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Abstract

The incorporation of oxygen into YBa,Cu;0s, , (YBaCuO) thin films during in situ growth by pulsed laser deposition
(PLD) has been investigated as a function of the ablation conditions. A quenching technique has been used immediately after
termination of growth to avoid any oxygen in or out-diffusion during the cooling down step. It is shown that superconduct-
ing YBaCuO thin films can be formed without any post-oxygenation procedure, contrary to what is expected from the ( Po,s
T) thermodynamic diagram. Moreover, it is found that there is an optimal target—substrate distance, D, for each O,
deposition pressure, Py, that leads to the higher critical temperature (i.e., higher oxygenation) as well as to the best
structural and morphological properties of quenched films. The results are discussed considering the formation of reactive
oxygen in the laser-induced plasma during film growth. © 1998 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Pulsed laser deposition (PLD) has become a pow-
erful method for the fabrication of high-T_ supercon-
ducting thin films. Much work has been done to
optimize the deposition process by changing the
ablation conditions as ambient gas pressure, substrate
temperature, target density, laser fluence, etc. (see
for example, Ref. [1]). Nowadays, high quality
YBa,Cu,04. , (YBaCuO) thin films with T, = 90 K
and smooth surfaces are routingly produced by PLD.
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However, the series of chemical reactions resulting
in growth and oxygenation of YBaCuO phase are
undoubtedly complex and presently not well under-
stood. It is generally believed that at temperatures
around 750°C and oxygen partial pressures, Py , in
the range 0.1-1 mbar, normally used for in situ
growth of YBaCuO films by sputtering or PLD, a
semiconducting tetragonal phase (x=0, 0.2) is
formed, according to the YBaCuO thermodynamic
(Po,, T) diagram [2]. Thus, the superconducting
phase (0.4 < x< 1) can only take place with addi-
tional oxygen indiffusion during the cooling down
cycle after deposition [3]. However, this model of
YBaCuO film growth neglect completely the pres-
ence of atomic and ionic oxygen in the plasma
formed by sputtering or laser ablation, which could
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significantly increase the oxygen potential and,
therefore, the oxidation state of the films during
deposition. Indeed, it has been recently shown that
the sputtered YBaCuO films cooled down after de-
position in pure Ar or N, atmosphere (without post-
oxygenation) are superconducting with T, = 88 K
[4-6]. Moreover, YBaCuO films deposited by laser
ablation and subsequently cooled down to room tem-
perature in Ar atmosphere or using a quenching
technigque were superconducting with T, = 61-86 K
[7,8]. These results clearly indicate that the oxygen
content of the films during the high temperature
growth can be much higher than that expected from
the thermodynamic diagram. However, a systematic
study of the oxygen incorporation in laser ablated
YBaCuO films as a function of the deposition condi-
tions has not been reported so far. In this work, the
oxygenation of YBaCuO films during deposition by
PLD has been investigated as a function of the
target /substrate distance at different oxygen pres-
sures. Such a study helps to understand the interac-
tion of the expanding cationic species in the plume
with the background gas and the influence of the
active oxygen present in laser-induced plasma on the
superconducting and structural properties of YBaCuO
films.

2. Experimental

The experiments were carried out using a 248 nm
KrF excimer laser with pulse energy of 300 mJ,
repetition rate 1-10 Hz and a fluence of ~ 1.1
J/cm? at the rotating target. The films were de-
posited on SrTiO, substrates, which were glued with
silver paint to the stainless steel heater block to
ensure good thermal contact. The heater temperature
was set at 765°C and is henceforth referred to as the
deposition temperature. A high density (99%)
YBa,Cu,;O; tetragona target was used for ablation.
Films prepared using high density targets shows
significantly lower density of particles as compared
with lower dense targets[9]. The length of the visible
luminous plume, L, generated with the YBaCuO
target is a function of the oxygen pressure, P, . This
length was estimated experimentally to be L = 65,
63, 61 and 57 mm for P, =02, 0.3, 0.4 and 0.5
mbar, respectively. For each oxygen pressure Py, , a

number of YBaCuO films were formed at various
target /substrate distances, D. At the end of the
deposition process, after 1200 laser pulses, the films
were quenched at growth pressure. This was accom-
plished by removing the substrates from the heater
using a mechanical arrangement. Due to the small
therma mass of the substrates, their temperature
drops quickly after contact with the chamber walls
(Tepamper = 40°C), making, both, oxygen out-diffu-
sion and in-diffusion negligible during the cooling
down step. For comparison, aso films were cooled
down using standard conditions. Typically, after de-
position the chamber was filled with 1 bar of O, and
the films were cooled slowly to room temperature,
with annealing steps of 5 min at 600°C and 530°C.

