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For obtaining pure phase Tl;Ba;Ca;CuzOqq (T1-2223) films with good superconducting properties, the growth tech-
nique is improved by dc magnetron sputtering and a triple post-annealing process. The triple post-annealing process com-
prises annealing twice in argon and once in oxygen at different temperatures. In the first low-temperature annealing phase
in argon, TlpBa;CaCu;0Og (T1-2212) is obtained to effectively minimize evaporation in the next step. With the increase of
temperature in the second annealing stage in argon, the previously prepared T1-2212 inter-phase is converted into T1-2223
phase. An additional annealing in oxygen is also adopted to improve the properties of T1-2223 films, each containing an
optimal oxygen content value. The results of X-ray diffraction (XRD) 6-26 scans, @ scans and rotational ¢ scans show
that each of the T1-2223 films has a high phase purity and an epitaxial structure. Smooth films are observed by scanning
electron microscopy (SEM). The critical temperatures 7¢. of the films are measured to be about 120 K and the critical current

densities J; can reach 4.0 MA/cm? at 77 K at self field.
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1. Introduction

In the Tl-based high temperature superconductor (HTS)
family, Tl;Ba;Ca;Cu301g (T1-2223) films are attractive due
to their high critical temperatures of up to 120 K. The crit-
ical temperature suggests that the T1-2223 film could be op-
erated at higher temperature. As a result, electronic devices
can be fabricated in a compact planar form, offering a signif-
icant saving in size and weight, which makes it possible to
operate at temperatures over 100 K and to reduce the cost of
refrigeration devices for microwave systems.!”l These poten-
tial benefits motivate us to fabricate reproducible high-quality
TI-2223 films which are more suitable for device applications.
In the past several decades, many reports on the fabrication of
Tl-based HTS films have been presented. Most of Tl-based
films were fabricated by a two-step process involving the de-
position of an amorphous precursor film (which may or may
not have contained thallium), using one of the standard thin-
film deposition techniques and an ex sifu anneal in the pres-
ence of thallous oxide vapour to form the crystalline super-
conducting material.[>*! The primary deposition techniques
for preparing the Tl-based films are laser ablation,>~"! spray

[10,11

pyrolysis, 891 electron beam evaporation,!'%!!l organic chem-

(12131 and sputtering.'4-1%1 Some of the

ical vapor deposition
above-mentioned techniques for thin film fabrication need a

high processing temperature, especially for annealing in oxy-
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gen. Reducing the loss of thallium during synthesis is the
key to the annealing process. Many groups suggested meth-
ods to solve this problem. Firstly, Bramley et al.l®! pointed
out that in the annealing process, the fabrication of Tl-based
films involves a delicate balance between the high tempera-
tures required to form the superconducting phases and the high
volatility of thallium at these temperatures. The partial pres-
sures of oxygen (P(O;)) and thallous oxide vapour (P(T1,0))
have an effect on the optimum processing temperature. A pre-
vious investigation reported on the O, pressure—temperature
stability regime for T1-2223.1'7] The maximum O, pressure
could decrease as temperature decreased. This result implies
that T1-2223 films can be prepared at a temperature much
lower than the 880 °C used earlier, provided that the oxygen
pressure is below 1 atm.!'®! Therefore, many successful prepa-
ration methods were proposed such as annealing in reduced
O, pressure, in 10% O; /Ar or in the air.['820] Although the
morphology was visibly smooth and the critical temperature
T:. exceeded 120 K, the critical current density J. (77 K) could
not exceed 2 MA/cm? as indicated in early researches.
Secondly, knowledge of the reaction mechanisms can aid
in devising new methods and conditions for preparing single-
phase superconductors.?!! Kinetic studies regarding the for-
mation of TI-2223 in bulk were reported. >3 Siegal et al. >4
demonstrated that knowledge of both the thermodynamics and
the kinetics of growth can yield high-quality films all with the
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major Tl-superconducting phase. They find that the T1-1212
or the T1-2212 phase nucleates first during film growth, no
matter what the precursor film composition is. These phases
can be converted into the T1-1223 or T1-2223 phases via an
extended duration growth process, or by the use of higher
growth temperatures. However, the best T1-2223 films grown
at 895 °C each have a zero-resistance 7. = 115 K and J; (5 K)
~ 3 MA/cm?.

