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Diagnosis of precipitate formation in pulsed-laser deposition of YBa2Cu3O72d

by means ofin situ laser-light scattering and ex situ atomic force microscopy
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We have developed a technique using laser-light scattering for monitoring and controlling precipitate for-
mation during pulsed-laser deposition of YBa2Cu3O72d ~YBCO! films. By laser ablating a stoichiometric
YBCO target under optimum conditions for preparing high-crystallinity YBCO films, it has been almost
inevitable to have precipitates on the film surface. The dominant phases of the precipitates analyzed by
m-Auger mapping were Y-deficient compounds~CuO and BaCuO2!. The progress of precipitate formation at
the very beginning of the film growth could be monitoredin situ by measuring the intensity of the light
scattered to a nonspecular direction after being impinged obliquely on the film surface. The increase of
scattered light intensity was verified to result mainly from the increase of the precipitate size from the quali-
tative analysis ofex situatomic force microscope images and Rayleigh scattering theory. We have proposed
that the precipitates were segregated from the highly crystalline 123 phase and their formation proceeded in
two steps, i.e., nucleation and growth. Then, we could expect the precipitate segregation could be reduced
either by a two-step process with the aid of optical scattering data to readjust the averaged film stoichiometry
or preventing the nucleation to reduce the segregated precipitates. By switching the target to an yttrium-rich
~50%! pellet (Y1.5Ba2Cu3O72d) after the deposition of 10-unit-cell-thick YBCO having precipitates, a decrease
in the scattered light intensity was observed to be consistent with the reduction of precipitate. This is attributed
to the compensation of the yttrium deficiency and conversion of the Y-deficient precipitates into the YBCO
phase by the reaction with Y-rich ablated species. Thus the measurement of light scattering is shown to be a
useful tool not only for analyzing the surface reactions, but also for suppressing precipitate formation.
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I. INTRODUCTION

Precipitate formation on YBa2Cu3O72d ~YBCO! thin
films is one of the most serious problems preventing
fabrication of leakage-free Josephson tunnel junctions.
cently, we have elucidated that even a small deviation fr
stoichiometry~;1% Y deficiency! could induce segregatio
of phases which consist of excess elements~predominantly
CuO and BaCuO2! on the films prepared by pulsed las
deposition~PLD!, especially under the conditions optimize
for getting high crystallinity and excellent superconducti
properties.1 For such multicomponent compounds, it is a
most impossible to adjust the stoichiometry of the depos
elements exactly, unless self-organization controls the
ichiometry in a way similar to the vapor phase epitaxy
GaAs, where excess As can be removed due to the low s
ing coefficient.2

In a molecular beam epitaxy~MBE! of such complex
metal oxides as high-Tc superconductors, the film compos
tion is determined by the supplied flux of constituting e
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ments whose sticking coefficient is close to unity. The su
plied flux of each element is individually controlled by usin
such flux-monitoring techniques as atomic absorption3 and
crystal resonance detection. The stoichiometry is determi
by the accuracy of the monitoring method, which is typica
not better than 1%. For PLD, the fluctuations in laser fluen
and target morphology could induce off-stoichiometry. Th
if one wishes to eliminate the precipitate under the con
tions which preserve high crystallinity of the films, one h
to develop anin situ technique for monitoring the precipitat
formation to bring the system to recrystallize the precipita
into the desired structure by adjusting the stoichiometry
the species supplied on the film surface.