The samples were characterized by four-probe
resistivity R(T) measurements, scanning electron mi-
croscopy (SEM) and X-ray diffraction (XRD). The
composition and thickness of the films were deter-
mined by Rutherford Backscattering Spectrometry
(RBS) using a 2.2 MeV “He* beam in random
geometry. The crystal quality of the samples was
estimated from the minimum yield in the Ba region
of the spectrum, .., which is the ratio of the
backscattered yield along the (001) direction to that
of random incidence.

3. Results

To demonstrate the effectiveness of the quenching
process the following experiment was performed: a
series of 100 nm thick YBaCuO films were annealed
during 5 min at T=750°C and P,, = 0.1, 1, 10 and
100 mbar, respectively. This time is long enough to
equilibrate the oxygen content of the films with the
surrounding atmosphere [4], which corresponds from
the (P, , T) diagram to x = 0.15, 0.2, 0.3 and 04,
respectively [2]. The samples were subsequently
guenched to room temperature at the annealing pres-
sure.

The R(T) curves of the filmswith x=0.15t0 0.4
are plotted in Fig. 1. It isinteresting to note that even
for the films with x=0.15 and 0.2, a positive
temperature coefficient is disclosed between 300 and
175 K or 50 K, respectively, indicating that hole
doping occurs at x dlightly above 0. At lower tem-
peratures the carriers are localized and both films
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Fig. 1. Resistivity as a function of temperature for quenched films. The numbers for the curves indicate oxygen contents, X, of

YBa,Cu;04,  films after annealing a T = 750°C in O,.

become semiconducting. The film with x = 0.3 ex-
hibits metallic behavior in the whole temperature
range but it does not become superconductor above
12 K. Only the film with x = 0.4 is superconductor,
with T, =48 K. These R(T) curves correspond very
well with those reported in literature for YBaCuO
thin films[10] and bulk material [11] with well-known
oxygen content. Two main conclusions can be drawn
from this result. Firstly, at equilibrium conditions
(without the oxygen plasma), the (P, , T) diagram is
a good guide for the oxygen content of the YBaCuO
films. Secondly, our quenching technique preserves
the initial oxygenation of the samples.

3.1. Superconducting properties

It is known that, for the growth of superconduct-
ing films by pulsed laser ablation, there exists an
optimal target /substrate distance for each deposition
pressure, which leads to the best film’'s quality. So
far, this has been related to the velocity distribution
of the various species in the plume [12,13]. How-
ever, others parameters such as the oxygenation ki-
netics play an important role in the growth of good
quality superconducting films. To investigate if the
degree of oxygenation of the films during deposition

depends on the target-to-sample spacing, we have
measured the R(T) curves of samples quenched
immediately after end of growth. Fig. 2 shows the
critical temperature of these films, T(R=0), as a
function of the target /substrate distance for different
oxygen pressures. The first important observation is
that superconducting YBaCuO films can indeed be
formed without any post-oxygenation procedure. This
is contrary to that expected from the (POZ, T) ther-
modynamic diagram, from which quenched films
should be semiconducting (x =0, 0.2). Moreover, a
strong dependence of T, on both the target /substrate
distance, D, and the oxygen pressure is observed.
For Py, = 0.2 and 0.3 mbar, T, increases with D,
reaches a maximum value when the substrate is
placed several mm beyond the plume boundary and
decreases dlightly at longer target/substrate dis-
tances. It is interesting to note that films produced
well within the YBaCuO plasma were found to be
semiconducting. Similar T.—D correlation was ob-
served for the films deposited at Py, = 0.4 and 0.5
mbar, although in that case T, does not decrease at
long target/substrate separation. It is aso shown
from Fig. 2 that, for a fixed target/substrate dis-
tance, T, presents a sharp maximum at P, = 0.3
mbar and decreases considerably at lower or higher
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Fig. 2. Critical temperature of quenched films as a function of the target /substrate distance for different oxygen pressures.

oxygen pressures. It should be noted, however, that
when the films were cooled down at high oxygen
pressure, in standard conditions, their critical temper-
ature was comparable, T, = 88 + 2 K, independently
of the target/substrate distance and P, in the win-
dow of parameters explored.

