
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

Compositional distribution of laser‐deposited
films and rapid sequential pulsed laser
deposition

Watanabe, Yukio
Mitsubishi Chemical Yokohama Research Center

Seo, Y.
Mitsubishi Chemical Yokohama Research Center

Tanamura, M.
Mitsubishi Chemical Yokohama Research Center

Asami, H.
Mitsubishi Chemical Yokohama Research Center

他

https://hdl.handle.net/2324/4493205

出版情報：Journal of Applied Physics. 78 (8), pp.5126-5135, 1995-10-15. American Institute of
Physics
バージョン：
権利関係：© 1995 American Institute of Physics



Journal of Applied Physics 78, 5126 (1995); https://doi.org/10.1063/1.359744 78, 5126

© 1995 American Institute of Physics.

Compositional distribution of laser-
deposited films and rapid sequential
pulsed laser deposition
Cite as: Journal of Applied Physics 78, 5126 (1995); https://doi.org/10.1063/1.359744
Submitted: 07 March 1995 . Accepted: 29 June 1995 . Published Online: 17 August 1998

Yukio Watanabe, Y. Seo, M. Tanamura, et al.

ARTICLES YOU MAY BE INTERESTED IN

Laser power dependence of particulate formation on pulse laser deposited films
Journal of Applied Physics 78, 2029 (1995); https://doi.org/10.1063/1.360179

https://images.scitation.org/redirect.spark?MID=176720&plid=1401535&setID=379065&channelID=0&CID=496959&banID=520310235&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=71bf76294ba1eff3502a31fdb96fd8874112c042&location=
https://doi.org/10.1063/1.359744
https://doi.org/10.1063/1.359744
https://aip.scitation.org/author/Watanabe%2C+Yukio
https://aip.scitation.org/author/Seo%2C+Y
https://aip.scitation.org/author/Tanamura%2C+M
https://doi.org/10.1063/1.359744
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.359744
https://aip.scitation.org/doi/10.1063/1.360179
https://doi.org/10.1063/1.360179


Compositional distribution of laser-deposited films and rapid sequential 
pulsed laser deposition 

Yukio Watanabqa) Y. Seo, M. Tanamura, H. Asami, and Y. Matsumoto 
Mitsubishi Chemical Yokohama Research Center; Yokohama, Japan 227 

(Received 7 March 1995; accepted for publication 29 June 1995) 

Compositional distributions of films laser deposited in vacua at energy densities <l J/cm* were 
found to be partly different from previous observations and theories. Analyzing them, we have 
inferred that evaporation processes at low energy densities contain decomposition of the target 
materials and evaporation of the decomposed materials. Based on these analyses, we have 
concluded that pulsed laser codeposition was one of best pulsed laser deposition methods. To 
realize this using one laser source, a modified version of pulsed-laser-deposition 
rapid-sequential-pulsed-laser deposition, is introduced. The dependence of YBa+&O, films 
properties on deposition conditions is discussed. Elimination of particulates is demonstrated and 
good electrical and crystallographic properties as well as suppression of precipitates were achieved 
in films having the correct stoichiometric composition. 0 1995 American Institute of Physics. 

I. INTRODUCTION 

Pulsed laser deposition (PLD)’ is a versatile method to 
deposit ceramic thin films such as cuprate superconductor 
films,2y3 semiconductor films,4 and feri-oelectric films.5 In 
case of high-T, superconducting films, excellent electrical 
properties such as a high T, and J, , low microwave surface 
resistance, and good crystallinity as measured by narrow 
rocking curve widths have been reported.2T6 Furthermore, a 
local flatness and a layer-by-layer growth were observed by 
reflection high-energy electron diffraction (RHEED) 
oscillations.3 Despite all these advantages, a serious problem 
in PLD remains to be solved: particulate or boulder forma- 
tion. This problem is not so serious when some target mate- 
rials such as SrTi03 (Refs. 7 and 8) or BaTi03 (Ref. 9) are 
used; however, the problem is detrimental especially to mul- 
tilayers. Careful studies of high-T, films have led to classi- 
fication of particles into two groups:“,” precipitates, which 
are also observed in films formed by the other methods, and 
particulates, which are unique to films grown by PLD. 

There are other problems in a conventional PLD. A 
simple control of the film composition using a single target 
has been one of the primary merits of PLD technique; how- 
ever, this is achieved only in a narrow range of gas pressure, 
target-substrate distance (T/S), and laser power density. 
Moreover, previous studies showed compositional change of 
target surface over time when laser irradiated at a low laser 
power density so that particulates could be suppressed. Ad- 
ditionally, the present results suggested that decomposition 
of target surface material during laser heating had occurred. 
We regarded the free choice of ambient gas and ambient gas 
pressure and the ability to supply excited adatoms as the 
most important properties of a PLD, but have discarded use 
of a single target to solve the above problems. Developing 
this approach, we have recently proposed a rapid sequential 
pulsed laser deposition (RSPLD).** In this article we discuss 
the problems inherent to a conventional PLD first by show- 
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ing nonuniform thickness distributions. Next, we introduce 
RSPLD as a method to resolve these problems and discuss 
the relation of in situ grown YBa2Cu307 (YBCO) film sur- 
face morphology with RSPLD conditions. 

