of optimization is mate-
rial dependent.
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In case of YBCO, it was difficult to reproducibly reduce
the particulate density below one per 0.01 mm®, while keep-
ing the zero-resistance temperature above 80 K by control-
ling the LPD. Contrarily, particulate densities  of
(La,Sr),Cu0, and BaTiO; films reduced easily and reproduc-
ibly well below one per 0.01 mm?® without degrading their
electrical properties.!® These differences are probably due to
the difference in the optimum LPD range, where exact sto-
ichiometry and suppression of particulates can be obtained.
Since the film stoichiometry is generally known to degrade
as the LPD decreases,!” we need to know the maximum LPD
at which the particulate formation is still suppressed. To
study this issue, we have examined films deposited under
varying the LPD by using targets having different chemical
compositions, namely, halides, sulfides, carbonates, alloys,
metals, and oxides. In this paper, particulate density and par-
ticulate size in the films deposited using these targets are
reported, and the results are summarized in terms of the
LPD. An approximate material-independent relation between
particulate formation and deposition rate was found.

Il. EXPERIMENT

Films were deposited on MgO(100) crystals in a molecu-
lar oxygen pressure of 100 mtorr by the PLD method with an
ArF excimer laser. The wavelength, the pulse width, and the
average repetition rate were 193 nm, 10 ns, and 1-10 Hz,
respectively. To obtain uniform laser power distribution in
the laser spot, laser pulses were focused a little in front of the
target after passing through apertures. The laser beam was
scanned over the target surface to suppress degradation of
the target surface morphology. By changing the focus and the
laser power at the source, LPDs at the target were changed
between 0.2 and 2 J/cm?. The substrate was set at 8 cm from
the target, and the substrate holder was kept at about 30 °C
(in a few depositions at 100 °C) to eliminate precipitate
growth.

Target materials used were YBCO, the compounds con-
taining only one kind of metal element: YF;, YCl3, Y,04,
Y,S;; BaF,, BaCl,, BaF,-BaCl,(9:1), BaCO;, BaO, Ba$,
CuF,, CuCl,, CuBr,, CuO, Cu,S, the compounds containing
only two kinds of metal elements as major metal constitu-
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FIG. 1. SEM pictures of YBCO film on LaAlO; (100) crystal deposited at
700 °C using YBCO sintered target. The particulate at the upper right corner
was identified to be CuOx by electron probe micro analysis. The zero resis-
tance of this film was 88 K.

ents: BaCuQ,, YCuO, 5, Y-doped BaCuO, (BaCuO,:Y), the
metals and the binary alloys: Y, Ba, Cu, Cu-doped
Ba(Ba:Cu), BaCu, YCu, YCu;, and mechanically formed
YBa,Cu, powder alloy, which was employed because no
solid solution of Y, Ba, and Cu (Y:Ba:Cu=1:2:3) could be
obtained. The density of the sintered targets was maximized
either by annealing in a conventional furnace at the optimum
temperatures (<<1400 °C) at which neither melting nor de-
composition occurred, or by partial melting in an infrared
furnace. Halide and sulfide targets were annealed in a
vacuum sealed ampule to avoid oxidation.

Particulates on each film were examined using an optical
microscope as well as a scanning electron microscope {SEM)
at magnifications ranging from 100 to 50 000. Compositions
of particulates larger than 0.15 um were analyzed by energy
dispersive x-ray spectroscopy (EDX) installed in the SEM.
The particulate number density was obtained by dividing
their number counted in SEM pictures by the effective thick-
ness and the observation area. Here, the effective thickness is
defined as total molar number per unit area measured by
x-ray fluorescent spectroscopy (XRF). Selected SEM pic-
tures were also analyzed using a computer image processing
system to check the results.