Control of stoichiometry in this way may be done b
monitoring the surface morphology on an atomic scale w
reflection high-energy electron diffraction~RHEED!. Char-
acteristic spots in the RHEED pattern were observed for
segregation of Cu2O during MBE growth of YBCO~Ref. 4!
as well as for either Cu2O or La2O3 during MBE of La2CuO4
depending on the net ratio of La/Cu in the flux.5 Naito and
8419 © 1997 The American Physical Society
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Sato have pointed out the possibility to feed back
RHEED results to readjust the stoichiometry of the fl
ratio.5 However, there have been no reports of stoichiome
control under relatively high pressures where RHEED can
be used. We have reported that such values as the thick
and optical constants of the films could bein situ measured
during PLD of YBCO by monitoring the reflection intensit
of p-polarized diode laser beam obliquely impinged on
film surface.6 When the film had high density of precipitate
we could detect it as a decrease of reflectance by scatte
loss. In this study, we have detected the scattered light
stead of the reflected light. Laser-light scattering was a
reported to be useful for detecting Ga droplets during Ga
growth under As-deficient conditions.7 This method is appli-
cable for detecting objects even smaller than the wavelen
of the light. For instance, Epler and Schweizer observed
tensity oscillation of scattered light with a period of mon
layer growth during GaAs homoepitaxial growth, presu
ably due to the light scattering at the unit-cell high steps8

In this work, we used laser-light scattering for monitorin
precipitate formation on laser ablated YBCO films unde
relatively high oxygen pressure. The increase of light sc
tering during the film growth was shown to be due to t
increase of the precipitate size from the detailed compar
with ex situatomic force microscope~AFM! results. A pre-
liminary result is given for applying this technique to th
recrystallization of precipitates~CuO, BaCuO2! into desired
phase~YBCO! by compensating the deficient element~Y!.

II. EXPERIMENT

YBCO films were prepared by pulsed KrF eximer las
~Lambda Physik, LPX 100, 1 J/ cm2, 1 Hz deposition from a
stoichiometric target. The films were deposited at a subst
temperature of 750 °C and an oxygen pressure of 600 mT
A schematic illustration of thein situ laser-light scattering
measurement system is shown in Fig. 1. An Ar ion la
beam~NEC, GL S3260J, 488 nm, 100 mW! wasp polarized,
modulated at 170 Hz by a chopper, and impinged on
surface at an incident angle of 63°. Shorter-wavelength~l!
laser light was preferred because the Rayleigh scattering
small object is enhanced as a function ofl24. The reflected
light was measured to monitor the thickness and optical c
stants of the growing films as already reported in Ref. 6
part of the scattered light was introduced through a qu

FIG. 1. Schematic illustration of pulsed laser deposition sys
equipped within situ light scattering measurement system.
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window to the optical fiber connected with the monochr
mator and lock-in amplifier. The scattering direction was 4
from normal, and its projection on the film surface was p
pendicular to the incident-reflected beam plane. In this
ometry, the scattering angle was 79° and the scattering
tor ~K! was 13.8mm21 ~correlation length;0.46mm!. Nb ~1
wt %! doped SrTiO3(100) substrates were used because
its large absorption coefficient which prevented undesi
light scattering at the back side and bulk crystal defects
the substrate.

In order to examine the relationship between the scatte
light intensity and the film surface morphology, we quench
the film by turning the heater off and analyzed the surfa
morphology by atomic force microscopy~AFM, SEIKO SPI
3700! with a standard Si3N4 tip ~20-nm-diam equivalent!.
The AFM image is a convolution of the surface morpholo
and tip geometry, but the size of precipitates discussed in
paper is far larger than the tip radius and therefore the e
of the precipitate volume estimated from AFM image is ne
ligibly small.

III. RESULTS AND DISCUSSION

A. Precipitate formation during initial growth

The pulsed laser deposition at a rate of 0.11 nm/pu
from a stoichiometric YBa2Cu3O72d target gavec-axis-
oriented epitaxial films with small precipitates on the su
face. The films exhibited high crystallinity and excellent s
perconducting properties.9 In our previous paper, we con
cluded that the precipitates with a quite high dens
~.107 cm 22! had already nucleated at the initial sta
~thickness,50 nm! of the film growth and subsequent dep
sition made precipitates larger keeping the same dens1

Here we report a detailed analysis byin situ light scattering
andex situAFM for the very beginning of the YBCO growth
on the commercial SrTiO3 substrate.10

