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The atomic motion of oxygen in a c-axis-oriented YBa2Cu307 z film was studied with implanted ' 0
as a tracer. Conventional annealing in an oxygen Aowing ambient was performed for 1 hour at various
temperatures between 175 and 550 C. Analysis by secondary-ion mass spectroscopy shows that the im-

planted ' 0 starts to migrate within the YBa2Cu307 z film at a low temperature, between 250 and
300 C. Results from gas/solid oxygen isotopic exchange shows that at 315'C oxygen can enter the
YBa2Cu307 z film and confirms the high mobility of oxygen within the film even at this low tempera-
ture. The apparent volume di6'usivity of the oxygen at 315'C is found to be —1.5X10 ' cm /s. Short-
circuit di6'usion is thought to play an important role in determining the high mobility of oxygen in the
c-axis-oriented YBa2Cu307 z film.

I. INTRODUCTION

Mass transport by diffusion is an important
phenomenon in high-temperature superconductor s
(HTSC) since it controls such behavior as sintering,
chemical reactivity, stoichiometry, transport properties,
and damage by irradiation. It has been found that oxy-
gen ordering in YBa2Cu307 s (YBCO) plays a very im-
portant role in superconductivity. The motion of oxygen
has been a major focus in the literature. An activation
energy of 1.2+0.2 eV for oxygen self-diffusion in the a-b
plane and 1.6+0.3 eV for oxygen self-diffusion in the c
direction, can be generally summarized from the pub-
lished results, ' together with an anisotropic factor
D, b/D, —10 —10 . It should be noted that the above
results were derived mainly from bulk single-crystal or
polycrystalline YBCO samples (referred to as diffusion in
the a bplane). -

Epitaxial YBCO films hold great promise for practical
applications, but there are few data about diffusivity of
oxygen in epitaxial YBCO films. Assuming that the
resistance change of the film is a consequence of oxygen
diffusion, an activation energy of 0.33 eV has been report-
ed, for the temperature range between 450 and 550 C, for
oxygen diffusion in a c-axis-oriented YBCO film pro-
duced by laser ablation. Whereas by annealing of deoxy-
genated YBa2Cu30„(x =6. 1 —6.2) in an oxygen atmo-

sphere and following the change of oxygen content by x-
ray measurement, Chen et al. reported an activation en-

ergy of 1.23 eV for oxygen diffusion in c-axis-oriented
YBa2Cu30 films produced by electron beam and
thermal evaporation. In addition, it has been reported
that during the production of c-axis-oriented YBCO films

by sputtering, a subsequent heat treatment in pure oxy-
gen at about 430'C for about 20 min can decrease the
deficiency of oxygen. ' This implies that the oxygen is
highly mobile at such temperatures. However, at 430 C
over 20 min, the characteristic diffusion length 2&Dt, for
the c direction and the a-b plane yield 10 nm and 5.8 pm,
respectively. Increasing the time from 20 min to 2 h does
not significantly increase this "diffusion length. "Thus the
question arises, for c-axis-oriented YBCO films how can
the oxygen ordering and/or enrichment be achieved at
such low temperatures.

This work reports direct measurements of oxygen self-
diffusion in the c direction of a sputtered c-axis-oriented
YBCO film. Diffusion samples were formed by ion im-
plantation of ' 0 into the c-axis-oriented YBCO film with
a thickness of -830 nm. Isotopic gas-solid exchange has
also been used for comparison.

SIMS analysis of such samples shows that oxygen is
highly mobile in such c-axis-oriented YBCO films. The
aim of this study is not only to gain an understanding of
the fundamental aspects of oxygen migration in YBCO
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films, but also to find out practical annealing conditions
for oxygen reordering in irradiated and treated YBCO
films. We will report on the effects of conventional an-
nealing and rapid thermal annealing on as-received and
irradiated YBCO films in a separate paper.