Ili. RESULTS
A. YBCO

,‘3

We made several aftempts to eliminate particulates by
changing the composition and the texture of targets. Sintered
YBa,Cu;0; targets with a density between 60% and 97% of
the ideal value, as well as YBa,Cu; powder alloy were used.
These materials did not show any improvement in the par-
ticulate problem. The compositions of the particulates >5
pm and <1 um were mostly YBa,Cu,;0, and CuOx, respec-
tively, where the CuOx particulates (Fig. 1) were considered
to come from the target as discussed later. YBa,Cu30; tar-
gets obtained by partial melting in an infrared furnace had a
hard shiny surface, suggesting improved packing of the sur-
face. However, their surface had a high BaCuQO, content. The
particulates were reduced in the films deposited using these
targets in agreement with Singh ez al.'® In these films, good
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FIG. 2. SEM pictures of films deposited at 700 °C using two kinds of
targets: partially melted at 1070 °C and then quenched (a), (b) (the film
composition was Y:Ba:Cu=1:5.6:6.2 in molar ratio), YBa,Cu, powder alloy
(c), (d). The average thicknesses of the films are approximately 600 A
pmol/cm?) for (a) and 400 A (2 umol/cm®) for ().

electrical properties, precipitate reduction, and particulate
elimination were not achieved at the same time, which may
be due to the presence of four different elements in the tar-
gets. The SEM pictures in Fig. 2 show the surface morphol-
ogy of films deposited using a partially molten YBCO target
and a YBa,Cu; powder-alloy target. The target for Fig. 2(a)
was partially molten at 1070 °C and subsequently quenched.
Few particulates, but many precipitates were observed on the
film. When target is partially molten at 1030 °C, the size of
the precipitates was reduced, but typically one to two par-
ticulates were observed in a surface area of 0.01 mm?.

B. Example of deposition rate-dependent particulate
formation

The particulate formation was re-examined using films
deposited with targets having simpler compositions. To ex-
amine the effect of the melting temperature (T,,), its ratio to
the boiling temperature, and the ionicity in chemical bonding
of target materials, films were deposited using targets ex-
plained previously. No relationship of these properties to par-
ticulate properties was observed. Instead, it was generally
observed that the smaller the number of different elements in
the target was, the easier and the more reproducible was the
elimination of particulates by adjusting the LPD.

For a given target material, the density and the size of
the particulates were mostly observed to increase as the
power density increased. Figures 3(a)—3(e) and their magni-
fications [Figs. 4(a)-4(e)] show such examples. The LPDs
on the BaCu alloy target were 0.3, 0.4, and 1.2 J/em? for
Figs. 3(a), 3(b), and 3(c), respectively. Moreover, it was
found that by changing the target material at a fixed LPD of
1.2 J/em?, the deposition rate as well as the particulate den-
sity increased [Figs. 3(d), 3(e), 3{c), and Figs. 4(d), 4{e),
4(c)]. The target materials used were YCu, BaCuO,:Y, and
BaCu for Figs. 3(c), 3(d), and 3(e), respectively. These re-
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FIG. 3. SEM pictures showing the dependence of particulate density on
deposition rate. In (a), (b), and (e), the power density is changed for a same
target material, and target materials are changed at a same power density in
{c)-(e). The films were deposited at RT. The deposition rates per spot size
(nmolem¥em¥shot) are 0.1-0.5, 1--3, and ~10 for (a) (c), {b) (d), and (e),
respectively. The effective thicknesses (,umol/cml) were 0.16, 0.11, 4.89,
0.24, and 2.73 for (a)-(e), respectively.

sults suggest a correlation between the particulate formation
and the deposition rate, which is discussed below.

C. The physical meaning of the deposition rate
dependence

According to the relationship between the LPD and the
deposition rate,'®?*!7 the deposition rate in the LPD can be
regarded as a measure of the ratio of the LPD to the material~
specific ablation threshold. Namely, we postulate evaporation
rate/shot/beam spot area=function [LPD, ablation threshold

(Ew)]:
~c(LPD/Eg~1) for

The last expression is based on experimental
observations,'®!7 and ¢ is a material specific constant. Alter-
natively, the evaporation rate per pulse per area of the beam
spot on the target can be regarded as a measure of the ratio of
the LPD to the Ey,. This holds true irrespective to the target
materials, if the constant “c” are of the same order. The
evaporation rate per shot per beam spot area should scale
with the deposition rate per shot per beam-spot area at a
given ambient gas pressure and a given target/substrate dis-
tance. Therefore, we define this deposition rate as a “normal-
ized deposition rate.”

Eq<LPD<x.
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FIG. 4. Higher magnifications of Fig. 3.