3.2. Composition, structure and morphology

Several characteristics of quenched films de-
posited at P, = 0.3 mbar are listed in Table 1. The
most striking feature is the deviation from the proper
stoichiometry for films placed within the plasma
plume, whereas those prepared at distances longer

that the plume range, L, were found to have a
composition closer to 1-2-3, specidly for the film
grown at 77 mm (1.2 L). Despite the non-stoichio-
metric composition of some films, X-Ray Diffraction
studies using the standard Bragg—Brentano geometry
revealed no traces of parasite phases. Only the peaks
corresponding to the YBa,Cu;0;,, phase oriented
with the c-axis perpendicular to the substrate were
detected in the XRD pattern. Similar results have
been found for Y- and Cu-enriched YBaCuO films
grown by sputtering [14]. In that case, CuO precipi-
tates on the YBaCuO matrix were detected by TEM
[15]. Besides, the XRD studies show that the rela
tionship between the value of the c-axis parameter

Table 1

Composition and structural and electrical properties of quenched films grown at different target /substrate distances

Target /substrate Relative composition Thickness Average growth Xmin T, c-axis

distance (mm) Y-Ba—Cu (A) rate (A /pulse) (%) K) value (A)

46.5 1-1.4-2.3 3000 25 33 semi- 11.82
conductor

61 1-1.5-2.6 1250 1 75 44

69 1-1.8-3.2 930 0.8 5.8 53 11.74

7 1-1.9-3.1 500 0.4 21 50
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and T, establish for YBaCuO bulk material [16],
also holds for our laser ablated films. Samples cooled
down a high P, (T, =88 K) have c=11.70 A,
whereas quenched films formed at D =46.5 mm
(semiconducting) and D = 69 mm (T, = 53 K) have
c=1182 A and 11.74 A respectively.

Important information about the crystallographic
perfection of the samples was obtained from the x.,,,
values of the Ba-sublattice. The best minimum yield
of 5.8% is only dlightly worse than that observed for
YBaCuO single crystals [17] and thin films [18],
which indicates that films with excellent crystalline
quality are formed near the tip of the plume, despite
the deviation from the proper stoichiometry. On the
contrary, films located well within or beyond the
plume present an important disorder, as reveaed by
the high x.;, values, varying from 33% (D = 46.5
mm) to 21% (D = 77 mm).

Table 1 also reveals that T, (thus, the degree of
oxygenation during deposition) and x,,, ae corre-
lated, the higher T, leading to the lower x,,,. This
correlation does not hold for the film grown at 77
mm. In that case, however, the deterioration of the
Xmin Value was mainly due the presence of a-axis
inclusions into the c-axis matrix (see below), which
are known to introduce strong disorder into the films
[18].

Fig. 3 shows scanning electron micrographs of the
films characterized in Table 1. Samples grown well
within the plume, at D = 46.5 mm (Fig. 3a), were
found to have a rough surface containing holes and
small spherical-shaped particles with typical size be-
tween 0.2 and 0.4 p.m and number density of severa
108 /cm?. Much better surface morphology was
found for films deposited at the plume boundary
(Fig. 3b), which present a smooth texture with out-

b) D=61 mm

¢) D =69 mm

d) D=77 mm

Fig. 3. Surface morphology of films deposited a Py, = 0.3 mbar vs. the target /substrate distance, D. The length of the plume was 63 mm.