Figure 2 shows the scattered light intensity observed d
ing the growth of the initial 10 unit-cell~uc! layers of
YBa2Cu3O72d film. The scattered light intensity monoto
nously increased just after the deposition started. This re
suggests that the precipitates were formed from the very
ginning of the film growth. To confirm this behavior,ex situ
AFM analysis was performed at various stages by quench

FIG. 2. Variation of scattered light intensity during YBCO in
tial growth up to 10 unit cells thick.
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the films. As shown in Fig. 3, the precipitates had alrea
appeared on 1 uc~unit cell! YBCO. The typical height and
lateral size of the precipitates were 10 and 200 nm, resp
tively, far smaller than the wavelength. Smith observed t
increase of scattered light intensity from Ar ion laser bea
due to the pits formed on a GaAs wafer during oxide deso
tion by heating the substrate up to 630 °C.11 The pits were
5–10 nm in depth and 20–200 nm in lateral size, which a
comparable to the sizes of the precipitates on 1 uc YBC
Therefore, the initial increase of light scattering can be re
sonably counted as the precipitate formation on YBCO film
AFM measurements at the subsequent stages revealed
the precipitates became larger, but their density decrease
the film thickness increased.

FIG. 3. AFM images of YBCO films at various thicknesses.~a!
1 uc, ~b! 3 uc, and~c! 10 uc. The scan area was 10mm 3 10 mm.
Film thickness dependences of quantitative data extracted fr
AFM images.
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The quantitative analyses of AFM images gave furth
important information about the nucleation and growth of t
precipitates. As the shape of the precipitates appeared to
cone in the AFM images, we assumed the volume~ v! of a
precipitate to beS3h/3, whereS is the area of precipitate in
an AFM image andh is the height of the precipitate. Th
mean value of the volume for a precipitate is plotted in F
4~a! as a function of the film thickness. The density~D! of
the precipitate@Fig. 4~b!# was evaluated from AFM image
~10 mm310 mm!. The total volume of the precipitate per un
area~cm2! and the volume fraction were thus evaluated
Dv andDv/t, respectively, wheret is the nominal thickness

m
FIG. 4. ~a! Average volume of a precipitate (v). ~b! Precipitate

density (D). ~c! Total volume (V5vD). ~d! Volume fraction
(vD/t) of the precipitate to the nominal film volume.~c! A param-
eter,v2D, which should be proportional to the scattered light inte
sity under Rayleigh scattering approximation.
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of the film. As shown in Fig. 4~a!, mean value of the pre
cipitate volume increased monotonously. The density of p
cipitate was quite high~ 33108 cm22! at 1 uc, but rapidly
decreased to a steady value of 23107 cm22, which coin-
cides with the value evaluated by scanning electron mic
copy ~SEM! images for hundreds nm thick films. Therefor
the nucleation of precipitates took place when the very fi
monolayer of YBCO was deposited, followed by the grow

In order to correlate the scattering intensity with t
above quantitative data deduced from AFM pictures, we c
sider the scattered light intensity based on Rayleigh appr
mation. When the object size is much smaller than the wa
length, the light scattered by the object can be described
the Rayleigh approximationI 5E2 where E is the electric
field of scattered light and is proportional to the dipole m
ment of the object. When the object is smaller than the p
etration depth of the light, the total dipole moment of t
object is proportional to its volume. Therefore, the scatte
light intensity from a particle is proportional tov2.12 Thus
the total scattered light intensity from particles with a dens
of D is proportional tov2D, which is plotted in Fig. 4~e! as
a function of film thickness to show the monotonous
crease. The open circles in Fig. 5 are plotted to show
relationship betweenv2D and scattered light intensity (I )
shown in Fig. 1. This linear relationship indicates that t
light scattering during the initial growth of YBCO was in
deed caused by the presence of precipitates. Thus we
clude that the variation of total volume of the precipitat
could be evaluatedin situ by monitoring the scattered ligh
intensity.