D. Deposition rate dependence of the particulate
number density and the areal occupancy

Figures 5(a)—5(c) show plots of the particulate number
density vs the normalized deposition rate for films deposited
at various LPDs using YCu (YCu, YCus), BaCu (BaCuy,
Ba:Cu, BaCO,, BaCu0O,), BaCu0,:Y, and CuX (CuO, Cu,S)
as targets. The plots in Fig. 5 were obtained by visual inspec-
tion. The particles were roundly shaped, and their sizes
ranged from 0.02 um to a few pm in diameter (¢). Particu-
lates of a diameter of a few ten ums were also observed on
the films of Ba$S and BaCl,, which were not plotted in Fig. 5.
Figures 5(a)-5(c) are for particulates <0.1 umep, 0.1~0.5
ume, and 0.5~1 umde, and >1 umd, respectively. Here, the
particulate number density was defined as the particulate
number per thickness per unit area of 0.01 mm?, where the
film thickness and the deposition rate were measured by the
molar number per unit area (nmolem?). Typically, 1
pumol/cm? corresponded to a thickness of about 200 A. All
particulates, except dust, were counted as particulates, be-
cause precipitates of the above compounds were unlikely to
grow below 100 °C. The large scatter of the data was partly
attributed to an incomplete control of the target surface qual-
ity during their preparation and to a change of the target
surface during deposition.

Irrespectively of the target materjals, particulates >0.1
pum in diameter were basically absent at normalized deposi-
tion rates <0.2 nmol/cm?/spot area/shot. Therefore, there are
only a few data points below that value in Figs. 5(b) and
5(c). Furthermore, as the normalized deposition rate in-
creased, the typical particulate-size increased, and the num-
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FIG. 5. Dependence of particulate number density on deposition rate per
shot per laser spot area (normalized deposition rate). The symbols corre-
spond to targets materials YCu, YCu; (O), BaCu, Ba:Cu, BaCuO, (®),
BaCu0,:Y (A), CuO and Cu,S (A). (a)—(c) show the results the different
sizes of the particulates <<0.1 umé¢ (a), 0.1-0.5 umé (b), 0.5-1 ume
[smaller symbols in (c)] and >1 umd [larger symbols in (c)] respectively.
For a beam with a spot size of 10 mm?, the normalized deposition rate of 1
nmol/cm?/shot is typically 0.02 A/shot.
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ber density also tended to increase. The latter result was
more evident for a given kind of target material as denoted
by specific symbols in Figs. 5(a)-5(c). It should be men-
tioned that the normalized deposition rate
(nmol/cm?*/cm?/shot) ranged from 0.01 to 5 for the YCu tar-
get, from 0.1 to 30 for the BaCu target, from ! to 10 for
BaCu0,Y, and from 0.5 to 5 for the CuX target, respec-
tively. Particulates >0.1 wm¢ were absent on most of the
YCu-target films at the same normalized deposition rate at
which particulates >0.1 wm¢ were abundantly observed on
the films deposited with other targets. On’ the other hand,
particulates up to 0.5 um¢ were observed on BaCu-target
films at the same normalized deposition rate at which few
particulates <0.1 um¢ were observed on YCu-target films.
1t should be emphasized that particulates >1 wmd were only
observed at high normalized deposition rates without show-
ing material dependency. A number of these results were
confirmed by computer processing of SEM pictures.14 The
correlation between the particulate number density and the
normalized deposition rate should be physically the same as
the correlation between the particulate number density and
the etching rate of the target.?!

The dependence of the particulate formation on the nor-
malized deposition rate was more evident in the area occu-
pancy of particulates per thickness. In case of visually in-
spected data, the areal occupancy was calculated as areal
occupancy=2 (typical sizeXnumber density)each size category s
where the sum £ was taken over all the size categories. A
correlation between the areal occupancy and the normalized
deposition rate was evident, as shown in Fig. 6(a). This cor-
relation was confirmed as well using computer processing of
selected SEM pictures [Fig. 6(b)]. These resuits suggest that
the normalized deposition rate, or the LPD/E,, ratio, is an
important factor determining the particulate formation.