II. EXPERIMENT 

Oxide targets were prepared through conventional sinter- 
ing processes in air, and metal and alloy targets were made 
by arc melting. Targets were mounted on a rotating carousel. 
The carousel can rotate at a speed up to 600 rpm with a 
positioning accuracy of 0.36”. An ArF laser was triggered as 
selected portions of specific targets were moved into the la- 
ser beam. The attenuator-controlled laser power could be ad- 
justed to each target within 1 ms resolution. A MgO (100) or 
a SrTiO,(lOO) substrate was set at a distance of 80 mm from 
a target and the substrate temperature T, was varied between 
600 and 650 “C in RSPLD. Molecular oxygen pressure in the 
chamber was between 50 and 100 mTorr. 

Macroscopic surface morphology was studied with an 
optical microscope and a scanning electron microscope 
(SEM). Microscopic roughness was measured by the grazing 
incidence x-ray reflectivity method.13 Average film composi- 
tions were analyzed by x-ray fluorescent spectroscopy and 
inductively coupled plasma spectroscopy, and local compo- 
sitional variations were studied by SEM equipped with 
energy-dispersive x-ray spectroscopy (EDX). 

A. Basic characteristics of PLD 

1. Particulate formation 

Figure l(a) shows a SEM picture of a typical YBCO film 
by a conventional PLD, which exhibited zero resistance (T,) 
at 88 K. A spherical particulate was visible in the picture, and 
its composition analyzed by electron probe microanalysis 
was CuO, . By using a low power density - 1 J/cm*, it was 
possible to reduce number of particulates down to about 
105/1000 A cm*. In this case, however, their T, were not 
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FE. 1, SEM pictme of typical surface morphology of films by conventional 
PLD: (aj A 600-&-thick YBCO film on LaAIOl (jO1) and (b) a 800-,k-thick 
ILa,Srj,CuOJ film on SrTiO: !OOI j. 

reproducible and varied between 70 and 88 K. ‘These particu- 
late problems seem material dependent. For example, SrTiO, 
and BaTiO, films practically free of particulate were 
reported,‘-” and (L.a,Sr)$ZuO., films without particulates 
were obtained after optimization [Fig. 1 jb)]. 

The observed CuO, particulate may be interpreted as the 
precipitates; however, these particulates were observed also 
on the films deposited at room temperature.‘” Moreover, 
Cucr>, segregations were often found on the peripheral of the 
loser-irradiated area of YBCO targets, A possible origin of 
particulate having composition different from the target bulk 
composition as weli as detailed study of the particulates was 
discussed elsewhere.“’ 

2. Angular distribution of deposited elements 

The irreproducihility in the particulate suppression is 
likely associated with change of target surface. Its effect can 
be seen also in compositional distribution on films. 

Compositional distribution of deposited elements was 
studied by several authors. “J The results agreed well with 
the theories,*7318 which were based on a thermal heating pro- 
cess by laser and neglected collision of laser-ablated species 
rvith an ambient gas. However, most of the compositional 
distributions were measured using the films deposited at am- 
bient gas pressure of 0.1 Torr or more,15’16 while we ob- 
served a drastic change of compositional distribution by an 
ambient gas. Therefore, we have reexamined it at an ambient 
gas pressure of I >: IO-” Torr at room temperature (RT) so 
that a meaningful comparirson with the theories could be 
made. 

Figure 2(a) shows distribution of Ba/Cu molar ratio of 
the films deposited at different laser fluences at R.T., using a 
fresh YBCO target in each run. Figure 3 shows the definition 
of the coordinate system in Fig. 2(a). In most of our experi- 
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FIG. 2. (a) Distribution of Ba/Cu molar ratio of the films deposited using 
YBCO targets at 0.85 J/cm’ (solid line) and 0.25 J/cm’? (dashed lined) (bj at 
R.T. and its different representation, where the abscissa is the total deposit 
amount. The solid lines and the dashed line correspond to the films depos- 
ited at 0.85 and at 0.25 J/cm”, respectively. The symbols correspond to data 
of different runs. 

ments the total molar deposit peaked at the angle of -3” to 
-7”. This was probably due to the formation of microstruc- 
tures, e.g., columnar structures, on the target surface during 
laser evaporation. 