(@ D=46 mm; (b) D=61 mm; (c) D=69 mm and (d) D =77 mm.
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Fig. 4. Effect of laser repetition rate on the R(T) curves for quenched YBa,Cu30;, , films.

grows incorporated at the surface. The outgrows
(several 10%/cm?) have irregular shapes and their
size ranges between 50 and 200 nm. The number of
outgrows can be reduced by 1 order of magnitude
(several 107 /cm?) by increasing the distance
target /substrate (Fig. 3c, D = 69 mm). Further in-
crease of D (Fig. 3d) leads to films exhibiting
outgrows and a lattice of small needles aligned along
the (100) and (010) directions of the substrate (Fig.
4d). These needles indicate the presence of a-axis
oriented grains which, as stated above, are responsi-
ble of the strong deterioration of the crystaline
quality of this film.

3.3. Influence of the laser repetition rate

All the results presented so far were obtained by
using a laser repetition rate of 10 Hz. In this section
we show some preliminary experiments describing
the relationship between the laser repetition rate, v,
and the electrical properties of films quenched after
growth. The films were deposited at Py, = 0.4 mbar
during 600 laser pulses and optimal target /substrate
distance. The only difference was on the laser repeti-
tion rate. Fig. 4 shows the R(T) curves for films
deposited at v= 10, 5 and 1 Hz, respectively. It is
observed that T, increases and the resistivity value

decreases with increasing laser repetition rate. Films
grown at v= 10 Hz have T_. = 48 K, whereas those
films grown a v=5 Hz only have T,=22 K.
Further decreasing of » to 1 Hz leads to not super-
conducting films above 10 K. As shown in the
discussion, the influence of the repetition rate on the
electrical characteristics of quenched films provides
important information about the mechanism of oxy-
gen incorporation and losses on YBaCuO films dur-
ing PLD.

4. Discussion
4.1. Oxygenation during film growth

It is demonstrated in Fig. 2 that superconducting
films can be formed without any supplementary oxy-
gen indiffusion during the cooling down step. Al-
though the oxygen content of our films was not
directly measured, two experimental results strongly
suggest that the T, observed is due to an enhanced
oxygenation during film growth and not to other
kind of doping, as cation vacancies [6]. Firstly, films
cooled in 1 bar of O, have T, = 89 K, as expected
for fully oxygenated samples, independently of the
ratio between cations. That means that overdoping of
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holes, seen by Thesima et a. in their sputtered films
[6] is not observed in our films. Secondly, the corre-
lation found in YBaCuO bulk material between the
c-axis value and T. aso holds for our films. Thus,
the c-axis parameter of the films must be associated
with their oxygen content, X, in the same way that
for bulk YBaCuO. Using a relation of ¢ = 11.835—
0.1501x determined by a linear least-square fitting
for the data of polycrystalline samples[19], we found
x=0.9, 0.6 and 0.1 for films with ¢=11.70, 11.74
and 11.82 A, respectively.

As stated before, the oxygenation of the films
during deposition can be higher than that anticipated
from the (P, , T) thermodynamic diagram due to
the presence of active oxygen species in the laser-in-
duced plasma, whose chemical reactivity with metals
is much more important than that of molecular oxy-
gen. Severa types of active oxygen species, like
atomic oxygen, ionic oxygen and excited molecular
oxygen are usualy present in oxygen plasmas with a
concentration level on a few percent depending on
plasma conditions [19]. Spectroscopic studies indi-
cate that the plasma formed during laser ablation of
YBaCuO targets in O, atmosphere contains atomic
oxygen [1], which is generated by dissociation of O,
gas during collisions with electrons, ions and neu-
trals [20]:

e+0,-0+0+e
M+0O,-»>MO+0O

where M denotes an energetic ion or atom of Y, Ba
and Cu egjected from the target. There is, however,
very little information about the spatia distribution
of the atomic oxygen density, its interaction with the
expanding cationic species in the plume and how this
affect the film growth.

