Epitaxial Y-Ba-Cu-0 thin films on MgO deposited by high-pressure reactive
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Y-Ba-Cu-0O thin films have been prepared on MgO(100) substrates by rf reactive magnetron
sputtering from a single ceramic target. By adopting high total pressures, typically 280 mTorr,
and relatively low substrate temperatures of approximately 650 °C, epitaxial films with the
relations (001) YBa,Cu,0,{|(001)Mg0 and [100]YBa,Cu,0, || [ 100]MgO can be
reproducibly obtained. A high degree of epitaxy is confirmed by x-ray pole figure
measurenments and ion channeling. These films require a brief rapid thermal oxygen anneal at
typically 850 °C, to exhibit sharp superconducting transitions with zero resistance around 75
K. Filins deposited at higher temperatures above 700 °C show transitions as deposited with
zero resistance near 80 K. The quality of the transition is correlated with expanded lattice
constants with the best transitions occurring in films whose lattice constants approach that of
the bulk. The films have high critical current densities of 1-5X 10° A/cm? at 4.2 K. They also
show good uniformity and excellent surface morphology with a roughness less than 10 nm and

can be readily patterned to micrometer and submicrometer dimensions.

. INTRODUCTION

Since the discovery of the layered copper-oxide-based
compounds with high superconducting transition tempera-
tures, > much attention has been focused on the thin-film
synthesis of these materials for electronics applications. Al-
most ali deposition technigues including sputtering,®™ evap-
oration,®? laser deposition,'”!! and chemical vapor depo-
sition’® have been applied with increasing success. Since
these materials show weak link behaviors across the grain
boundaries™® as well as the inherent very strong anisotropic
transport properties,™!* it is of great importance to make
epitaxial thin films especially with the growth of ¢ axis nor-
mal to substrates. Although epitaxially grown single-crystal
YBa,Cu,0, thin films with possibly different domain size
have been successfully formecd on singie-crystal S¢Ti0, sub-
strates,™"” SrTiQ; is not suitable for high-frequency applica-
tions because of its large dielectric loss.

Reactive magnetron sputtering using a singlie oxide tar-
get has been widely used primarily because of its instrumen-
tal simplicity. However, in the thin films deposited using this
technique, large composition deviation from the composi-
tion of the targets and rugged surface morphology have been
reported.'®!” These are attributed to the substrate bombard-
ment by the high-energy particles such as accelerated nega-
tive oxygen ioms. Special substrate-to-target configura-
tions'®1? or very large magnetron cathodes”™ have been
adopted to avoid the substrate bombardment. The bombard-
ment effect is also expected to be substantially reduced by
sputtering in a high gas pressure where high-energy particles
are well thermalized. Recently, 1i ef @/ have fabricated
high-quality thin films on sapphire and S¢TiQ, substrates
using such a technique.?! The low degree of bombardment
may also lead to the highly oriented growth of these damage-
sensitive materials.

We have synthesized Y-Ba-Cu-O thin films by magne-
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tron sputtering in a high-pressure oxygen/argon ambient
and successfully obtained epitaxial YBa,Cu 0, films on
MgO(100) singie-crystal substrates having much better
high-frequency properties than SrTi0;. These films with ¢
axis perpendicular to the substrate exhibit very smooth sur-
faces and good uniformity and can be readily patterned by
conventional photolithography and ion milling techniques
t0 micrometer end submicrometer dimensions. In this pa-
per, the relationships between deposition parameters, film
composition, and crystal orientation are described. Film
properties determined from x-ray diffraction, Rutherford
backscattering spectroscopy (RBS), and transport mea-
surements of microstructures are then discussed.

. EXPERIMENTS

Y-Ba-Cu-G thin films were deposited in a sputtering
system with a single rf planar magnetron source (2 in. diam-
eter). This system was evacuated to a typical background
pressure of 2 X 10 ® Torr using a turbomolecular pump. A
YBa,Cu, , O, composition oxide target was made by sinter-
ing the pressed mixture of CuO and YBa,Cu;O, powdersin
a pure oxygen flow for 12 h at a temperature of 930 °C. Pol-
ished (both sides) MgO(100) single-crystal substrates (1
cm square, 6.6 mm thick ) were heated to 600750 °C using a
guartz lamp placed in a stainless-steel block. The block tem-
perature was monitored using a Chromel-Alumel thermo-
couple. The difference between substrate surface tempera-
ture and the block temperature was measured using another
thermocouple embedded in a small gold ball which was at-
tached to the substrates by annealing at a high temperature.