In Fig. 2(aj the Cu/Ba ratio had the minimum at -3” 
where the Ba, Cu, and Y molar deposits had the maximum 
value. A different representation of the data elucidates this 
more clearly [Fig. 2(b)]. The Cu/Ba ratio was close to 1.5 at 
its minimum as in the YBCO target, and increased at both 
ends, especially at low laser fluence [Fig. 2(a)]. The MBa 
molar ratio was also found to peak near 0”. Although the 
number of the data points in Figs. 2(a) and 2(b) was small, 
similar results were observed in several different runs. More- 
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FW. 3. Definition of the coordinates used in Kg. Z(a). The angle was 
defined in the plane where the incident laser beam and the normal to the 
target surface lay. The angle 0” is on the mmal to that target ttt its center. 
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FIG. 4. Distribution of Ba/Cu molar ratio of the fi lms deposited at 0.85 
J/cm2 at R.T. using BaCuO, target plotted in the same manner as in Fig. 
2(b). The symbols correspond to data of different runs. 

over, the Cu/E%a ratios in the films deposited with BaCuO, 
had also the minimum at the position where the total deposit 
had the maximum (Fig. 4). 

The above results show that the compositional distribu- 
tions in the absence of an ambient gas at a low laser fluence 
were partly different from the theory predictions and from 
the previous experimental results. Contrarily to the present 
observations the Cu/Ba ratio15 and the Y/Ba ratio’5’16 in the 
films deposited with YBCO targets were reported to have the 
maximum where the molar deposit peaked. 

3. Possible explanation of the angular distribution of 
deposited elements 

The theories of pulsed laser evaporation process,*‘-l9 
which were based on a thermal process, assumed a uniform 
heating of stoichiometric materials such as YBCO, neglect- 
ing collision of evaporated materials with an ambient gas. 

In the theory by Singh and Narayan,‘* composition and 
thickness distributions result from the velocity differences of 
different elements. Namely, the velocity component normal 
to target surface is roughly proportional to dm, where 
TP and M  are plasma temperature of the evaporated element 
and atomic weight of the element, respectively. Since the 
velocity component parallel to the target surface depends less 
on Tp than its perpendicular component, the velocity vector 
increasingly aligns to the normal to the target surface as Tp 
increases [Figs. IO(a) and 13 and Tables I and III of Ref. 181. 
Distribution of the velocity vector can be projected into that 
of the thickness variation of the deposited film (Fig. 5), 
which successfully explained the previous experimental 
observations.t8 When evaporation from a uniform stoichio- 
metric surface is assumed, T,, is the same for different kinds 
of elements. Therefore, the velocity component normal to the 
target surface is larger for lighter elements. This means that 
lighter elements have narrower thickness distribution on a 
film surface. Accordingly, Cu should have the narrowest 
thickness distribution, and Ba should have the widest among 
Cu, Ba, and Y when they are evaporated from a YBCO tar- 
get. 

Contrarily to the assumption in these theories, several 
studies20’21 experimentally showed a change of target surface 
composition by laser irradiation. Additionally, we have ob- 
served a change in the surface metal composition as well as 
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FE. 5. Illustration of relation of the velocity component normal to target 
with the thickness distribution. 

the oxidation state by laser irradiation, using x-ray photo- 
electron spectroscopy.22 Therefore, we consider the effect of 
a compositional nonuniformity in these theories. It is worth 
noting that YBCO is only stable below 1000 “C even in the 

’ w 23 while the target surface should be heated above a few 
thousand degrees at low oxygen pressure in a usual deposi- 
tion condition. Therefore, we assume that the surface of a 
stoichiometric YBCO target is decomposed into simpler ma- 
terials which are stable at a high temperature such as CuO, , 
BaCuO, , BaO, , and YO, . 

To elucidate the effect of target surface decomposition 
on the thickness distribution, we have considered the sim- 
plest case where a YBCO target surface was decomposed 
into Cu, Ba, and Y. They were chosen since their material 
parameters necessary for calculation of the laser heating pro- 
cess were all known. The result should be sufficient to illus- 
trate the decomposition effect. Three-dimensional tempera- 
ture profiles of the target surface irradiated by an ArF laser 
were estimated using a finite element method. In these cal- 
culations, a target surface area of 3X6 mm2 was assumed to 
be irradiated by an ArF laser at a power density of 1 J/cm2 
for 10 ns. Figure 6 shows an example of the two-dimensional 
temperature profile of the Y surface 10 ns after starting of 

72301-A 

Width(mm) 

FIG. 6. Two-dimensional temperature profile of Y  surface 10 ns after start- 
ing of laser irradiation. The surface is irradiated by a beam of 6 m m  wide 
and 3 m m  long. 
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TABLE I. Parameters used in simple finite element method calculations of target surface heating by laser. Specific heats C, , thermal conductivity coefficients 
K, and refractive indexes near 193 nm, and the calculated maximum surface temperature T,, and the calculated most probable velocities u are listed. 

Material C, (J/moJ/deg) K (W/mK) (n&J Tzn, (“(3 u (au.) 