E. Particulate composition and its relation to bulk
phase diagrams

Three to five typical particulates were analyzed in all
films by EDX. When the deposition rate was changed, the
particulates shown in Figs. 2(a)—2(e) changed not only their
size but also their composition. In Figs. 3(a) and 3(d), the
particulates were absent or too small to be analyzed by our
EDX. The composition of particulates >0.5 um¢ was
mostly Ba in Fig. 3(b), mostly YBa (or YBa oxides) and
BaCu (or BaCu oxides) in Fig. 3(e), and mostly Ba and
BaCu in Fig. 3(c), respectively. It should be noted that the
particulate compositions were different from the target com-
position at a low normalized deposition rate. Contrarily, the
majority of the particulates had the same composition as the
target at relatively high normalized deposition rates [Fig.
3(0)].

Figure 7 shows the composition of the particulates on
the films deposited at room temperature (RT) using the YCu,
the BaCu, the BaCuO,, and the BaCuQ,:Y targets. It also
shows the dependence of the particulate composition on the
normalized deposition rate for a given target. At a low nor-
malized deposition rate, the particulates had a composition
different from the target composition. Since these particies
were observed on films deposited at RT, it is inappropriate to

Watanabe ef al.
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interpret them as precipitates. According to studies of bulk
ceramics,”>* BaCuO, can be formed from its melt in a ther-
mal equilibrium, unlike YBCO and YCu,s. Moreover, ac-
cording to binary alloy phase diagrams,?* Ba and Cu are

Target Particulate ; . :
A
Bacuo,  CUOx ' e a
BaCuo,:y DBaCuOx
2 YBaOy A
Cu mim] ]
BaCu BaCu e
Ba O
Y © ,
YCu YCu oc———
e .9 o
10°2 10! 10° 10! 102

Deposition rate/spot area{nmol/cm 2em 2 /shot)

FIG. 7. Composition of the particulates on the YCu, the BaCu, the BaCuO,
and the BaCuO,:Y films vs the normalized deposition rate. The symbols
indicates the targets used in the deposition: O (YCu), [J (BaCu), A
(BaCuQ,), and A (BaCuO,:Y). The first and the second columns show the
target composition and.the particulate composition of the specific particulate
analyzed. The arrows show the possible range where the majority of the
particulates should have the same composition as the target.
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targets. The abscissa is T, of each compound. The power density was 0.1
J/em?, and the spot size was 0.7 cm®. The amount of only the metal deposits
was measured. (a) is for the Cu compound deposition, and (b) is for the Y
and the Ba compound deposition.

mutually soluble in all proportions in the liquid phase, and
BaCu with T,,~570 °C can be directly formed from the melt
(i.e., the liquid). Y and Cu should also be mutually soluble in
all proportions in the liquid phase. However, YCu
(T,,~670-830 °C) should not be directly formed from the
melt, if we assume a similarity of the phase diagrams of
Y-Cu and La-Cu. It is worth noting that an ambient oxygen
pressure much lower than that in the diagram may change
the phase diagram of BaCuQO,, but probably not that of
BaCu.

A simple model of the particulate formation is a melt
droplet formation on a target. However, from the phase dia-
grams, this model is difficult to explain the formation of
particulate having composition different from the target ma-
terials such as BaCuO, and, especially, BaCu. As discussed
later, the particulates having compositions different from a
bulk composition of a target could originate from decompo-
sition and segregation on the target surface.

F. Target material dependence of the deposition rate

Figures 8(a) and 8(b) show the deposition rates when
films were deposited in the same condition using different
targets. The abscissa shows T,,’s of the target materials. The
results demonstrate that the normalized deposition rate can

Watanabe et al. 2033



be increased by one order of changing the metal source. As
T,, increased, the normalized deposition rate monotonously
decreased for given kinds of compounds: Cu halides, Cu
chalcogenides, Ba chalcogenides, and Y halides. This sug-
gests that the laser deposition process can be regarded as a
thermal or suprathermal process as a first approximation.

IV. DISCUSSION
A. Possible origin of the particulate formation

PLD process has been usually modeled by a thermal or
suprathermal process by assuming a homogeneous heating of
target surface, an unchanged target surface morphology, and
an unchanged composition during the deposition.?*?* By ex-
tending this approach, the particulate formation was ex-
plained by the subsurface heating effect.8 However, there
seem also other causes of the particulate formation, because
the above assumptions are violated in a usual PLD. If target
materials are composed of metal and gas elements, e.g., 0X-
ides, their target surfaces would become gas-element defi-
cient by laser heating and finally be decomposed, as shown
by x-ray photoelectron spectroscopy of YBCO targets.”’
Change of target surface morphology has been also
reported,zs'zg'29 which accompanied change of the target sur-
face composition and its local variation.”*?® Additionally, we
often observed red-colored Cu oxides at the peripherals of an
irradiated surface area of YBCO targets, Indeed, it is a com-
mon practice to use a dense fresh target or a freshly polished
target to suppress the particulate formation.