Now we concentrate on the mechanism of precipitate
mation. As shown in Fig. 4~d!, the volume fraction of pre-
cipitate at 1 uc is as high as 8%. For identifying the phase
the precipitates at the very initial stage, a RHEED patt
was taken at an incident angle as small as possible. Toge
with the streaks due to the two-dimensional perovskite s
face, we could detect diffused spots due to the transmis
of electron beam through the precipitates. By comparing
pattern with those for rather rough Cu2O, CuO, and BaCuO2
films, we concluded that the majority of the precipitates w

FIG. 5. Relationship between scattered light intensity andv2D
taken from Fig. 4 are plotted bys. This linear relationship indi-
cates the scattered light is due to the precipitates existing on the
surface during the deposition. The points shown byd, m, j, .,
and l are the data for the filmsA, B, C, D, and E in Fig. 7,
respectively. The dotted line is a guide to eye.
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CuO. The 8% precipitate volume fraction correspon
to one atomic layer of CuOx among six atomic layers o
YBa2Cu3O72d. Therefore, the matrix film covering th
SrTiO3 substrate is presumed not to be YBa2Cu3O72d, but
YBa2Cu2Ox . Kawai et al.13 and we14 specified that the sur
face of SrTiO3 substrate was predominately terminated by
TiO2 atomic layer, which is aB-site layer in perovskite
ABO3. Assuming that theA-site layer~Y or Ba! comes pref-
erentially on top of the TiO2 layer with preserving the YBCO
lattice structure,15 the topmost layer would be aB-site cation
~either CuO chain or CuO2! layer after the deposition o
1-uc-thick YBCO. However, the topmost atomic layer of t
films in this study must be anA-site layer since one atomi
layer of CuO segregates as precipitates. Similar conver
of topmost layer from theB-site layer to theA-site layer
during epitaxy of perovskite compounds was also obser
by us in heteroepitaxy of SrCuO2 ~Ref. 16! on SrTiO3 and
homoepitaxy of SrTiO3.

17

As the film became thicker, the volume fraction of th
precipitate gradually decreased to reach a constant valu
2.5% at 5 uc growth and more. This result indicates that
average off-stoichiometry of species supplied under th
conditions was a few percent. As a reason why the precip
density decreased, we propose a scheme as follows. The
tance between two adjacent precipitates can be regarded
diffusion length of the off-stoichiometric species.1 If we as-
sume the diffusion length on SrTiO3 is short but that on
YBCO is long, we can explain the decrease of precipitate
the following way. First, CuO precipitates nucleate dense
Some of them serve as nucleation sites for forming lar
CuO and BaCuO2 precipitates which were observed o
thicker films. The other majority just disappears by the d
sorption of Cu-related species from preexisting CuO prec
tates to migrate again on the film surface and to be incor
rated in the growing precipitates. These phenomena can
well understood if the critical size of nuclei is small o
SrTiO3 and becomes large on YBCO because of the diff
ence of free energy at the interface.

B. Precipitate elimination by supplying Y-rich species

From the results and discussion presented above,
clear that the segregation of precipitates started at the
monolayer growth of YBCO. The subsequent deposition
duced the growth of precipitates. Let us discuss here how
optical scattering can be used to eliminate the precipita
Precipitates on 10 uc YBCO films were identified b
m-Auger electron spectroscopy to be mainly CuO a
BaCuO2 in a similar way to that in Ref. 1. Therefore, th
average composition of the deposited elements should b
the Y-deficient region hatched in the YO1.5-BaO-CuO
pseudoternary equilibrium phase diagram18 ~Fig. 6!. If one
supplies Y-rich species after the growth of YBCO, one w
be able to move the total composition of the system close
123 along the line between YO1.5-Ba2Cu3Ox and the average
composition of precipitates. To supply extra Y atoms,
used a Y1.5Ba 2Cu3O72d ~Y1.5BCO! target and ablated it un
der the same conditions as those used for the ablation
YBCO target. We did not choose Y2O3 or Y2BaCuO5 targets
because they can stably coexist with YBCO and these c
pounds were frequently observed as impurity phases

lm
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YBCO films with Y-rich average composition.19 When we
deposited 300-nm-thick films from the Y1.5BCO target, the
films were turned out to bec-axis-oriented YBCO having
poor crystallinity and high density~23107 cm22! of Y2O3
and Y2BaCuO5 precipitates. The overall composition of th
films was the same as that of the target according to
results obtained by the inductively coupled plasma~ICP!
analysis. The deposition rate of the films was the same, 0
nm/pulse, for the both targets.