Y8co -50 5-10 (1.74, 0.62) 3200 
Ba 26 -20 (0.69, 0.87) 6000 1.07 
Y 25-30 20 (1.04, 0.6) 6300 1.38 
CU 25-30 370 (1.036, 1.59) 1000 0.65 

laser irradiation, and that the heating was confined within 
1000 i% from the surface. Table I summarizes the parameters 
used and the calculated maximum temperature of YBCO, Y, 
Ba, and Cu surfaces. The plasma temperature Tp is roughly 
given by k,T,,-Ev, where T,,,, , kB , and Ev are the maxi- 
mum temperature, the Boltzmann constant, and the evapora- 
tion heat, respectively. If k,T-%Ev, then T,- Tmax, and 
the velocity component normal to the target is approximately 
dm. Therefore, Ba gains the highest normal velocity 
component among Y, Ba, and Cu, and Cu gains the lowest. In 
these calculations we have assumed no melting, no evapora- 
tion of the target, and no radiation heating loss from the 
target during laser heating. 

worth noticing that particulates on the YBCO films having a 
different composition from YBCO such as CuO, can be un- 
derstood in our model. 

4. Summary of low-power PLR and discussion 

The experimentally obtained most-probable velocities 
for Cu I, Y I, Bar, and Barr were 1.12, 0.97, 0.82, and 1.12 
(X lo4 m/s),24 when an YBCO target was irradiated by an 
ArF laser at 5.3 J/cm2 at the ambient pressure of -10e5 Ton: 
Here the Roman numbers I and II indicate a neutral and a 
singly ionized atom, respectively. The kinetic energy of the 
neutral elements estimated from these velocities was larger 
for heavier element, while the kinetic energy of Ba II was 
more than twice of that of Cu. Furthermore, identification of 
excited atoms critically depends on the spectrometer range. 
According to a more precise measurement, the major com- 
ponents in the plume near the target were found to be Cu I, 
Y I, Y II, and Ba II, when they were generated from an 
YBCO target by a KrF laser at 3 J/cm2.25 Combining these 
two observations we can deduce that Ba had a kinetic energy 
much larger than Cu. Moreover, the velocities of Sr, Ca, and 
Cu evaporated from BiSrCaCuO target a KrF laser at l-2 
J/cm2 were 1.6-2.0, 1.3-1.5, and 1.2 at an oxygen pressure 
of 10m3 mbar.z6 These experimental results are consistent 
with the present results and not with the previous theories 
predicting the highest normal velocity for the light element 
(cup’* 

It is generally accepted that there is a tradeoff among 
particulate density, precipitate density, and electrical and 
crystallographic properties, when a given kind of target ma- 
terial is used as a target in a PLD. Namely, particulates were 
observed to reduce at a low laser power density, e.g., -1 
J/cm2 for YBCO. However, use of such a low laser power 
density degraded the film stoichiometry, resulting in growth 
of precipitates or surface roughing at the substrate tempera- 
ture T, suitable to obtain good crystallographic and electrical 
properties, and precipitates were observed to reduce by low- 
ering T, and by slightly degrading electrical and crystallo- 
graphic properties. We show this relation schematically in 
Fig. 7. The results in Sets. II A 2 and II A 3 suggest that, in 
general, this tradeoff is difficult to overcome as long as a 
single target having complex composition is used. Further- 
more, the above results indicated that a target surface of a 
multicompositional material irradiated over time can be re- 
garded as an assembly of many small targets consisting of 
materials of a simpler composition (Fig. 8). Therefore, there 
seems to be no very good advantage of using a single target 
in PLD, when exact control of the film composition is 
required. 

Substrate temperature 

. . 

Following the arguments of the previous theories, the 
magnitude of the normal velocity corresponds to the thick- 
ness distribution narrowness (Fig. 5). Therefore, Ba is esti- 
mated to have the narrowest thickness distribution, and Cu is 
estimated to have the widest. The results agree with the ex- 
perimental results in Sec. II A 2. Here we did not consider 
the resputtering effect in PLD as suggested for Pb(Ti,Zr)O, 
films.27 Although backscattering of Ba was also suggested,28 
the resputtering effect on the thickness distribution was lim- 
ited even in the case of Pb(Ti,Zr)O, despite a high laser 
power density of 4 J/cm2 and despite the volatile nature of 
Pb.27 Therefore, the above arguments would be essentially 
unaltered, even if we consider the resputtering effect at a 
relatively low laser power density<1 J/cm2. It would be 

FIG. 7. Empirical relation of electrical and crystallographic proper&, sur- 
face morphology with laser power density, and T, for PLD of a given mul- 
ticompositional film. Solid lines show improvements of electrical and cry+ 
tallographic properties, the horizontal dashed line shows the improvement of 
stoichiometry and the increase of particulate, and the oblique dotted line 
shows decrease of precipitates. 
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FIG. 8. Schematic illustration of target surface composition hefore and after 
it lowfluence label irradlattinn. The surface of the latter contains small do- 
mains uf difklrnt compositions Moe stable at a high temperature than the 
ori ginal surf~ke. - . The target can be effectively regarded as a microscopic 
I11iEalc &get. 