These changes would enhance an inhomogeneous laser
heating of the target, and, therefore, both vaporization and
liquefaction would occur simultaneously on it during the la-
ser evaporation process. This inhomogeneity model can ex-
plain formation of particulate having the composition differ-
ent from a target material. The observed rapid reduction of
relatively large particulates at a low normalized deposition
rate may require more complicated explanation: The larger
the size of morphological irregularities on the target is, the
more the heat is required to melt or to separate them from the
target. Indeed, we have observed that the polished YCu or
"YCu, targets yielded more particulates than fresh ones.

The material dependence of the particulate formation is
related with difference of optical and thermal properties such
as the thermal conductivity and the absorption coefficient.
For example, particulates were reported to reduce using
densely packed targets'®% and using lasers with a shorter
wavelength.’ The imaginary part of refractive indices « at
193 nm (@=2«/\, « :absorption coefficients, \:wavelength)
are known only for a few materials. They are not very
material-dependent (a~10° cm™?) and are typically 0.6, 0.9,
0.6, 1.6, 0.7, and 0.5 for YBCO, Ba, Y, Cu, S:TiO;, and
BaTiOj; near RT, respectively. On the other hand, the thermal
conductivity coefficients depend on the preparation and the
material. They are approximately 5-10, 20, 20, 370, 10, and
10 WK™ ' m™! for YBCO, Ba, Y, Cu, SrTiO;, and BaTiO;
near RT, respectively. The thermal conductivity differences
can explain the gross material dependence of the deposition
rate and of the particulate formation, if we apply the subsur-
face heating model? to our results. However, they cannot

2034 J. Appl. Phys., Vol. 78, No. 3, 1 August 1995

(b)

FIG. 9. Particulate formation caused by segregates. (a) Grain boundaries are
shown by the thin lines in the target (shaded area). (b) The low-T,, metal
elements segregate after laser heating as shown by thick lines. (c) These
segregates evaporate and expand much faster than matrix and thus exert
pressure (arrow) to the matrix to blow off the droplet of the matrix covering
them. This can be a model complementary to subsurface heating model
(Ref. 26) at a low LPD.

explain why BaCu, Ba:Cu and YCu, targets yield much more
particulate than Ba and Y and why mechanically formed
YBa,Cu, targets do not improve the particulate formation
over YBCO targets. Moreover, subsurface heating would be
too weak to explain the particulate formation at a low LPD
(<1 Jem™).

The conventional PLD process models by a suprather-
mal process”® can overcome these difficulties, if the effect
of inhomogeneity is included. The target materials consisting
of high-T,, metal elements and low-T,, (or volatile) metal
elements tended to yield severe particulate problem at the
LPD where the film composition became same as that of the
target. Examples were BaCu, Ba:Cu, BaCuO,, YCuO,s
BaCu0,:Y, mechanically formed YBa,Cu;, YBCO, and
Pb(Ti,Zr)O;, with some exceptions, e.g., BaTiO; and
SrTiO;. When these compounds were heated, the partial
pressure of the low-T,, metals would increase and segregate
at the grain boundaries and the surface. Since the target sur-
face is cooling fast, some portion of these segregates would
remain after the laser irradiation. If these segregates are lo-
cated beneath a stoichiometric target material and are heated
again by laser pulses, these segregates would vaporize faster
than the stoichiometric target material. Consequently, they
would blow off droplets or fractions of the stoichiometric
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target material from the surface (Fig. 9). This mechanism
would dominate at a low LPD. The observation of the Cu
oxides at the peripherals of the YBCO target surface men-

tioned above supports this view, together with the following
observation by us: PbO appeared on the (Pb.LaY(7Zr TN,

bservation PbQ appeared on the (Pb,La)(Zr,Ti)O,
target surface 1mmed1ately after taken out from a furnace
(600—-800 °C) and disappeared when cooled. The segrega-
tion during PLD was also indirectly supported by the exami-
nation of deposit distributions of which details will be dis-
cussed elsewhere.

