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Abstract

YBa,Cu;07_, thin films were deposited by pulsed laser deposition (PLD) using differently preablated targets. The effect of the total number
of laser pulses on the morphology and composition of the,BgO-_, target was investigated and the induced modification of the irradiated
surface was found to affect the characteristics of the produced films. It is shown that both the particle density and the particle size in the
preparect-axis oriented films have been greatly reduced using a target preablated with a low number of pulses. The optimum conditions for
the preparation of high quality YBEu;O;_, thin films with reduced particles and high critical current density are established.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction ically on the chemical composition of the produced PLD
films have been reportéd.For a Si and FeSiGaRu alloy, it

Pulsed laser deposition technique (PLD) has emerged as ahas been shown that the droplet emission correlates closely
very powerful method for the production of high quality su-  with the surface roughnesslit was also reported that, in ad-
perconducting YBgCusO7_, thin films !~ However, one dition to the deposition parameters, the interaction between
of the main disadvantages of PLD technique, the appearancehe laser beam and the target induces gradual modification
of particles on their surface that limits its appllcablllty in mi- of the target, which affects the p|asma p|ume and thereby
croelectronics and multilayer technolodis still a challeng- the film characteristic¥? It is still questionable whether the
ing problem. The most common particles are the “droplets” droplets originate from the target or they are formed by
with typical sizes of Jum, which are detrimental to the film  condensation of the vapotit.However, the target surface
surface smoothness. The reduction of droplet density on theroughness depends on the laser flue¥idé, the laser beam
surface of films grown by the pulsed laser deposition PLD wavelength and also on the way by which the laser beam
method is a goal actively aimed by many research groups.moves relatively to the target during ablatith.
Several attempts have been made to reduce the density of The goal of this paper is to systematically study the cumu-
droplets by optimising the deposition conditions: changing |ative number of pulses effect on the morphology and com-
the deposition geometfyusing different laser wavelength  position of the irradiated surface and its subsequent effect
beams? Concerning the role of the YB&wO7_, target  on the film characteristics. All reported work so far were fo-
characteristics on the film quality the use of a freshly pol- cused on the target properties and surface roughness of the
ished targef;® and recently, the use of targets fabricated by a film, whereas, the present study, further addresses critical
modified melt-textured growth method instead of solid-state issues, name|y the ablation rate, the films’ partic|es density
sintering? as well as the effect of target preablation specif- and the films’ critical current density and correlates them to

the preablation stage.
* Corresponding author. TeH:30-2620-71226; faxs-30-2620-71461. The stoichiometric transfer of the target material onto the
E-mail addressdimdia@hol.gr (C. Andreouli). substrate is one of the major attractions of the laser ablation
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technique, understanding the evolution of composition of the FP21) was regulating the temperature. Before deposition the
target surface is very important in order to control the film substrates were cleaned in an ultrasonic bath using initially
quality. trichloroethanol, then acetone and finally isopropyl alcohol.

Subsequently the substrates were dried wittghls. During

the deposition the substrate temperature was kept constant
2. Experimental at the selected value. The oxygen background pressure was

0.7 mbar. Immediately after the deposition, the chamber was

Fig. 1 shows a schematic diagram of the pulsed laser filled with 900 mbar of oxygen and the film was annealed at
deposition apparatus used in the experiment. For film de-450°C for 1 h.
position, a XeCl excimer-lasei (= 308 nm, Emax output = The cumulative number of pulses effect was studied for a
600 mJ, 7. = 30ns) was employed. The apparatus includes stationary target and for a rotating one. For a rotating target,
a cylindrical stainless steel vacuum chamber, a substratewhich is the case for the actual film deposition, the effect
holder with precise temperature control and the target ma- of number of pulses on the target roughening and on the
terial holder. The laser beam was passed through a circulardeposited thin film characteristics, have been investigated
aperture in order to select the uniform part of the beam. The through the preablation stage. Preablation is carried out be-
aperture was inclined by 4Qvith respect to the optical axis fore the film deposition and is related to the radiation of
and imaged onto the target surface via a single plano-convextarget with a certain number of pulses for the target surface
lens (f = 150 mm) and a uniform circular laser spot was cleaning and conditioning. The stationary targets were ab-
obtained on the target. The YBauzO;_, targets were lated with a variable total number of pulses up to 5000 us-
prepared by Cereco S.A. using the cold press-sinteringing an energy density’ = 1.8 Jcn12, which is above the
process-"18 The cylindrical target was mounted on the ro- threshold fluence of 1.0 J cté for stoichiometric ablatiod?
tating holder and its dimensions were: 15 mm diameter and With respect to the rotating target, the effect of multi-
3 mm thickness. Before each deposition, the laser pulse enple pulses on the target roughening and consequently on
ergy in front of the target was measured with a pyroelectric the films quality was studied for the preablation stage. For
detector. this purpose two cases were investigated: (i) a low num-
For the substrate heating, a small resistive heater was fab-ber of 25 shots/site and (ii) a much higher number of 185