II. KXPERIMENTAI.

A YBCO film was deposited on a (100) LaA103 single
crystal in situ by dc sputtering from a stoichiometric tar-
get, using the inverted cylindrical magnetron method. '

The sputtering gas pressure was 870X 10 mbar, with a
mixture of 2/3 argon and 1/3 oxygen. The substrate was
clamped to a resistive heater, with a copper shim to im-
prove thermal contact. During deposition of the film, the
temperature of the heater block was 840'C. After depo-
sition the chamber was backfilled to 250 mbar of oxygen,
and the sample allowed to cool to about 450'C for 15 min
before the heater was switched off. The film was —830
nm thick, with a superconducting transition temperature
of 90.5 K (R =0), as determined by both a dc resistance
measurement and an inductive method. " X-ray
diffraction (XRD) showed that the YBCO film was grown
primarily with the c axis perpendicular to the substrate
surface. The c-axis lattice parameter and inferred oxygen
content (7—5) were equal to 11.67 and 6.95 A respective-
ly. No a-axis-oriented grains could be found within the
well-connected c-axis-oriented film, either by XRD or
scanning, electron microscopy (SEM) studies. The film
was determined to be quite uniform, but usually such epi-
taxial YBCO films contain some second-phase precipi-
tates and twin boundaries.

Irradiation was performed with 200 keV ' 0 to a dose
of 5X10' /cm at room temperature (RT), at 7' to the
surface normal to minimize channeling effects. After im-
plantation the sample was subdivided into pieces of size-2 X 3 mm and annealed for 1 h in a tube furnace in an
oxygen Aowing ambient, at various temperatures between
175 and 550'C. For one of the pieces, sequential isoch-
ronal annealing was also performed. A further piece of
the as-received film was used for isotopic gas-solid ex-
change. The sample was annealed at 315'C for 1 h in a
quartz tube containing ' 0 at a pressure of 990 mbar.

Details of the annealing schedules of samples referred to
in this paper are listed in Table I.

Oxygen depth profiles after implantation and after
each of the post-irradiation annealing steps were obtained
on an Atomika 6500 SIMS instrument by using a 10 keV
Cs+ primary beam at normal incidence and analyzing the
negative secondary ions. Details of the analysis of YBCO
films using SIMS can be found in our previous publica-
tions. ' ' The position of the interface between the
YBCO film and the substrate can be easily inferred from
the steps of ' 0 and Cu signals. ' Oxygen isotopic
fraction profiles were obtained from the intensity ratio
' 0 /(' 0 + ' 0 ), these intensity ratios are used for
comparisons between samples of different annealing con-
dition and for estimation of the retained dose of ' O in
the film. It should be noted that the isotopic "back-
ground" of ' O, obtained by taking the intensity ratio of
' 0 /(' 0 +' 0 ) at the end of the depth profiles, is
equal to -0.002, which corresponds well to the natural
isotopic abundance. Because the original oxide contains
' 0 at the natural abundance level of 0.002 prior to im-
plantation, calculations of the retained dose using the
area under the isotope ratio profile plots have this natural
abundance level subtracted. Only changes larger than
+5% of the area under the isotopic ratio profile are
detectable using this method, because the absolute
quantification of the area is dependent on the measured
depth which includes this level of error.

III. RKSUI.TS AND DISCUSSIONS

As implanted ' -0 depth profile. Line 1 in Fig. 1 shows
the as-implanted ' 0 isotopic ratio profile for sample no.
2. The YBCO film, with a density of 6.54 g/cm, con-
tains 4. 1X10 oxygen atom/cm . The natural abun-
dance of the two most abundant oxygen isotopes is
99.8% ' 0 and 0.2% ' 0. This means that 24. 15 nm of
YBazCu307 film will thus correspond to 1 X 10' 0
atom/cm . On average, the implanted ' 0 corresponds
to about 1.45% of oxygen already present in the oxygen
sublattice of the 123 phase. Under the assumption that
the density of the film is unchanged during implantation,
the area (called Qii below) under the ' 0 isotopic ratio

TABLE I. Details of the annealing schedule of the samples referred to in the text.

Sample
no.