It is logical to assume that the electron impact
dissociation of O, tekes place mainly close to the
target region, where the electron density is the high-
est. The atomic oxygen flux created is attenuated
during transport to the substrate because of reactive
and elastic collisions with the background gas. This
dependence of atomic oxygen density with distance
is contrary to what we would expect from our exper-
imental results, that is, T, of quenched films in-
creases with distance substrate /target. This suggests
that atomic oxygen created near the target is not the

main factor for the enhanced oxygenation of the
films during growth. It also could be argued that, in
addition to surface reactions, gas phase oxidation
accounts for the effectiveness of different oxidizing
agents during laser ablation of YBaCuO, asindicated
by Otis et al. [21]. This would favor the formation of
diatomic oxides (YO, BaO and CuO), implying a
further oxygenation of the YBaCuO phase during
growth. However, athough gas-phase reactions can
be of importance, the presence of atomic oxygen in
the vicinity of the substrate is necessary to prevent
oxygen out-diffusion between laser pulses. Indeed, at
growth temperature the oxygen diffusivity is high
(D~ 10712 cm?/s) [4] and, once the ablated frag-
ments reach the substrate and form the YBaCuO
phase, the oxygen content of thislayer (~ 1 A /pulse)
equilibrates with the surrounding atmosphere in a
very short time (~ 10™4 s). Therefore, if the chemi-
cal potential of oxygen at the substrate surface were
mainly determined by the concentration of molecular
oxygen in the gas phase, the fast equilibrium would
lead to low oxygenated (x = 0, 0.2) semiconducting
films, according to the (Py,, T) thermodynamic
diagram.

4.2. Dependence of T, with substrate/target dis-
tance

While the reason for the increase of T, with
distance is till not clear, it is possible a result of the
gpatia distribution of the atomic oxygen produced
during collision of O, with atoms. Although there is
very little information available on the energy-de-
pendent cross-sections of any of the reactions of
interest, for the highly exothermic reactions of Ba
and Y the total scattering cross-section would be
expected to decrease with increasing collision energy
[20]. Asindicated by several studies, the velocities of
gjected species from the target are fast (~ 10° cm/s)
and slow down with distance due to collisions with
the background gas. Accordingly, the cross-sections
and, therefore, the quantity of atomic oxygen avail-
able in the proximity of the substrate would increase
with distance. Similar conclusion can be draw from
the spectroscopic study on the laser plume of
YBaCuO by Fukushima et a. [1], in which it is
observed that the collisiona reaction of the gected
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species with oxygen is enhanced by increasing the
distance from the target surface. For substrates lo-
cated well beyond the plume range, we could antici-
pate a decrease of T, because the deposition rate
and kinetic energy of ablated species will fal into a
very low value. It is important to note, however, that
for films deposited at D > 1.15L, the growth direc-
tion aters gradually from c- to a-axis orientation, as
observed by SEM. It is difficult to compare the
results obtained for pure c-oriented, c- and a-mixed
and pure a-axis oriented films. Firstly, the number
and the energy of surface sites for oxygen adsorption
could be different for the various crystallographic
directions of YBaCuO and, therefore, the oxygen
content of the films during growth is expected to be
dependent on the film orientation. Secondly, because
of the much faster oxygen diffusion along the a-axis
direction of YBaCuO [22], we can not exclude that
for a-axis oriented films some oxygen uptake occurs
during the quenching procedure. Thus, we will not
discuss the unexpected continuo incresse of T, with
distance found for samples prepared at P, = 0.4-0.5
mbar, whose origin is probably related to the pres-
ence of the a-axis oriented phase within the films.

4.3. Dependence of T, on Py,

It is observed in Fig. 2 that for a constant target—
substrate distance, T, presents a maximum at P, =
0.3-0.4 mbar and decreases by lower (0.2 mbar) or
higher (0.5 mbar) oxygen pressures. As stated above,
the enhanced oxygenation of growing films s proba-
bly due to the production of atomic oxygen during
metal—atom reactions with background oxygen.
Therefore, the amount of diatomic oxide present in
the plume should also present a peak as a function of
the O, pressure. This effect has been observed by
Otis et al. [21,23] in their study of the gas-phase
production of CuO during laser ablation of YBaCuO.
The CuO concentration initially increases with in-
creasing background pressure, reaches a maximum in
the range of 0.13—0.33 mbar of O, and then fall to
negligible level by 0.5-0.6 mbar. These values arein
very good agreement with our experimental results,
which reinforce the idea that the atom—0O, collisions
play a very important role in the oxidation mecha-
nism of YBaCuO.