ricated using an insulated Inconel heating wire (Thermocoax shots/site. In both cases, during the subsequent film depo-
Inc-10, 1 mm diameter). The heater consisted of two lay- sition, the rotated targets were irradiated with an equal to-
ers of the heating wire, packed between two stainless steeltal number of pulsesy = 4000 (160 shots/site). The thin
plates 40 mm in diameter. On the rear side of the heater, films were deposited on (1 00) MgO or LaAdQBubstrates.
between the heating wire and the plate, a thipQ¥l plate The deposition parameters were: pulse energy on the target
was placed in order to reduce the heat losses. The substrat& = 70mJ, energy density = 3.5JcnT?, substrate tem-
was placed at the front side of the heater, facing the tar- peraturels = 750 or 730°C, laser spot sizels = 2 mm 2,
get and was attached using silver paste. The temperatur@arget—substrate distandg—s = 51 mm, oxygen pressure
was measured by a thermocouple placed in a borehole ofin the chamber during the depositidty, = 0.7 mbar and
the heater plate and a temperature control unit (Shimadenlaser pulse repetition rate 10 Hz.
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Fig. 1. Experimental apparatus of pulsed laser deposition.
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The surface morphology of the targets and films was the ac susceptibility method (magnetic fiely = 1G;
investigated using a scanning electron microscope (SEM)frequency:v = 1024 Hz). The critical current density
while energy dispersive X-ray microanalysis (EDX) was as a function of the applied dc magnetic fi¢ldwas also
employed to determine the chemical composition of the measured for the deposited thin films. The values)of
targets, films and particulates. Because the penetrationwere calculated from hysteresis loops of Y¥BazO7_,
depth of electrons at the SEM microscope was approxi- thin films at7 = 5K using a SQUID magnetometer (Quan-
mately 1pum, particulates of this size could not be measured tum Design MPMS2) and a model reported by Moraitakis
accurately and only qualitative reports of their chemical et all® The film thickness ) was measured with a
composition were made. The structure and orientation mechanical stylus profilometer. The number of droplets
of films was investigated with X-ray diffraction analysis on the films was estimated using an image analysis pro-
(XRD) and the transition temperature to zero resistance gramme (PC-Image, version 2.2.05, Foster Findlay Asso-
of the superconducting filmsT§{), was measured using ciates).

LBl

Fig. 2. SEM micrographs of the various regions (1, 2, 3 and 4) appeared on a stationa@8a_, target, after irradiation withF = 1.8 JcnT2: (a)
25 pulses and (b) 300 pulses.
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3. Results and discussion pulses on the same spot area is used for a thoroughly in-

vestigation of the morphological and compositional changes
In this section the laser—target interaction for a stationary which take place on the irradiated target surface.

target and the interaction for a rotating target, which is the  Fig. 2 shows a SEM micrograph of the target irradiated

case of the actual experiments used for the film preparation,by either 25 consecutive pulses (a) or 300 pulses (b). The

will be investigated. Then the film preparation and evalua- numbers on the SEM micrographs correspond to the re-

tion will be considered and finally the correlation between gion: just outside the ablated area (region 1), at the edge of

the target morphology and the film characteristics will be the ablated surface (region 2), at the inside section (region

examined. 3) and at the center of the irradiated area (region 4). It is
clear from these micrographs that the target surface modi-

3.1. The multiple pulses effect on a stationary fication differs across the irradiated area as the number of

YBaCusO7_, target pulses increases. For the low number of 25 laser pulses us-

ing the pulse energy density of 1.8 Jtfthe central ab-
Although the use of a stationary target is not the case lated area has a melted appearance, the area near the edge
for actual film deposition, the number of consecutive laser looks rougher while the not ablated area is covered with a