First, 10 uc YBCO film was deposited from the stoichi
metric target, and then 0.5 uc Y1.5BCO was deposited on th
YBCO film. The volume fraction of precipitates on 10 u
YBCO films was about 2.5%. In order to compensate the
deficiency in these precipitates, the deposition of 0.5
Y1.5BCO should be required, if we assume Ba/Cu ratio
eraged over the precipitates is 2/3.

Figure 7~a! shows the variation of scattered light intens
observed during and after the depositions of 0.5 uc Y1.5BCO
on top of the 10 uc YBCO. For the comparison, we a
carried out the deposition of 0.5 uc YBCO on top of the
uc YBCO under otherwise the same conditions@Fig. 7~b!#.
Curve ~a! continued to increase slightly after the depositi
of the initial YBCO layer but started to decrease just after
uc Y1.5BCO was deposited. On the other hand, when 0.5
YBCO was deposited, the scattered light intensity continu
to increase@curve~b!#. To correlate the scattered light inten
sity with surface morphology, we carried out again the AF
observation for the films quenched at stages denoted byA, B,
C, D, and E in Fig. 7. Figures 8~a! and 8~b! show AFM
images of the films kept at the deposition temperature for
min after the deposition of 0.5 uc Y1.5BCO ~D! and YBCO
~ E!, respectively. If we compare them with the AFM imag
for the 10 uc YBCO film shown in Fig. 3~c!, the changes of
the surface morphology are clear. The size of precipita
decreased drastically by depositing 0.5 uc Y1.5BCO, as
shown in Fig. 8~a!. The volume fraction of the precipitate
decreased from 2.5% to 1.0%. On the other hand, the siz

FIG. 6. Pseudoternary phase diagram of YO1.5-BaO-CuO at
850 °C and 1 atm oxygen pressure~Ref. 18!. The composition of
Y1.5Ba2Cu3O72d is marked by an asterisk. The hatched area sho
the region where YBCO can coexistent with BaCuO2 and CuO. The
primary crystallization field is also shown~Ref. 23! by the solid
triangle.
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precipitates increased after the deposition of 0.5 uc YBC
as shown in Fig. 8~b!. By depositing Y1.5BCO, the surface
morphology of the matrix film between the precipitates w
kept flat, i.e., similar to that shown in Fig. 2 of Ref. 2

s

FIG. 7. Variation of scattered light intensity observed during t
two-step deposition process.~a! 0.5-uc-thick Y-rich YBCO
~Y1.5Ba2Cu3Ox! was deposited on 12-nm-thick YBCO film.~b! Sec-
ond deposition was also carried out by using stoichiometric YB
target.

FIG. 8. AFM images of the YBCO film surfaces 45 min aft
the deposition of 0.5-uc-thick Y1.5Ba2Cu3O72d ~a! and
YBa2Cu3O72d ~b! on 10 uc YBCO films. The scan area was 1
mm310 mm. By supplying Y-rich species, the volumes of the pr
cipitates were greatly reduced.
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where clear step~1.2 nm! and terrace structure was see
Therefore, we conclude that the two-step growth can ind
control the volume of the precipitate. The AFM images
the films quenched at the stagesB andC ~immediately after
the deposition of 0.5 uc films! were very little different from
the image of the film quenched at the stageA, being consis-
tent with little changes in the scattering intensity. The sc
tered light intensity andv2D for the films at the stages from
A to E are also plotted in Fig. 5. The points for stagesA, B,
C, and D are on the linear line drawn in the Rayleigh a
proximation, whereas the pointE is deviated from the line
~too small scattered light intensity!. This can be explained if
we assume that the precipitates at stageE were too large to
be treated by the Rayleigh approximation. The scattering
curred only by the dipole moment near the surface to re
in the lower scattered light intensity because the incid
light cannot penetrate in the bulk of precipitate. From t
changes in scattered light intensity after the deposition of
uc films ~C to E and B to D!, the reaction between the
precipitates and the supplied species should proceed
slowly.