These results may be caused by the high temperature in
the annealing process, especially if the annealing temperature
is above 880 °C. At high temperature, high volatility will also
lead to many pits and holes. Furthermore, the longer the an-
nealing time, the higher the volatility in sample will be. On the
other hand, before the annealing temperature rises to 880 °C—
900 °C, the sample, when going through the temperature re-
gion, TI-2212 phase is formed (830 °C-860 °C).!'”! Hence,
the T1-2212 phase will be formed first in the sample. This
TI-2212 phase could be converted into a T1-2223 phase is in
the case of higher growth temperature or longer annealing
time. [>*] I the annealing time was not long enough, the crystal
boundary will be formed by this T1-2212 together with existent
TI1-2223. Therefore, both the crystal boundary and pits could
reduce the transport critical current densities.

According to the above-mentioned issues and facts, we
propose the following methods. Considering the fact that the
TI-2212 film could be fabricated successfully at lower temper-
ature (720 °C-760 °C) in pure argon,>! we try to produce
T1-2223 film in argon at a relatively low temperature. On the
basis of the crystal growth mechanism, %! crystal nuclei are
formed first in the parent material with rising temperature. On
the other hand, decomposition is also existent because of the
thermal motion. Owing to the atoms of parent material dif-
fusing to the surface of crystal nuclei, the crystal nuclei could
continue to grow. Only the crystal nuclei of sizes greater than
the critical size could grow into crystalline grain, otherwise,
the crystal nuclei will be decomposed by thermal motion. The
larger the critical size of crystal nuclei, the larger the bound en-
ergy is. The critical size of crystal nuclei is also related to the
growth temperature of crystalline grain. The lower the growth
temperature, the smaller the critical size is. Therefore, our
sample is first annealed at 720 °C-760 °C to make a T1-2212
phase to nucleate. Smaller size crystalline nuclei can favor the
diffusions of Ca and Cu into crystal nuclei of T1-2212. On the
other hand, in the annealing process, the rate of evaporation in
the crystalline state is lower than that of the amorphous state.
Furthermore, this sample already contained a large number of
crystal nuclei of T1-2212. Therefore, the rate of evaporation
may be reduced if the sample is annealed again at high tem-
perature. To test and verify our idea, the T1-2223 films are
fabricated on 3 x 10 mm? LaAlOj; substrates. The results show
that the films are smooth with good in-plane and out-of plane

orientations. Moreover, the T1-2223 films are shown to be epi-
taxial with a transport critical current density of 4 MA/cm? at
77 K at self field. The effect of oxygen on the superconducting
properties of T1-2223 film is also studied.

2. Experimental details

T1-2223 films were prepared on (001) LaAlO3 with dc
magnetron sputtering and a triple post-annealing process. In
dc magnetron sputtering, the TI-Ba—Ca—Cu-O precursor films
were deposited on (001) LaAlO3 substrates from a pair of fac-
ing T1-2223 superconducting targets. The targets were pre-
pared by the solid-state reaction of stoichiometric quantities of
CaO, BaO;, CuO and T1,O3 powders with an initial cation ra-
tio of Tl:Ba:Ca:Cu=2.7:2:2:3. The substrates were positioned
parallel to the symmetrical centerline of two faced targets and
outside the discharge area to minimize the re-sputtering effect.
Sputtering was carried out in an atmosphere of 80% argon and
20% oxygen with a pressure of about 1.5 Pa. In the sputtering
process, the substrates were kept at ambient temperature. The
thickness of precursor film was about 950 nm.