B. YBa,C&O, films by RSPLD 

1. Bask concepts of RSPLD 

The above arguments illustrated problems in conven- 
tional PI-D. Additionally, we have reported a marked reduc- 
tion of particulate density and particulate size by reducing 
laser power density and by using an alloy or metal targets.” 
However, an alloy having the desired composition such as 
YRa& for YBCO could I9ot often be formed in a thermo- 
dynamic equilibrium, and some alloys may not be suitable to 
reduce particulatrs. 

To solve these problems, we have examined a possibility 
of pulsed laser codeposition, since it allowed free choices of 
target materi& and laser power density as well as a good 
control of the film composition. There should bc several 
ways to rcaiize or simulate a pulsed laser codeposition such 
as use of multiple pulse lasers and use of a multibeam path 
by using beam splitters in a single pulse laser system. Unfor- 
tunately, the laser power density iti the latter is reduced and 
is sometimes insufficient. Instead of these real codepositions, 
a sequential deposition can be employed. 

In a conventional scyurntial deposition technique such 
as layer-by-layer sequential deposition, a few disadvantages 
have existed in electrical and crystallographic properties and 
surface morphology. In sequentially deposited cuprate films, 
reduced clcctri& and crystallographic properties have been 
reported as well as growth of secondary phases on the 
tilms.‘“-‘” The form&on of secondary phases in layer-by- 
layer sequential depositions of (Sr,CajCu02 films was attrib- 
uted to a local n!)nstoichiomctric composition by Kanai and 
c~~-~vcorkcfs.20 To avoid this problem, an average composition 
deviation from the stoichiometry at the film surface should 
be smaI1, and duration of the deviation period should also be 
as short as possible (Fig. 9). To accomplish this, the time 
interval between the irradiations of different kind of targets 
was chosen to be short, typically, 0.01 s, and the deposit by 
each la,ser shot was adjusted to be small, typically, 0.00 1 
&shot. For this reason, we call this version of PLD RSPL.D. 

To fulfill these rerluiremcnts, the laser powe.r density 
nerds to be adjusted suitably for rach target, because of a 
critical dcpcndence of evaporation rate on a target material, 
and this adjustment should be responsive. A RSPLD systetn 
was assembled to meet these requirements (Fig. 10). The 

w,mm~wm w,w~w~Mm l 0 

St::8 oooeo ooomo 1 t 

& /!&,&$-l. ;;;. / @~~gj /,&&&&&A $&&g&j f&g&&g 
(4 (b) (cl 

FIG. 9. Schemk diagram showing deposition process of an oxide ABCO., 
film (shown in the left-hand-side most figure) by three methods partly 
adopted from Ref. 12: (a) conventional PI-D; (b) layer-by-layer deposition at 
a low T, : (b’) layer-by-layer deposition at a high T, ; (c) RSPI*D. Metal 
klements A, B, and C are denoted by a solid circle, open circle, and square, 
respectively. The arrows show time scales of one cycle which are typically 
1 min in (h) and (b’) and 0.1 s in (c). The ABCO, film has a crystal structure 
of ABCABCABC as shown in the left-hand-side most figure. This can grow 
at given temperature and pressure if a correct stoichiometric amount of 
adatoms is supplied. If a certain element, e.g., B, is absent for a while at an 
elevated ‘r, , a secondary phase AC grows as shown in (b’) due to migration 
of adatoms. This can he sufficiently suppressed at a low 7; at the expense of 
crystallinity. 

stoichiometry of a film is controlled by the power density 
and the number of laser shots on each target per cycle, i.e., 
per rotation of the target holding carousel. 

YBCO films grown by PLD exhibit a higher than aver- 
age number of particulates compared to tilms of other oxide 
materials. Therefore, we demonstrate the results of YBCO 
film deposition by RSPLD in the subsequent two subsec- 
tions. The use of Cu, Ra, and Y metals as target is ideal for 
deposition of YBCO, if possible. However, the evaporation 
rate of Cu at a power density of a few J cm-’ was extremely 
low. Therefore, Ba and YCu,, or BaCu and YCu, were used 
after having examined the deposition rate and morphology of 
films deposited at room temperature.” Y, Ba, and 0.1 atoms 

(INTERFACE 1 

~MPuTERJ. I$$&ATOR / 

FIG. 10. Deposition system diagram. The attenuator and the laser are syn- 
chronized with rotation of the target holder carousel. 
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FIG. 11. C”fCB s-~~-diftmct~rrleter patterns YBCO tilrrs on MgO( 10Oj 
sohstmtes having difterent composition (a) Y:Ba:Cu= 1:3X:3.58, (b,j 
Y:Ba:Cu= 1:2.69:1~~.3, Cc) Y?ki:Cu= 1 : 1.67:~.OO. Klm (,a) was deposited at 
T,-609 “C, and fihns Ihj and cc) wertf deposited at T,-650 “C. 

with molar ratio of 123 are deposited onto the substrate in 
one cycle of 100-200 Ins. 