Fig. 3. SEM micrographs of a stationary YR2sO;_, target after irradiation with® = 1.8 Jcnm2 (v = 10 Hz) and with: (a) O pulses, (b) 25 pulses,
(c) 75 pulses, (d) 300 pulses, (e) 3000 pulses and (f) 5000 pulses.
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Fig. 3. (Continued

powder like layer. As the total number of pulses increases, After a prolonged ablation with several thousand of pulses,
the roughness of the irradiated area of the target increaseghe target surface is transformed into a closely packed and
and different kind of columns and craters appear on the broad columnar structure aligned in the direction of the laser
surface. beam Fig. 3e and . The average height of these colum-
Selected characteristic SEM micrographs of the central nar irregularities formed on the target surface as a func-
target area (region 4), when different total number of con- tion of the total number of pulses, is presentedrig. 4.
secutive pulses were employed, are showtrign 3, indi- The existence of the columnar structure modifies the effec-
cating the presence of several irregularities. With 25 pulsestive illumination of the surface, which seems to be position
fallen on the initial rough surface shownhig. 33 a smooth, and energy dependerftig. 5 shows the stoichiometry of
“melt-like” surface is observed as shownhig. 3h As the the different regions 1-3 (shown Fig. 2), concerning the
total number of pulses increases to 75 small hillockgritb Y, Cu and Ba elements arfig. 6 shows the stoichiome-
height) start to form within the ledge&i@. 3¢ and for a try of the presented morphological irregularities located in
total number of 300 pulses hillocks (13—2fh height) have  the central area of the target (region 4) (showiig. 2). It
formed with some of their flat parts cleaved aw&jg( 3d). can be clearly seen that during the first few hundred pulses
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Fig. 3. (Continued.

there is a strong change in stoichiometry. Copper from the It can be clearly seen that: (a) the hillocks to be Y-rich and
plasma plume is deposited on the cold surface outside theCu-deficient, (b) the flat melted surface to have an almost
ablated area causing the change in stoichiometry of the re-stoichiometric YBaCusO7_, composition and (c) for the
gion. The diagrams concerning the regions 2 and 3 suggesbbserved columns at 1000 pulses, the tip of the column has
that in the first 250 pulses approximately, Cu is leaving faster a smaller Y enrichment than the hillocks and their body side
than the other elements. Above 250 pulses the Ba concends Y-poor and Cu-rich. The SEM micrograph of the col-
tration drops slightly, while the Y concentration drops con- umn main body taken from some scraped columns reveals
siderably. This means that there is an excess removal of Y a polycrystalline interior with the initial YBg&CuzO7_, sto-
preferentially. With respect to the EDX study of the formed ichiometry.

irregularities (of region 4), the results are presenteBim Therefore, as the number of pulses increases, leading to
6, more specifically, (i) the tip of the hillocks or columns increased surface roughening, the effective irradiated area
(Fig. 69, (ii) the body of the columnsHig. 60 and (iii) the increases and the absorbed laser energy flux begins to drop
flat areas between the columrsd. 6¢. The target was ir-  below the ablation threshold flux leading to preferential
radiated withF = 1.8 J cnt? for various number of pulses.  evaporation. According to some reported works, the formed
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Fig. 4. Average height of columnar irregularities formed after irradiation Wit 1.8 Jcnm2, as a function of total number of pulses.
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columns exhibit phase segregation and the Y-rich hillocks,
which are formed on an initially smooth surface, act as a
shield for the target, due to their greater resistance to laser
vaporisationt214
In conclusion, the laser irradiation of an YR2uzO7_,

target, with several total numbers of pulses on the same sta-
tionary area, produces various morphological irregularities
of different shapes and stoichiometry. The stoichiometry of
the irregularities as a function of the pulses reveals that: (i)
Cu leaves first and part of the evaporated Cu is redeposited
in the region around the irradiated area changing the local
stoichiometry and (ii) the change of the Cu concentration
equals the reduction of Ba and Y, for the large total number
of pulses.