Typically, 300-500-nm thick films were sputter-depos-
ited in a8 mixture of (b, and Ar gases. Their flow rates were
regulated to -4 and 10 sccm, respectively, using mass fiow
controllers. The target-to-substrate distance and rf power
applied to the target were fixed at 45-50 mm and 100 W, The
deposition rate under the conditions to achieve correct stoi-
chiometry (substrate temperature 7, = 625-645 °C, total
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pressure P =200-300 mTorr) was approximately 9 nm/
min. After the deposition was finished, the heater power was
immediately turned off and an additional 10 Torr of O, gas
was introduced. The substrate stage cooled t0 200°Cin 1 h.
This slow postdeposition cooldown in oxygen has been
found to be important in producing in situ superconducting
films, although it has not yet been optimized. A rapid ther-
mal annealing typically at 850 °C for 2 min in pure oxygen
flow was reguired to get good transitions for films deposited
at substrate temperatures lower than 700 °C.

The composition of the thin films was determined by x-
ray microprobe analysis using YBa,Cu,;0, single crystals ag
a standard. Rutherford backscattering measurements gave
composition values which agreed very well with the micro-
probe results. The superconducting transition temperature
{T.) was determined by resistance measurements with four-
probe configuration.

fil. RESULTS AND DISCUSSION

The film composition was found to be sensitive to the
sputtering parameters, in particular, total gas pressure and
substrate temperature. Figure | shows the dependence of the
Ba/Y and Cu/Y atomic ratios on the total pressure. With a
decrease in the pressure below 280 mTorr, both ratios rapid-
Iy decrease and more Ba- and Cu-deficient films are formed.
The deficiencies of these elements at lower pressures are at-
tributable to the resputtering by high-energy particles. At
higher pressures where all particles are expected to be well
thermalized, nearly stoichiometric films, though slightly Ba
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FIG. 1. Dependence of Ba/Y and Cu/Y atomic ratios on total gas pressure
for Y-Ba-Cu-O thin films deposited at a substrate temperature of 640°C.
The flow ratio of O, to Ar was fixed at approximately 0.25.
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rich, are reproducibly obtained. This threshold pressure is
very similar to those observed in the sputter depositions of
damage-sensitive metastable 4 15 compounds.’>** The Cu/
Y ratio also showed a slight increase with the O,/Ar flow
ratio from 0.1 to 0.25. However, more O, flow resulted in
substantial decreases in the deposition rate and Cu content.

Figure 2 shows the substrate temperature (7, ) depen-
dence of the Cu/Y ratio for films deposited at higher pres-
sures. The Cu content rapidly decreases with an increase in
T, above 600°C, while the Ba/Y ratic was almost un-
changed. A stoichiometric ratio is achieved at approximate-
ly 640 °C with this target. In the sputtering configuration
where the substrate is located outside the plasma region,
much smaller decrease in the Cu content has been reported
evenat T, as high as 800 °C."®'® This difference suggests that
high-energy particles, possibly secondary electroms,'® still
bombard the substrate to some degree in the present configu-
ration and cause the decrease in the sticking coefficient of the
more volatile Cu.

X-ray diffraction patterns of typical films deposited at
different substrate temperatures are shown in Fig. 3. Dif-
fraction peaks from the 1:2:3 structure were observed even
for films deposited at T, ~ 500 °C, although their intensities
were refatively small. Films deposited at T, ~ 620 °C show
patterns with dominant (/00) peaks of the 1:2:3 structure
{Fig. 3(a)]. Patterns showing (00n} and (/00) peaks with
comparable intensities {Fig. 3(b}] are abserved for films
deposited at 620 < T, < 640°C. For nearly stoichiometric
fitms deposited a1 T > 640 °C, only very strong (00n) peaks
are observed [Fig. 3(¢) |, showing highly oriented growth of
the ¢ axis perpendicular 1o the substrate. Shmilar tendency of
the crystal orientation has been observed in the films pre-
pared by high-pressure reactive evaporation.” However, the
peak intensities of (00n ) diffractions were higher by approx-
imately an order of magnitude in the present films. They aiso
showed a halfwidth of the rocking curve as small 25 0.6 ° for
the (005} peak.