2'
3'
4a

5'
6a

7'
8a

9
10

"0+ implant
(200 keV, 5X10' /cm~)

No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No

As received

Annealing condition

175 'C for 1 h, in flowing ' 0 (1 bar)
As 3+250'C for 1 h, in flowing ' 0 (1 bar)
As 4+ 350'C for 1 h, in flowing ' 0 {1 bar)
As 5+450'C for 1 h, in flowing ' 0 (1 bar)
As 6+550'C for 1 h, in flowing ' 0 (1 bar)
300 C for 1 h, in flowing ' 0 (1 bar)
315 C for 1 h, in flowing ' 0 (1 bar)
315 C for 1 h, in ' 0 (990 mbar)

'Samples were used for sequential isochronal annealing. For such samples, after each of the anneal steps the sample was cooled to
room temperature for analysis, and then annealed again.
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curve, corrected for the natural abundance, represents
the implanted ' 0 and corresponds to a dose of
(5.6+0.3)X 10' ' 0/cm, which is in good agreement
with the nominal dose of 5X10' ' 0/cm . Therefore,
the concentration calibration of the as-implanted ' 0 dis-
tribution shown by line 1 in Fig. 2 was achieved by as-
suming all the (nominal) implanted ' 0 has been trapped
in the sample. Lines 2 and 3 in Fig. 2 show the simulated
' 0 and dpa (displacements per atom) depth profiles ob-
tained by the PC-based code TRIM-92 (Ref. 14) which as-
sumes a random target medium. For simulating these
distributions a threshold displacement energy E& of 20
eV for all elements is assumed. It can be seen that the
agreement between the measured depth profile and simu-
lated depth profile is good, although the range data (such
as the mean projected range) for the measured depth
profile are about 10/o larger than those for the simulated
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FIG. 2. Line 1, the as-implanted ' 0 concentration distribu-
tion; lines 2 and 3, the simulated ' O concentration and damage
distributions for the YBCO film obtained by TRIM-92.
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FIG. 1. Lines 1 —7, "0 isotopic ratio profiles for samples no.
2 and 4—9 listed in Table I.

profile. Figure 2 shows that most of the displacement
damage remains within the -440 nm top layer of the
film. Therefore, it can be expected that this irradiation
will result in a surface amorphous layer (to a depth of
-420 nm). This corresponds to a dpa level of 0.2 for
amorphizing the YBCO films by irradiation. ' ' Here,
we have considered that the actual damage distribution
may be 10% deeper than that simulated, due to the mea-
sured range being 10% deeper. In addition, the deeper
part of the film, at least 200 nm of the film adjacent to the
interface contains less of both radiation damage and im-
planted ' O.

' 0 diffusion in the Plm during annealing L.ines 2 —7
in Fig. 1 show the ' 0 isotopic ratio profiles for samples
nos. 4—9. The area (under the ' 0 isotopic ratio curve
with natural ' 0 isotopic abundance subtracted) which
corresponds to the retained dose of ' 0 for each sample
can be estimated to be (98.1+5.0)% Qo, (78.6+4.0)%
Qo, (51.6+2.6)% Qo, (4.6+0.3)% Qo, (95.5+4.8)% Qo,
and (84. 8+4.3)% Qo, respectively. The area ratios of
the ' 0 isotopic ratio curve for each sample to the as-
implanted ' 0 isotopic ratio curve, without the natural
' 0 isotopic abundance subtracted, are found to be
—98%, —81%, 57%, 15%, 96%, and —87%, re-
spectively. It is clear that the implanted ' 0 plays a role
in monitoring the oxygen migration within the film.
However, it should be mentioned here that the change of
the area under ' 0 isotopic ratio curve during annealing
is mainly due to the effect that ' 0 in the gas ambient ex-
changes with ' 0 within the film. Additionally, we must
consider that the total oxygen content of the film may
change during the annealing process, i.e., that some oxy-
gen enrichment and/or indiffusion by oxidation or oxy-
gen loss and/or outdiffusion by reduction may also in-
duce a change of the area under the ' 0 isotopic ratio
curve. Calculations show that a 10% oxygen enrichment
(or loss) of the film by the natural oxygen gas (99.8%
' 0) ambient will only induce 10% decrement (or incre-
ment) of the area and thus can only play a minor role in
the change of the area under ' 0 isotopic ratio curve. In
fact, we do not think that such oxygen loss or enrichment
as large as 10% takes place, for the following reason: (i)
the as-received film is near fully oxidized; (ii) the implant-
ed 'sO only corresponds to about 1.45% of oxygen al-
ready in the film; (iii) it is reasonable to assume that tar-
get atoms (such as oxygen) may be displaced rather than
the oxygen being lost from the film' ' because within
the irradiated film there are enough sinks for the dis-
placed oxygen. This could induce locally disordered re-
gions and hence locally induce a large change in the oxy-
gen sublattice, such as from the superconducting 06 95 to
nonsuperconducting O625 (and further to an amorphous
film); (iv) the displaced oxygen can partly reorder accom-
panying the regrowth of the top amorphous YBCO layer
or join the oxygen exchange during the anneals; (v)
within this annealing temperature-oxygen pressure range
the orthorhombic 123 phase should be stable. '