FIG. 12. SEM pictures of YBCO films of which @K?O x-ray-diffr,2etomrtel 
patterns rue shown in Fig. 11. (aj-(cj correspond tc? Figs. ll(aj-1 licj, and 
id)-(f) show higher illilgnifications uf (a)-!Ivj. 

2. YBCO deposition using BaCu and YCu targets 

It should be noted that BaCu and YCu correspond to 
metal compositions of the block layers of YBCO, e.g., 
BaCuO~YCuO.,/BaCuO,~ . Figures 11 and 12 show the O/28 
x-ray-d~ffractomcter patterns of Y BCO films and their SEM 
pictures, respectively. Figures 12(aj- 12(c) correspond to 
Figs. 1 l(a)-12(c), respectively, and Figs. 12(d)- 12(f) are 
their higher magnificaGons. YBCO was deposited onto 1 cm2 
MgO ( 100) substrrdes. The ambient molecular oxygen pres- 
sure and T, were 100 mTorr and 650 “C for the films in Figs. 
1 1 (bj and 1 1 (c), and 70 mTorr and 600 “C for the film in Fig. 
I I (,a), respectively. The energy density was 1.2 J/cm’ [Figs. 
I I(b) and f 1 Cc)] or 0.8 J/cni” [Fig. 11 (‘a):] for both BaCu and 
YCu targets, and the laser shot number on each target was 
adjusted to one per cycle for BaCu and to 1-3 per cycle fol 
YCu. The deposition rate ratio of BaCu target to that of YCu 
target increased as the energy density decreased. The indexed 
peaks co~~espo~~~ to (OOrj peaks from c-axis-oriented 
YBCO, and the others were assigned to secondary phases 
such as BaCu<?, . The composition of the large dark spots 
observed on Fig. 13(c) as analyzed by EDX was the same as 
the other part of the film. The stripes in Fig. 12(f) may cor- 
respond to the iz- or b-axis domains. Differently from par- 
ticulates, the pwticlcs in Figs. 12(d) and II!(e) had irregular 
shaprs and composition of BaCuOx as analyzed by EDX. 
These particles and the x-ray-diffraction peaks from second- 
ary phases diminished as the average fihn composition ap- 
proached the stoichiometric value. Thcrcfore, it can be con- 
cluded that particulatcs were substantially reduced with the 

KSPLD method. The films of Figs. 12(b) and 12(c) showed 
zero resistance at 80 and 87 K, respectively, while their 
thicknesses were 500 and 350 A. 

3. YBCO deposition using 5a and YGuS fargeis 

Homogeneous YBCO was deposited onto 1 cm2 SrTiO, 
(IOOj and MgO (100) substrates. Typical energy densities 
were about 0.2 J/cm” for Ba target and about 1.5 J/cm” for 
YCu, targets, and the average deposition rate was 1%20 
&min. Figures 13t.a) and 13(c) show the W28 x-ray- 
diffractometer patterns of films on MgO, while Figs. 13(b) 
and 13(d) show those of films on SrTiO.s. The tilms in Figs. 
13(c) and 1.3(d) had stoichiontctric average compositions, 
and films in Figs. I.?(a) and 13t.b) had off-stoichiometric av- 
erage compositions. The number of laser shots was one per 
cycle for Ba and two per cycle for YCu for the film in Figs. 
13(c) and 13(d), and was one per cycle for Ba and three per 
cycle for YCu for the film in Figs. 13(a) and 13(b). Both 
fihns were deposited at TX=450 "C and at a molecular oxy- 
gen pressure of 100 mTorr, and their thicknesses were about 
500 A. The dominant (001) peaks indicate that the samples 
were c-axis oriented with the [OOI] direction perpendicular 
to the film surface. The c-axis lattice constants calculated 
from the iOOlj peaks of these samples agreed with the bulk 
value within 0.3%. This suggests that the films wcrr: well 
oxidized despite the use of metal targets. 

The SEM pictures shown in Figs. 14(a) and I-l(b) and 
Figs. 15(a) and 15(b) correspond to Figs. 13(a)- 13(d), re- 
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FIG. i 3. $Rt;) s-day-diifri-lctorrleter patterns of YBCO films on MgOoCltlO) 
f@,(c)] and SrTiO~ [RI),(~)] substrates having dif?‘erent composition: (a),(b) 
f:Ba:Co=l:1.1:2.9 and rc),(d) YzBa:Cu= 1 :2.1:3,1. The tilms were depos- 
ited at ‘rE = 650 “CL 

spectively. and Figs. 14(c) and 14id.j and Figs. lS(,c) and 
15(~1) are their higher magnifications. Particles were found in 
Figs. lil[a~]-=l4(il), and x-ray diffraction showed the presence 
of impurity phases in these films. These particles had com- 
positions different from the matrix, e.g., CuO., as analyzed 
by EDS. In Figs. Eta)-IS(d) particles were drastically re- 
duced in number and size. The dark lines and dark dots in 

(a) 

-1.5pn -1.2pm 

FIG. 14. (a),(‘b) SEM pictures of YBCO films and (c),(d) their higher mag- 
nifications of which x-ray diffractometer patterns are ahown in Figs. 13(a) 
and nthj, (a),f:cj attd ilq,W correspond to (a) MgO substrate and (b) 
SrTiO, substrate in Fig. 13, respectively. 