In the triple post annealing process, the precursor films
were sealed in a special alumina crucible together with a TI-
based target that acts as a source of Tl,O vapor, and then the
crucible was placed in a tube furnace. The tube was pumped
out and filled with pure argon to 1 atm. In the first annealing
stage, the precursor films were annealed at 720 °C-760 °C for
0.5 h—6 h. In this temperature range, the inter-phase of TI-
2212 was formed. Then, for the second annealing, the temper-
ature of the furnace was raised to 780 °C-840 °C for 4 h-8 h
to convert T1-2212 into T1-2223. After these two annealing
processes, T1-2223 phase was formed. For optimizing oxygen
content in T1-2223 film, a third annealing at 850 °C—-880 °C
for 0.5 h—8 h in oxygen was adopted.

The morphologies of TI-2223 films were observed by
scanning electron microscopy (SEM). Films were also ob-
served by optical microscope in transmitted light mode to
check whether the pits and holes in films had extended to the
substrate—film interface. The structural characterizations of
these films are performed by X-ray diffraction (XRD) 6-26
scans, @ scans and rotational ¢ scans on a Rigaku DMAX-
2500 X-ray diffractometer with Cu Ko radiation. The su-
perconducting transition temperatures (7 ) were characterized
by the non-contact inductance method.>”] Transport critical
current densities J. were measured for T1-2223 films using
the four-point-probe technique. Before measuring J.., T1-2223
films were patterned in 20-pum-wide and 550-pum-long micro-
bridges by photolithography and wet etching. A voltage crite-

rion of 1 uV was used for the determination of J.
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3. Results and discussion
3.1. Formation of a pure T1-2223 phase in argon

In order to minimize the evaporation in the annealing
process, T1-2212 is first fabricated and then converted into TI-
2223 rather than annealing the precursor films directly. After
the second annealing in argon, T1-2223 films with an average
thickness of 800 nm were fabricated on the LaAlOj3 substrates.
Figures 1(a)-1(c) give XRD 6-20 patterns of films annealed
at different stages, i.e., at the first annealing (Fig. 1(a)), after
the second annealing (Fig. 1(b)), over-annealed in the sec-
ond annealing (Fig. 1(c)) for more than 10 h. In Fig. 1(a), it is
evident that the superconducting phase is T1-2212 while the in-
tensities of T1-2212 peaks are not high. Furthermore, the (007)
peaks of the T1-2223 phase (as marked) are observed although
they are very low. With the temperature of the furnace rising
to 780 °C-840 °C, the peaks of the TI-2212 phase disappear
completely and all the peaks can be indexed as (00/) reflec-
tions of the T1-2223 phase and LaAlO3 substrate as marked in
Fig. 1(b). The rocking curve of the (0014) peak of T1-2223 for
the same sample as that in the case of Fig. 1(b) is displayed
in Fig. 2. The full width at half maximum (FWHM) of the
(0014) peak of the T1-2223 phase is about 0.42°. These results
indicate that the film possesses a good crystalline structure
and orientation with the c-axis perpendicular to the surface of
the substrate. The ¢ scan of the (1013) peak of T1-2223 for
the same sample as that in the case of Fig. 1(b) is shown in
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Fig. 1. XRD patterns of TI-Ba—Ca—Cu-O films (a) in the first anneal-
ing stage, (b) after the second annealing stage, (c) over-annealed in the
second annealing stage for more than 10 h.

=

10

Fig. 3. The four sharp peaks are shifted by 90° with respect
to each other, which indicates that the film shows the four-fold
symmetry of the TI-2223 crystal and is oriented in the film
plane. Figure 1(c) shows the XRD pattern of the film that is
over-annealed in the second annealing stage. It is obvious that
the main diffraction peaks can be assigned to the (00!) peaks
of the T1-2223 phase. Except for the T1-2223 and substrate
peaks, a peak of the Tl-1223 phase (marked by *) is present
which might result from the loss of thallium in the film in the
longer annealing process.
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Fig. 2. Rocking curve of Tl;Ba;Ca;Cusz0;g (0014) after the second
annealing phase.
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Fig. 3. Rotational ¢ scan. (a) Tl,Ba;Cay;CuzOjg (1013) reflection and
(b) LaAlO3 (110) reflection.