It is clear that up to 250'C (see, for example, line 2 in
Fig. 1) the implanted ' 0 is immobile and no detectable
oxygen has moved into, or out of, the film. In such a
case, the possibility of oxygen entering the film and



51 SECONDARY-ION-MASS-SPECTROSCOPY STUDY OF OXYGEN. . . 8501

remaining as atomic oxygen has also been ruled out, as
the change of the total oxygen concentration will induce
the change of the area and ' 0 isotopic ratio profile.
However, we cannot rule out the possibility of some 02
moving into the film and remaining as 02. At 300 C the
implanted ' 0 is clearly mobile (see line 6 in Fig. 1). The
profile becomes broader and some of the implanted ' 0
migrates into the deeper layer of the film where the irra-
diation damaged is less. Using ~ =2D~t (i.e., via
Brownian movement ), the apparent diffusion coefficient
in the irradiated film, D~, is —1.4X10 ' cm /s at
300 C. Here, we have defined the mean-square displace-
ment of the diffusing ' O, rLY, as equal to the difference
between the square of the right half-height widths for line
6 and line 1 in Fig. 1.

For the higher temperatures (i.e., T ~ 350 C), the final
' 0 isotopic ratio profiles (see lines 3—5) are controlled by
both effects of (i) the gas ' 0/solid ' 0 exchange and
diffusion in the surface layer accompanying the regrowth
of the implanted layer and (ii) ' 0 self-diffusion within
the film. Clearly oxygen is highly mobile within the
YBCO film at such high temperatures. ' 0 self-difFusion
within the film tends to make the ' 0 distribute uniform-
ly throughout the film, whereas gas ' 0-solid ' 0 ex-
change and diffusion in the surface induces a dip in the
' 0 isotopic ratio profile in the surface region, as shown,
and a reduction in the total ' 0 content of the film as
defined by the area under the isotopic ratio curve.

In addition, no obvious evidence shows that ' 0 is
mobile across the interface between the film and the sub-
strate at these temperatures. The diffusion coefficient of
the oxygen in single-crystal LaA103 is clearly much lower
than that in the YBCO film (see, for example, the tails of
lines 4—7).

' 0 gas/' 0 solid exchange Line 1 in. Fig. 3 shows the
exchange and diffusion profile of ' 0 for sample no. 10.
Line 1 in the inset of Fig. 3 shows the same profile but the
scale type of vertical axis is in common logarithm. Line 2
in the inset of Fig. 3 is the as-implanted ' 0 depth profile
for sample no. 2 for comparison. About 3. 1 X 10'
' 0/cm from the gas ambient has exchanged with solid
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FIG. 3. Line 1, ' 0 penetration profile along the c direction
of the as-received YBCO film (sample no. 10); line 2; the fitted
curve to Eq. (2); line 3, if the experimental points within the
80-nm top surface layer are ignored, the fitted curved to the first
two terms in Eq. (2). Line 1 in the inset shows the ' 0 penetra-
tion profile in another format, with the as-implanted "0 isoto-
pic ratio profile (line 2) as reference.