(a) 80342 28KV
3.2. The multiple pulses effect on a rotating ¥8e307_,
target and the deposited thin films

The above results show that as the total number of pulses
increases the irradiated target surface roughness increase
along with higher stoichiometry deviations. For this reason
the target has to be rotated, limiting the number of laser
shots per site and keeping the atomic composition ratio close
to Y:Ba:Cu = 1:2:3. As it has been recently reported, in
order to prepare high quality YB&usO7_, epitaxial films,
the irradiated target should have exactly the stoichiometric
ratio 1:2:3, as the films deposited from non-stoichiometric
targets exhibited a large number of outgrowths in addition
to droplets and a loweF..20

SEM observations of freshly polished targets, which
were initially irradiated withF = 3.5JcnT2 receiving (b)
25 shots/site at 10Hz repetition rate, revealed that the
target surface is smooth and “melt-like” with the correct
YBaxCuzO7_, stoichiometry Fig. 79. In the case of a
higher number of 185 shots/site some morphological ir-
regularities appeared at the target eddgeg.(7b. These
targets were subsequently used for the deposition of thin
films. During the deposition stage, the targets were irradi-
ated with the same energy density Bf= 3.5Jcnt? and
were loaded with an additional 160 shots/site. The films
were deposited on MgO substrates heatefisat 750°C.

Thus, at the end of the deposition, the first target was ir-
radiated with a total number of 185 shots/site (25 shots/site
initially during the preablation period and 160 shots/site dur-
ing the deposition) and the second one was irradiated with % i : :
a total number of 345 shots/site (185 shots/site initially dur- g Y _‘100rm q Le1
ing the preablation and 160 shots/site during the deposition). (¢} 20 KU \ X505 3348
The irradiated groove area of the first target (SEM micro- iy 7 sem micrographs of the groove of an Y&as0;_, rotating target
graph inFig. 70 exhibits some morphological irregulari- irradiated with energy densitf = 3.5Jcnt2 using: (a) 25 shots/site,
ties at the edges only. The second target, irradiated with the(b) 185 shots/site and (c) 345 shots/site.
higher total number of pulses, shows morphological irreg-
ularities, which are more intense, covering a wider area of
the groove Fig. 70. above described targets, showrkig. 8a and brespectively.

In order to investigate the effect of laser induced target It was observed that the film corresponding to the lower
surface modification on the film surface morphology, SEM number of 25 shots/site during the preablation (therefore
micrographs were taken for the films deposited using the with the lower total number of 185 shots/site after the end of

3 ey S
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Fig. 8. SEM micrographs of films deposited on MgO substrates ®ith= 750°C and F = 3.5Jcnm2, using YBaCuzO7_, rotating targets irradiated
with 160 shots/site during the film deposition process and having a preablation with: (a) 25 shots/site and (b) 185 shots/site.

deposition), exhibited insignificant number of droplets on its above described experiments were repeated for depositions
surface. Image analysis measurements showed that the numwith a lower substrate temperature®f = 730°C in order

ber density of droplets is aboup ~ 10°cm~2 (Fig. 89. to test its effect on the number of droplets and similar re-
The fraction of the total area covered by these droplets is ap-sults were obtained as shownHhig. 9. The fraction of the
proximately 0.05%. On the contrary, the film resulted from total film area covered by the droplets is by a factor of six
the target that was irradiated with the higher number of 185 larger, in the case of targets that have undergone preabla-
shots/site during the preablation (total number after depo- tion conditioning with the higher number of pulses. Thus,
sition 345 shots/site), exhibited quite a few droplets on its the appearance of droplets seems to correlate with the target
surface and approximately the same number of submicronroughness and consequently with the irradiation conditions
particles Fig. 80). The droplets number density in that case that cause this roughness.

is aboutnp ~ 6 x 10°cm~2 and the fraction of the total Figs. 8 and 9show also many submicron particles of
area covered by these droplets is approximately 0.4%. Thethe order of 0.2um. These particles are present for all the
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Fig. 9. SEM micrographs of films deposited on MgO substrates With- 730°C and F = 3.5JcnT2, using YBaCusO7_, targets irradiated both with
160 shots/site during the film deposition process and having a preablation with: (a) 25 shots/site and (b) 185 shots/site.

examined experimental conditions with a number density of ' '

Y T

the order of 16cm=2 and it seems that their presence is - 2P

not related to the morphology of the target. The presence 0 C

of such submicron particles has been observed by many S

authors, in pulsed laser deposition of superconducting thin <

films.37-142021 According to Lee et &l their presence is f’ y g - 5

attribute_d to the grqwth mgchanism of the film. o NN S JJLJ |
The films deposited using targets that were preablated z o

with 25 and 185 shots/site and the same number of pulses £ < -

for deposition, had a thicknegg ~ 320 and 230 nm, re- - g l 3 3

spectively. All the other irradiation and deposition param- oM — T JUU :

eters were kept constant and the number of pulses for the 10 20 30 40 50 60

film deposition was 4000 (160 shots/site). The measured film 20 [degrees]