-1.5 pm -1.5pm 

FIG. 15. (aj,(tjj SEM pictures of YBCO films and (c),(d) their higher mag- 
nifications of which n-ray-di~fractolll~ter patterns are shown in Figs. 13(c) 
and 13(d). (L&(C) and (b).(Ai) correspond to !ci MgC) substrate and (d) 
SrTiO? substrate in Fig. 13, respectively. 

Fig. 15(c) are the surface damages of the substrate which 
were also observed on as-received substrates. Figures 1 S(a)- 
15(d) demonstrate that no particulatcs were observed, and 
that only a few precipitates smaller than 0.1 ,um were ob- 
served in an area of 100X LOO pm”. Particles were reduced 
not only by adjusting the average composition but also by 
reducing T, as shown in Figs. 16(aj and 16(h). This film was 
deposited at T,, = 600 “C at and oxygen pressure of 60 mTorr. 
Therefore, we concluded that these particles were precipi- 
tates formed on the films as previously discussed.‘“S” No 
particles larger than a 0.5 pm were observed on the entire 
surface of the films as long as the film had an exact stoichi- 
ometry. No particulates were identified by shape and size 
(>0.5 E;Lrn diameter) in a I X 1 mm’ area of the film surface 

-1.2pm 

FlG. 16. SEhl picture of (a) an YBCO film on a MgO (100) substrate and 
(b) its higher magnification which was deposited at 7’, =hi)il “C. The white 
spot at the upper right-hand-side corner is dust used for focusing. 
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FIG. 17. Grazing-incidence s-ray reflectivity patterns of YBCO films. (a)- 
l’dj c~.mqmil to the filtn~ in Figs. 14i:d), 15(dj, lS!c), and 16(b). 

even after the targetz were used for more than ten runs. The 
films on SrTi03 of Figs. 13(b) and 15(b) showed zero resis- 
tmce at 90 and IZO K. respectively. while those on MgO of 
Figs. 13(a), lS(aj, tind It5 did at X8. 72, and 77 K, respec- 
tively. 

The roughness of the surface and the lilm/substrate in- 
terface was evaluated by the grazing incidence x-ray reflec- 
tivity ICXXR~ method.‘” The s-ray intensity oscillations of 
the films on SrTiio3 decay faster than those of the films on 
MgO. The average peak-to-valley values of the roughness 
were 35 A c.26 &I for Fig. 17[:i), 37 .& (44 A) for Fig. 17(bj, 0 
6 A (26 .&j for Fig. 171cj, and 3 A (37 Bj for Fig. 17(d) at 
the film surface, where the values in parentheses indicate the 
roughness at the film/substrate interface. As is evident from 
comparison of these roughness estimations with SEM pic- 
tures in Fig. 16 16, the precipitates did not affect the surface 
roughness estimation by GIXR. 

III. DISCUSSION 

A. Surface morphology of YBCO and its substrate 
dependence 

Two kinds of prtxipitate.i; were found on the films on 
MgO as shown in Figs. I+ 16. One had an irregular shape, a 
typical size of 0.5-l pm, and composition of CuO, , and the 
other had a rectangular shape and length of 0. I-0.2 pm. The 
long axes of the latter precipitates were aligned to one of the 
two directions which were mutually perpendicular. This sug- 
gested the effect of the substrate n axis on the orientation of 

- 0.42 pm Lrn 

FIG. IX. SEM picture of an YBCO film on a hlgO( 100) substrate of which 
the composition was close to that of BaCuO,. 

this type of precipitate. Only the former type of precipitate 
was found on the films on SrTiO,. Moreover, the grain 
boundaries easily identified on the films on MgO were not 
observed on those on SrTiO,. However, it seems that the 
surface roughness detected by GI,YR was not affected by 
presence of the grain boundaries. These. results suggest a 
different growth mechanism of YBCO films on MgO and 
SrTiO, substrates. 

Particles which were probably particulates coming from 
targets were occasionally observed on the films deposited 
with YCu and BaCu targets (Fig. Ej. By studying surface 
morphology of the films deposited at room temperature using 
BaCu and YCu targets, it was found that the BaCu target 
tended to yield Cu particulates.‘” This was the probably the 
reason that more particulates were observed in Fig. 12 than 
in Figs. 14-17. However, the particulates were much more 
reduced than expected from surface morphology of the films 
deposited at room temperature using these targets. This may 
be due to the radiative heating of the target by the substrate 
heater or to a possible melting of metal/alloy particulate on 
the film as discussed in Ref. 14. Accordingly, the dark spots 
in Fig. 12(c) may have been formed by change of local com- 
position by melting of particulates. 