4.4. Influence of oxygenation process on the morpho-
logical and structural properties

In a pulsed process like PLD the instantaneous
deposition rate can be as high as 10%° species/cm? s
[3]. Thus, to obtain good quaity films, it is not
sufficient to satisfy the thermodynamic stability cri-
teria. In addition, it is necessary to meet the high
kinetic requirement during growth [3]. In that re-
spect, the presence of reactive oxygen plays an
important role in the process that governs the reac-
tion kinetics of the YBaCuO phase formation, due to
the mobility enhancement of species incident on the
substrate. This leads to an important improvement of
the morphological and structural properties, in agree-
ment to our experimental observation that the
quenched films with higher T_ (i.e., stronger oxy-
genation during growth) present the lower x,,,, value
and the best surface morphology. These results make
clear that the origin of an optimal target/substrate
distance for YBaCuO growth is strongly related to
the spatia dependence of the density of reactive
oxygen which, as stated before, is associated to the
velocity distribution of the various species through
the energy-dependent cross-section of the dissocia-
tion reaction.

4.5. Effect of the atomic oxygen lifetime

The decrease of T, with the laser repetition rate
(Fig. 4) can be understood if we consider the decay
of the atomic oxygen density after the plasma has
been switched off. Two dominant loss mechanisms
for the O atoms are wall recombination and volume
recombination. The latest process requires a three-
body collision to carry away the energy released, and
the probability of such collisions is low at typical
pressures used during PLD [20]. This leaves wall
recombination as the main loss mechanism. The
exact decay time of O is criticaly dependent on the
wall recombination efficiency, whose value taken
from literature ranges between 10~* and 5x 102
[24,25]. Cdculations based on these values give an
estimate of the atomic oxygen lifetime of about
1-10"2 s. This time is of the same order of magni-
tude that the interval between laser pulses (7 = 0.1-1
s) but much longer than the diffusion time to reach
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the thermodynamic equilibrium (~10"* s, see
above). Therefore, the decrease on T, with laser
frequency simply reflects the diminution of atomic
oxygen density between laser pulses and the subse-
guent oxygen outdiffusion from the films. When the
next pulse arrives, providing new ablated material
and atomic oxygen, the oxygen content of the film
increases, and then decreases again due to recom-
bination of O. As a result of these processes, the
average oxygenation of the films during growth by
PLD reaches a stationary value, which is in genera
higher than that predicted by the (P, , T) thermody-
namic diagram. Note that films grown at 1 Hz were
found to be not superconductors, which implies that
within 1 s most of the atomic oxygen disappear, in
agreement with the above estimations. It is aso
important to notice that, even when the laser is
operated at 10 Hz, the atomic oxygen concentration
can decrease considerably between pulses. Thus, it
would be possible to increase T, of the quenched
films simply by increasing the laser repetition rate.
Unfortunately, our laser system can not produce
pulses at frequencies higher than 10 Hz, and this
hypothesis could not be demonstrated.

Finally, we would like to point out that the results
obtained in this study could also be of importance
for the understanding of the growth mechanism of
new oxide materials using PLD or other techniques,
like sputtering and M BE, in which important amounts
of reactive oxygen are present during film deposi-
tion.

5. Conclusions

In this paper, we have studied the oxygenation
mechanisms of YBaCuO thin films during in situ
growth by PLD. It was found that oxygen intercala
tion during the cooling down procedure is not neces-
sary to form superconducting films, contrary to pre-
dicted from the (P, , T) thermodynamic diagram.
This has been related to the presence of reactive
oxygen in the laser-induced plasma, which increases
considerably the oxidation state of the films during
deposition at high temperature. The dependence of
the oxygen content of the films, as deduced from T,
measurements and XRD data, on both the target-to-
substrate distance and the oxygen pressure, supports

the mechanism by which atomic oxygen produced
during collision of atoms ejected from the target with
O, is responsible for the enhanced oxygenation of
the films. Furthermore, we have experimentaly
demonstrated that atomic oxygen plays an important
role in the process that governs the reaction kinetics
of the YBaCuO phase formation, enhancing the mo-
bility of species incident on the substrate, which
leads to an important improvement of the morpho-
logical and structural properties of the films.
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