Figures 4(a)-4(d) show the SEM images of films an-
nealed under different conditions. Figure 4(a) shows the image
of the film after the first annealing stage mentioned above. No-
tice that the temperature in this step is the condition of the for-
mation of the TI-2212 superconducting film in argon.[?! The
XRD 6-26 data also indicate that there are no other reflec-
tions except the (00/) peaks of the T1-2212 phase and the TI-
2223 phase as shown in Fig. 1(a). It demonstrates that the TI-
2212 and T1-2223 crystals are formed from the precursor film,
furthermore the T1-2212 phase becomes a dominant phase in
this stage. Figure 4(b) shows the surface of the film after the
second annealing. In Fig. 4(b), the morphology of the film
exhibits the typical features of a post-annealed HTS film, for

077401-3



Chin. Phys. B Vol. 23, No. 7 (2014) 077401

example, flat terraces. Figure 4(c) shows the image of the film
that is over-annealed, i.e., after the second annealing for more
than 10 h. In Fig. 4(c), the film shows some larger flat terraces
on the surface. This result could be considered to be due to a
certain extent of loss of thallium in the film during the longer
annealing in the second step. If the T1-2223 film is prepared
by annealing the precursor film directly in the second anneal-
ing, the morphology of the film is somewhat poor. As given in
Fig. 4(d), pits and small particles could be observed on the sur-

face. Comparing Fig. 4(b) with Fig. 4(d), the morphology of
the T1-2223 film is improved by performing the first annealing
in argon. Besides, in order to check whether holes extend to
the substrate—film interface, we use the optical microscope in
transmitted light mode to observe that light penetrates through
the holes in the film. The result shows that only the sample of
the annealed precursor film directly allows light to go through
the holes. As given in Fig. 5, there are many bright dots in the
film because of high temperature volatilization.

Fig. 4. SEM micrographs of TI-Ba—Ca—Cu-O films annealed under different conditions respectively: (a) after the first annealing, (b)
after the second annealing, (c) over-annealed in the second annealing for more than 10 h, and (d) annealing precursor film directly in

the second annealing.

Fig. 5. (color online) Digital photograph of T1-2223 film taken by a
microscopic camera at 400x.

3.2. Optimization of the oxygen content in the TI-2223
phase

The TI-2212 film could be converted into a TI-2223
film by annealing in a pure argon environment (mentioned
above). The morphology of the T1-2223 film is smooth and
has no second phase. Figure 6 shows the values of the criti-
cal temperature 7;. of the T1-2223 films annealed at different
temperatures in the second step. With the increase of an-
nealing temperature, the tendency of 7; to rise is shown in
Fig. 6. However, the highest 7. of a sample annealed in
argon could not exceed 116 K in our experiment as given
in Fig. 6. In the self field, the critical current density J;
value of the TI-2223 film is 0.7 MA/cm? in argon, which

077401-4



Chin. Phys. B Vol. 23, No. 7 (2014) 077401

is a relatively low value (Fig. 7). Furthermore, the highest
J. (77 K) could not exceed 1.0 MA/cm? in argon. Based
on research into YBa,Cu3O,;_gs film J. improvement, the
superconducting property of YBa;CuzO;_s film strongly
depends on the variation in the oxygen concentration. 8]
The reversible oxygen content which can vary between
0 < & < 0.5 is related to the transition between the non-
superconducting tetragonal phase and the superconducting
orthorhombic phase.?”! The variation in oxygen concen-
tration perhaps also affects the superconducting property of
TI1-2223. Furthermore, our annealing process takes place in
pure argon. So now, we attempt to process T1-2223 films
by additional annealing in oxygen. After this additional an-
nealing, the T1-2223 films underwent several changes. The
effect of 7. enhancement on TI-2223 film is more distin-
guishable. By performing the third annealing of TI-2223
film in oxygen, a T; of 119 K can be obtained for annealing