Figure 4 illusirates the x-ray pole figure for these films.
Comparatively sharp spots indicate a high degree of crystal
orientation even in the directions parallel to the substrate
surface. This figure also shows that the @ or b axis of the 1:2:3
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FIG. 2. Dependence of Cu/Y ratio on substrate temperature for films de-
posited at total pressures higher than 280 mTorr. The flow ratio of 3, to Ar
was fixed at approximately 0.1.
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FIG. 3. X-ray difiraction patterns for films deposited at different substrate
temperatures: (a) film deposited at 7, ~ 620 °C (3S-8), (b) film deposited
at 620°C < 7', « 640 °C (38-5), (¢) nearly stoichiometric film deposited at
T, > 640°C (38-6). The total pressure during sputtering was 280-300
mTorr.

structure is aligned parallel to the [100] axis of MgO, and
thus suggests the epitaxial growth of 1:2:3 structure. The
epitaxial growth was also confirmed by selective-area dif-
fraction (SAD) and high-resolution cross-sectional trans-
mission electron microscope (TEM) observations.” The
TEM images clearly showed that there was no interfacial
amorphous or diffused layer between the film and MgO. Fig-
ure 3(a) shows a random RBS spectrum for a typical highly
oriented thin film. The spectrum is well fitted by the simulat-
ed curve calculated using a nearly stoichiometric atomic ra-
tio, again indicating the absence of substantial mutual diffu-
sion at the film-substrate interface. Figure 5(b) shows
channeled and random RBS spectra for the same film after a
rapid thermal annealing. Approximately 60% decrease in
the vield with respect to the random spectrum is observed.
This supports a considerable degree of epitaxy. Even larger
values have been reported for fiims deposited on SrTiG, by
dc reactive magnetron spuitering under total pressures as
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FIG. 4. X-ray pole figures for a thin film with a strong c-axis orientation
perpendicular to the substrate surface as well as a MgQO(100) substrate: (a)
MgO and (b) Y-Ba-Cu-O (35-13). Diffractions from a few crystal planes
are superimposed ou the same figures.

high as 600 mTorr.>® Moreover, Hohler et /. have recently
reported fully textured growth of YBa,Cu;0, , on
LiNbO3;, achieved under a total pressure of 500 mTorr.?’
These resulis support the fact that a low degree of substrate
bombardment realized in high-pressure environments fa-
vors & high degree of epitaxy as well as excelient surface
morphology, although the fowest pressure to achieve good
results may depend on preparation methods and configura-
tions of the deposition systems.®

Since the lattice misfit between YB2,Cu,0, , and
MgO is as large as 8%, the crystal of the present films may be
stabilized by the formation of dislocation networks or fine
grains (or domains). Further detailed TEM studies are re-
quired to clarify the mechanism of the epitaxial growth, and
these results will be reported elsewhere.

The films deposited at 640 °C with nearly stoichiometric
compositions were not superconducting even with a cool-
down anneal. They exhibited room-temperature resistivity
of typically 2-3 m&} cm and a slight increase in the resistance
at lower temperatures. X-ray results showed that their lat-
tice parameters were unusually large (¢~3.91 A, ¢~120
A), suggesting an oxygen-deficient tetragonal structure.
However, these large lattice parameters could be readily re-
duced by applying brief rapid thermal oxygen anneal
(RTOA) steps. Figure 6 illustrates a typical pronounced
change in the x-ray peak positions of the 1:2:3 structure.
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FIG. 5. Rutherford backscattering spectra (2.1 MeV He') for a highly
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FIG. 6. Variations of (003) and (100} diffraction peaks after a 2-min
RTOA step for 2 mixed orientation film (38-5). The effect of a longer an-
neal at 300 °C in pure oxygen is also shown.
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After annealing for 2 min at 850 °C, the lattice parameters
decreased to g = 3.86 A and ¢ = 11.80 A, respectively. The
room-temperature resistivity was also reduced typically by a
factor of 2-5 by the same annealing procedure. However,
observed ¢ values of 11.78—11.83 A are still larger than the
values reported in the reactively evaporated thin films
(11.72 A)%* and in bulk materials (11.68 A),? showing
that the lattice is substantially strained. The strain could not
be relaxed by annealing at temperatures lower than 800 °C.
For example, the annealing for 1 k at 500 °C in oxygen in-
creases the lattice constant further as shown in Fig. 6, and
increases the film resistance. An annealing temperature as
high as 920 °C to achieve good superconducting transitions
has also been reported for single-crystal thin films on SrTi0,
showing semiconductorlike resistance behavior.” These re-
sults suggest that the lattice strain observed in the present
thin films is not simply due to oxygen deficiency but attribut-
able to another mechanism such as stabilization caused by
the large lattice misfit or the difference in the symmetry.
Resistance transitions for typical highly oriented thin
films after RTOA are shown in Fig. 7. Curve (a) witha ¢
value of 11.78 A shows a desired strong metal-like resistance
variation with the temperature and a fairly sharp supercon-
ducting transition. However, the zero-resistance 7. value is
substantially suppressed. Some films with larger ¢ values
showed two distinct sharp transitions arcund 90 and 60 X,
as illustrated by curve (b). Zero-resistance 7, values of al-
most all films deposited at 7, ~ 640 °C were distributed in
the temperature range from 60 to 77 K. Since Auger electron
spectroscopy (AES) depth profiles as weli as RBS spectra
for annealed films showed no evidence of interdiffusion
between the films and MgO, the suppressed 7, values in the
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FIG. 7. Typical temperature dependence of resistance observed in highly
oriented thin films after RTCOA steps: (a) 3S-81 and (b) 3S-7. Resistance
variation for an iz situ grown film deposited at T, ~700 °C (38-86) is also
shown {curve (¢) 1.
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present films are primarily attributed to the lattice expansion
which leads to a decreased hole concentration in the Cu-O
planes.’® On the other hand, as-deposited films produced at
T, > 700 °C showed sharp transitions as shown by curve (¢}
with a zero resistance 7. of 80 K. The films have ¢ values of
11.73-11.75 A, supporting the correlation between the gual-
ity of the transition and ¢ values.