The real time observation of the surface reaction
YBCO growth have been scarcely made except for such p
cesses under low oxygen pressures as MBE. The diffus
times of activated adatoms in low pressure processes w
fast, in the order of a few tens of seconds, as estimated f
the recovery time of RHEED intensity.21 The reaction be-
tween the precipitates and the ablated species in this cas
PLD was so slow that it took 30 min or more. This differen
in reaction time scale indicates that the surface reaction
PLD is different from that in MBE. In PLD, most of ablate
species should be oxidized in vapor phase before they ar
at the film growing surface,22 whereas the unoxidized specie
could arrive at the surface in MBE. The surface diffusibili
of the oxidized species is presumed to be lower than tha
unoxidized species.

It is important to control precisely the composition o
YBCO films to achieve 123 stoichiometry and prevent t
precipitate formation caused by off-stoichiometry. Howev
our previous research showed that highly crystalline YBC
films could be fabricated only in the Y-deficient region in th
phase diagram, to make the formation of Y-deficient prec
tates almost inevitable.1 This tendency can be understood b
considering the location of the primary crystallization fie
~PCF! where crystallization directly from liquid is possibl
in the phase diagram. The PCF of YBCO is known to be
the Y-deficient area23 as shown in Fig. 6. This is why the
Czochralski growth of YBCO single crystal is carried o
from a BaO-CuO melts as self-solvents.24 To fabricate
o
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highly crystalline YBCO films, it is also important to crys
tallize the film from Y-deficient species migrating on the film
surface. This is why we always observed BaCuO2 and CuO
precipitates on highly crystalline YBCO films. If one wishe
to have highly crystalline films without precipitates, the two
step growth proposed in this paper should be effective.
the first step, Y-deficient species are supplied to grow hig
crystalline YBCO films from PCF and then Y-rich target i
used to compensate the off-stoichiometry. By repeating th
alternating depositions with the detection of precipitates
the optical scattering, highly crystalline YBCO films with
small amount of precipitates should be formed.25 In order to
grow films of such binary compounds as La2CuO4, an adjust-
ment of net composition can be achieved by switching tw
kinds of targets. In contrast, YBCO is a line phase compou
having ternaly elements. There has to be two degrees of f
dom in order to precisely adjust the net composition. Sin
the optical scattering cannot detect the net ratio of Ba/Cu
the precipitates, supplying Y-rich species only at the sa
Ba/Cu ratio cannot eliminate completely the precipitate
Even the compound is ternaly, this method can be applica
to La22xSrxCuO4, for example. If the~La1Sr!/Cu ratio is to
be adjusted, the precipitate will be eliminated because
and Sr ions can be solid soluted in a wide range of comp
sition.

IV. CONCLUSIONS

We have established a diagnostic method to monitor
precipitate formation by laser-light scattering during the fil
growth of YBCO. This method can be used under such hig
pressure processes as PLD and metal-organic chemical-v
deposition~MOCVD! without any damage on the surface
The scattered light intensity was shown to have good cor
lation with the total volume of the precipitates. By this diag
nosis together withex situAFM results, CuO precipitates are
shown to nucleate at the very beginning of YBCO grow
and to serve as nucleation site for precipitating BaCuO2 and
CuO. By supplying Y-rich species on the YBCO film, th
precipitates can be recrystallized into YBCO to reduce t
total volume. The concept of this two-step growth for elim
nating the precipitates was discussed on the basis of ther
dynamics and kinetics.
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