at 850 °C and the highest 7; can reach 120 K for annealing at
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Fig. 6. (color online) Superconducting transition curves of T1-2223
films after annealing in oxygen in contrast to those without the addi-
tional annealing in oxygen.
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Fig. 7. (color online) Current density versus voltage curves of T1-2223

films after annealing in oxygen in contrast to those without the third
annealing in oxygen.
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880 °C as indicated in Fig. 6. The transition width is still less
than 2 K. Moreover, with annealing in oxygen, the increase of
the J.. is more evident. In Fig. 7, at 77 K, a J; of 3.8 MA/cm?
can be obtained for T1-2223 film annealed in oxygen at 850 °C,
which is about five times higher than that for T1-2223 film after
the second annealing. The highest J; (77 K) could reach about
4.0 MA/cm? for the sample annealed in oxygen at 880 °C.
Through the comparison of different films, it can be illustrated
that the third annealing in oxygen improves the superconduct-
ing properties. Furthermore, the purity and structure of TI-
2223 are not affected seriously by annealing in oxygen. Fig-
ure 8 shows the XRD pattern of the T1-2223 film after the third
annealing at 850 °C. It is clear that the main diffraction peaks
can be assigned to the (00/) peaks of the T1-2223 phase. Only
small peaks (denoted by ) at 20 = 37.02° and 43.41° cor-
responding to the (0012) and (0014) peaks of T1-2212 phase
are present. We note that this step is carried out in an oxygen
atmosphere. This temperature (850 °C-880 °C) will favor the
higher T1,O partial pressure over the Tl-based target in the alu-
mina crucible. The formation of T1-2212 is possible by high
T1,0 partial pressures during the annealing. Furthermore, the
generation of the T1-2212 phase is also due to the analogous

formation condition in the temperature of the T1-2212 phase
17]
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Fig. 8. XRD pattern of the T1-2223 film after triple annealing.

The rocking curve of the sample is shown in Fig. 9. The
FWHM of the (0014) peak of the T1-2223 phase is about 0.56°.
These results could corroborate that the film possesses good
crystalline structure and is entirely oriented with their c-axis
perpendicular to the plane of the substrate surface. Figure 10
shows the image of the T1-2223 film after the third annealing
in oxygen. The film also exhibits a smooth surface morphol-
ogy with a flat plate-like terrace feature which is similar to
that in Fig. 4(b). The thickness of the resulting T1-2223 film is
about 800 nm.
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FWHM =0.56°
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Fig. 9. Rocking curve of Tl;Ba;Ca;CuzO1g (0014) after triple anneal-
ing.

Fig. 10. SEM micrograph of T1-2223 films after triple annealing.

4. Conclusions

In this paper, TlBayCayCuzOjq films are reproducibly
prepared on (001) LaAlOj3 substrates by dc magnetron sputter-
ing and a triple post-annealing method. The annealing temper-
ature of inter-phase T1-2212 was about 720 °C-760 °C. This
is an effective reduction in temperature (compared with the
880 °C-900 °C maximum temperature which must be used in
the two-step preparation process) which will minimize evap-
oration. The film contains a large number of crystal nuclei
of TI1-2212 in this step. The rate of evaporation is reduced
when the sample is annealed again at high temperature. By
converting T1-2212 into T1-2223 in the second annealing, the
T1-2223 film is smooth and impenetrable by light in an op-
tical microscope. The XRD measurements confirm the pu-
rity of the T1-2223 phase in this procedure. The film exhibits
flat terraces with particles. XRD 6-260 scans and rotational
¢ scans prove that the films are strongly textured with the ¢
axis perpendicular to the substrate’s surface. The FWHM of
the (0014) peak of T1-2223 on the best sample is about 0.42°.
A third additional annealing in oxygen for the TI-2223 film

was also studied, which can improve the film’s properties, i.e.,
smoother morphology and better superconducting properties.
The T¢ of film can be obtained to be 120 K. The J. (77 K) is
increased to 4.0 MA/cm? at self field. Neither the phase purity
nor the crystalline structure of the film is seriously affected by
the third annealing.
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