' 0 within the as-received YBCO film. The exchanged
number is higher than that for the implanted film an-
nealed at the same temperature (see line 7 in Fig. 1, for
sample no. 9). This suggests that the surface exchange
kinetics is dependent on the damage level at the surface
of the film.

The isotopic profile (line 1 in Fig. 3) confirms the high
mobility of oxygen within the YBCO film. This profile
also shows a turning point at a depth of —80 nm imply-
ing two different diffusion mechanisms. Line 2 in Fig. 3,
which is very close to the experimental points, is the
curve fitted to the solution appropriate for a semi-infinite
solid with both volume and fast planar diffusion. The iso-
topic fraction C, 8 is defined as

C,s=[' 0 /(' 0 +' 0 ) —0.002],

C, s =C, erfc(x/2v D~) —exp(Kx/D+K r/D) Xerfc[x/(2&D~)+(K/D)+Dr]+C2exp( —C3x' ),

where D is the volume diffusion coefficient. ~ is the an-
nealing time. C& and C2 are constants, and C3 is defined
by

Ds5=0. 66C3 V4D/r . (3)

Here Dz is the short-circuiting (planar) diffusion
coefficient (see below) and 5 is the width of the short-
circuiting path. ' The short-circuiting paths may be
thought to be grain boundaries or twin boundaries, only
if the Le Claire P factor, ' defined as P =D&5/2D &Dr, is
larger than 10. From the fit to the experimental data us-
ing Eq. (2), the volume diffusion coeflicient D and the sur-
face exchange coefficient L of oxygen were found to be

1. 1 X 10 ' cm /s and 2.3 X 10 " cm/s, respectively.
This value of diffusivity is about 4 orders of magnitude
smaller than diffusion in the a-b plane but somewhat
larger than expected for pure c-axis diffusion. The P fac-
tor obtained was found to be 96. It should be noted that
the volume diffusion coefficient D is only applicable to the
profile within the 80-nm top surface layer of the film.
The short-circuit diffusion coefficient is only obtained as
the product D+6. If we let 6=1 nm, the fitted Dz is
found to be 4.2X10 ' cm /s.

A second method of fitting the data was also tried. If
the experimental points within the 80-nm top layer are
ignored, a very good fit (see line 3 in Fig. 3) can be ob-
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tained to the remainder of the profile using the first two
terms in Eq. (2), giving an apparent diffusivity in the
deeper region D~ of 1.5X10 ' cm /s. The K~ value of
2.9X10 " cm/s is only changed by a small amount.
This apparent Dz value is about 1 order of magnitude
smaller than that in the a-b plane of the bulk YBCO.
Thus it is possible to obtain a second "good" fit using two
apparent volume diffusion components, i.e., the slow one
fitted to the first 80 nm and the second (fast one) to the
remainder of the profile. These facts suggest that some
fast diffusion paths do exist, although their nature cannot
be determined from diffusion data alone. It is well known
that epitaxial YBCO films usually contain defects, twin
boundaries, second phase precipitates (and so some inter-
nal surfaces between them and the 123 phase), and slight-
ly misoriented regions. Any of these defects could be
the source of fast diffusion paths.

IV. SUMMARY

In summary, this study shows that oxygen has a high
mobility in a c-axis-oriented YBCO film. The apparent
diffusivity of oxygen, in the c direction of the c-axis-
oriented film, is much larger than that the single-crystal
value in the c direction but smaller than that in the a-b
plane. Short-circuit diffusion in the c-axis-oriented
YBa2Cu307 & film is thought to play an important role in
determining the high mobility of oxygen. This current
research is being continued, and details of the relation-
ship between the oxygen migration, the microstructure,
and its evolution, and the transport properties of the irra-
diated YBCO film will be reported in a separate paper.
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