The deposition cycle in RSPLD employed here was only 
a few orders of magnitude shorter than those in conventional 
layer-by-layer sequential depositions. We thought that this 
might not be sufficient to suppress the secondary phase 
growth. Nevertheless, the experimental results demonstrated 
the simultaneous suppression of secondary phases growth 
and achievement of the high electrical properties in films 
having stoichiometric composition. 

B. Films having composition close to BaCuO,: 
Formation of unstable phase 

Films having composition close to BaCu02 were ob- 
tained using BaCu and YCu targets. Well-developed second- 
ary phases are visible in Fig. 12(d). The films having a simi- 
lar morphology was also deposited using Ba and YCu, 
targets as shown in Fig. Its. which exhibited well-defined 
squares. Only small peaks of BaCuO, were identified in the 
a-ray diffractometer patterns of these films. The films were 
semi-insulating; however, the films, especially the one shown 
in Fig. 18, were unstable. Namely, within a few minutes after 
takeout from the growth chamber its color changed from 
brownish black to brown, its surface roughness as observed 
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IV. CONCLUSION 

I 
MOTOR 

I I 

f INTERFACE ‘I 

FIG. 19. Schematic diagram of another RSPLD setup which enables fast 
deposition by using a scanning laser beam instead of a target holder carou- 
sel. 

by optical microscope degraded rapidly, and its resistance 
increased until it became semi-insulating. These properties 
and the square shape in Fig. 18(b) suggest a possibility that 
the compound formed before exposure to the air might be 
BaCu02 having an infinite layer structure as S~CUO,.~ 

C. Demerits of RSPLD and their improvements 

The first demerit of RSPLD or pulsed laser quasicodepo- 
sition is the complexity inherent in the use of multitargets 
and free choice of target material itself. There are many dif- 
ferent combinations of targets which allow deposition of a 
desired film; therefore, it is necessary to determine which 
combination is the best before optimizing deposition condi- 
tion. The use of metal targets and targets having simple com- 
positions has been effective to eliminate and particulate. 

Another demerit is a low deposition rate of which the 
maximum value was 500 A/20 min at T/S=8 cm. We cannot 
increase the laser power density much, because it causes par- 
ticulate formation, but we can shorten the deposition cycle 
period. Here, the deposition cycle period in our system is 
limited by the rotation speed of the target holder carousel. To 
overcome this problem, we propose another RSPLD setup as 
illustrated in Fig. 19. The central axis of each target is fixed, 
the targets are rotating on these axes, and a laser beam is 
scanned from a target to a target. By this method the depo- 
sition cycle period can be as short as 15 ms (70 Hz) using the 
maximum repetition rate of our ArF laser (200 Hz), which 
should yield ten times faster deposition than the present 
setup. 

Recently a new version of PLD: off-axis PLD was 
proposed,35 which was reported to substantially eliminate 
particulates in YBCO films. Its simplicity is attractive; how- 
ever, in principle it works only at high ambient pressures and 
has difficulty in supplying excited species to the substrate. 
Contrarily, these problems do not exist in RSPLD. 

We have shown the thickness distribution of elements of 
films deposited at relatively low laser fluences in vacuum. 
The distributions were partly different from previous experi- 
mental and numerical results. The observed distributions 
could be explained if decomposition or compositional 
change occurred on the target surface, which was also sug- 
gested directly by chemical analyses. Therefore, use of a 
single target in a conventional PLD could be regarded as 
similar to the use of a microscopic mosaic target on a single 
target holder. 

Based on this conclusion, we took a new PLD approach 
to use multitargets: RSPLD. The deposition cycle in RSPLD 
was only a few orders of magnitude shorter than conven- 
tional layer-by-layer sequential deposition methods, which 
may not be guaranteed to suppress growth of secondary 
phases. Moreover, the deposition was performed in a high 
molecular oxygen pressure of -100 mTorr, while most of 
the previous layer-by-layer sequential depositions was car- 
ried out in an ozone or oxygen radical atmosphere at a low 
ambient pressure of -lo5 Torr. Despite these possible defi- 
ciencies, a reactive RSPLD could avoid precipitate growth 
and achieve high crystallographic and electrical properties, 
both of which have not been accomplished in conventional 
layer-by-layer sequential depositions. More important, a re- 
active RSPLD could substantially eliminate particulate for- 
mation on YBa,Cu30, films which typically had a T, of 80 
K and a maximum T, of 90 K. Additionally, the present 
result demonstrated successful YBCO depositions by a reac- 
tive PLD using metal targets. Essential points of present ap- 
proach are the use of separate multiple metal targets and 
quasicodeposition. Therefore, it is also expected that a real 
pulsed laser codeposition should yield similar or better re- 
sults. Additionally, use of low laser power density may be 
also beneficial to future employment of diode lasers in 
RSPLD or laser codeposition. 
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