Finally, we would like to comment on the reduction of
the precipitates in YBCO films by miscut SrTiO; (100) or
SrTiO; (110) substrates. It is often observed that the particles
having composition different from YBCO are reduced on the
films on these substrate as compared with the films on the
SrTiO, (100). Therefore, these particles were sometimes in-
terpreted as precipitates. This argument would be probably
correct for the majority of such particles which have irregu-
lar shapes. However, it would be equally possible for particu-
lates to disappear on these miscut substrates at an elevated
temperature by diffusing into the matrix. Therefore, it is
likely that CuO or BaCuO, on the YBCO films having a
semispherical shape is not precipitate but particulate from
the targets, considering the discussion in the previous sec-
tion.

B. Possibility of low power laser PLD

All halide compounds and most of the sulfide com-
pounds previously mentioned were observed to change into
oxides when they were heated in the presence of oxygen.
Combining this observation with the material dependence of
the normalized deposition rate, we may propose to use these
halides or sulfide compounds as metal sources to reactively
grow oxide films. This approach allows a significant reduc-
tion of the LPD requirement.

C. Possibility of elimination of particulate

The present results suggest an approach to eliminate the
particulate: Namely, the use of a metal or alloy target con-
sisting of metals having a similar 7', to void the segregation
and the decomposition due to gas-element reduction, and use
of a low normalized deposition rate to suppress the growth of
morphological irregularities on the target surface. From a
practical viewpoint, a relatively low thermal conductivity
and a moderate T,, are desirable. These requirements are
adequately satisfied by simple metals such as Ti, Pb, and Y
and almost satisfied by some alloys such as Ti-Zr, Y-Cu, and
La-Cu. Although the requirements are almost satisfied, some
metals such as Ba metal still yielded particulates after long
time use. Ba is known to form no stable passivation layer.
Indeed, its irradiated area exhibited a severe oxidation and
the surface roughness. The oxidation and the resulting homo-
geneity degradation of the Ba surface, i.e., the inhomogene-
ity of the oxidation and the roughness, would have caused
the particulate formation. To overcome this problem, Ba
metal was doped with Cu. This approach could suppress the
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energy of small particulates is so small that the atoms get apart when it hxts
the surface (a), contrary to the atoms in large particulates (b).

oxidation but produced another problem: formation of Cu
particulates. At present a fresh Ba metal seems the only good
Ba source in PLD.

This approach to eliminate particulates may be imper-
fect. However, it can provide only good particulates even if it
does still small particulates, because metals and alloys usu-
ally have much lower T',,’s than oxides. Therefore, their par-
ticulates can melt or decompose into atoms when they col-
lide with a heated substrate. For example, T,,’s of YCu; and
Ba are 700—800 °C. They are sufficiently close to T, where
YBCO is grown. Moreover, reduction of T,, by a size effect
is so strong for small clusters that an evaporation energy of
the clusters smaller than ~100 A ¢ should be much less than
that estimated by thermodynamics.3®3! Therefore, they
would easily break up into atoms even at RT. Figure 10
summarizes these speculations. It should be noted the diam-
eter of a particulate on a substrate formed by a spherical
cluster of 100 A¢ would be 200-300 A¢.

Therefore, a complete elimination of a particulate on the
heated substrate by this approach can be possible. Pursuing
this approach, we have recently proposed a modified version
of PLD. This PLD uses multitargets to choose the energy
density and the target materials freely, and sequential laser
irradiation to control film composition, which enables to
eliminate particulates without reducing arrival of excited
species at a substrate,!**2

V. CONCLUSION

Particles in PLD were examined systematically. Their
size, number density, areal occupancy, and composition were
approximately correlated with the normalized deposition
rate, which is the ratio of the laser power density (LPD) to
the ablation threshold. At a low normalized depositibn rate,
the majority of particles had the composition different from
the target bulk composition. Based on these observations, we
have proposed segregation and decomposition of the target
surface during PLD as a particulate formation mechanism at
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a relatively low normalized deposition rate. Finally, a possi-
bility of new PLD’s was discussed.
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