thickness corresponds 1o a deposition rateAdp ~ 0.8 Fig. 10. X-ray diffraction patterns of YB&usO7_, films deposited on

and 0.6 A/pulse, re_SpeCtiYely- The fact that the targets h?d (100) MgO substrates, using targets that were preablated with: (a) 25
been preablated with a different number of pulses, while in shots/site and (b) 185 shots/site.
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Fig. 11. Critical current density; as a function of the applied dc magnetic fi¢ldat 5K, for YBgCuzO7_, films deposited on (100) MgO and (100)
LaAlO3 substrates using a target preablated with the low number of 25 shots/site.

both cases the deposition process was identical, shows thdor zero applied field § = 0), the critical current density at
importance of target preablation on the film thickness, the 5K is J¢(0) = 2.3 x 10° Acm~2. This value increases sig-
ablation rate and the droplet number. nificantly when LaAlQ substrates are used instead of MgO
The XRD measurements give XRD patterns composed of substrates and th& value for zero applied field is as high
only (001) sharp diffraction peaks for both types of films, asJ.(0) = 6.1 x 10’ Acm~2 (Fig. 11).
as shown inFig. 10a and bThese results indicate that the Thus, using a limited number of pulses during the pre-
YBaxCuzO7_, films are single phase and has#axis orien- ablation stage, a reduced target roughening is observed re-
tation and high crystal homogeneity, suggesting formation sulting in the deposition of higher quality thin films. Using
of epitaxial films. For the film corresponding to the target LaAlO3 substrates the deposited films exhibit: (a) the lesser
of 25 shots/site: ~ 11.67 A and for the film corresponding  number of lum droplets on their surface and (b) very good
to the target prepared with 185 shots/site 11.65 A. Such superconducting properties. The film surface roughness due
films with c-axis orientation and reduced surface roughness to the droplets will have a destructive effect in case of high
and droplet number density, are needed in devices wherefrequencies applications. It seems that the on-line control
large transport currents of microwave power are requifed. of the target surface condition is needed in order to prepare
All the deposited films were stoichiometric, as determined good quality films.
by EDX analysis, while the droplet particles were Y-rich
and Cu-deficient. For the smaller, submicron particles EDX
analysis was not possible because their diameter of approxi-4. Conclusions
mately 0.2um, was much smaller than the penetration depth
of the electrons+1 um) of the SEM microscope. In this study, the laser-YB&uO7_, target interaction
The observed droplets as well as the submicron particleswas systematically investigated in order to study the pres-
on the film surface are not expected to affect the film super- ence of particles on the films, which is one of the main
conducting properties as measured by the ac susceptibilitydrawbacks associated with the PLD technique and thereby
at low frequency. However, a strong influence on the trans- further optimise the thin film properties. For stationary
mission characteristics of the films is expected for the mi- YBa,CugO7_, targets, it was found out that for increasing
crowave region due to the reduced penetration depth of thenumber of pulses, significant morphological changes take
traveling wave at higher frequencies. Concerning the films place, accompanied by local differences in the chemical
that were deposited using the lower number of 25 shots/sitecomposition. Columnar features are developing, the tip of
during the preablation and exhibiting the lower number of which has Y excess and Cu depletion. This necessitates the
1m droplets on their surface, their superconducting prop- use of a limited number of pulses per irradiated area for a
erties were studied using ac susceptibility measurements andotated target, during the film deposition. When, at the pre-
measurements of the critical current densgys a function ablation stage, a high number of pulses per irradiated area is
of the applied dc magnetic field. These films deposited on  applied, the target after the actual ablation—deposition stage,
MgO substrates, exhibit a transition temperature at 91 K and exhibits a plethora of columnar features, whereas on the
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surface of the deposited films there are spherical particles 7. Misra, D. S. and Palmer, B., Laser ablated thin films of XBaO7_.:

of 1um in size. These particles are undesirable if the films
are to be used as a base for microelectonic devices working ~
in the microwave region, since they are Y-rich and Cu-poor.
Therefore, the use of a limited number of pulses during
the preablation stage, results in a reduced target roughening©.
enabling a higher ablation rate and the deposition of high
quality thin films on the appropriate substrates. Such films

exhibit the lesser number ofpdm droplets on their surface

and have very good superconducting properties, nearly thei1.

same as the best YBE@uzO7_, thin films yet fabricated.
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