In order to investigate critical current density, filbm vni-
formity, and weak-link properties, 0.5-100-um-wide lines
and constrictions were fabricated by standard photolithog-
raphy and ion milling. Low-resistance { < 107 * {} cm?) elec-
trical contacts to the films were formed by evaporating Ag
on ion-mill cleaned surfaces and applying a brief RTOA.
Dietails of these procedures have been already described else-
where.’! Figure & shows scanning electron microscopy
(SEM) photographs of such patterns. The surface of the
films with a strong c-axis orientation is very smooth. Their
surface roughness determined by a surface profiler is less
than 10 nm, while the roughness for the films with mixed
orientations is typically 20 nm. Thus clear paiterns with sub-
micrometer dimensions can be formed on the former films.
These films afso showed good uniformity. The deviations of
the resistance and the critical current density among the
constrictions with the same dimensions distributed on a
5X 5 mm area were less than 5% and 20%, respectively.

(a) =t 1 um

(b) Pt 1 um

FIG. 8. Scanning electron micrographs of I-um-wide constrictions pat-
terned on {a) a film with a strong c-axis orientation, and (b) a mixed orien-
tation thin film.
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-V characteristics for constrictions of different sizes
were measured with varying temperature. Variations of the
critical current density {(J,) for a typical film are shown in
Fig. 9. The current density rapidly increases at lower tem-
peratures and exceeds 10° A/cm’ below 10-20 K. A maxi-
mum J, value at 4.2 K of 5X10° A/cm” was observed in
better films. No constrictions with the dimension down to 1
um showed microwave-induced steps in their J-¥ curves.
However, the observed rather slow rise in J, near the zero-
resistance 7, suggests that J, is still limited by weak links
between grains which are possibly caused by slightly Ba-rich
compositions.

V. SUMMARY

YBa,Cu,0, thin films were sputter deposited on
MgO(100) substrates from a YBa,Cu, , O, ceramic target.
The film composition was found o strongly depend on the
total pressure as well as the substrate temperature. Nearly
stoichiometric thin films were reproducibly obtained by
sputtering under a total pressure higher thap 280 mTorr. In
particular, films with very strong c-axis orientation normal
to the substrate surface were formed at substrate
temperatures higher than 640°C. X-ray pole figures
for such films clearly indicated epitaxial relations:
(001)YBa,Cu,0,|[(001)Mg0  and  [100]YBa,Cu,0O,
T1001MgO. Ion channeling, SAD, and high-resolution
cross-sectional TEM measurements supported a high degree
of epitaxy. It is probably due to the low degree of substrate
bombardment realized in the high-pressure environment.

Although as-deposited films formed at temperatures
lower than 650 °C were nonsuperconducting, sharp transi-
tions with zero resistance around 75 K could be readily
achieved by applying a brief RTOA at temperatures higher
than 800 °C. Annealed thin films with a sirong c-axis orien-
tation had very smooth surfaces showing roughness smalier
than 10 nm, and could be readily patterned to micrometer
and submicrometer dimensions. They also exhibited critical
current densities of 1-5X 10° A/cm? at 4.2 K. As-grown
thin films with zero-resistance 7,’s near 80 K were also ob-
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tained at substrate temperatures above 700 °C. The quality
of the transition was correlated with expanded lattice con-
stants in conjunction with oxygen deficiency. The best tran-
sitions occurred in films whose lattice constants approached
that of the bulk. To improve the tranpsition, further ap-
proaches to in situ grown films such as optimization of the
substrate position® and the activated atomic oxygen den-
sity*® may be efficacious.
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