http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Vortex pinning and rectification effect in a nanostructured superconducting film with a square

array of antidot triplets

An He(fi1%)1, Cun Xue(##17), Youhe Zhou(J& X A1)
Citation:Chin. Phys. B . 2018, 27(5): 057403. doi: 10.1088/1674-1056/27/5/057402

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Dynamics of vortex-antivortex pair in a superconducting thin strip with narrow slits

An He(fi[ %), Cun Xue(##17), You-He Zhou(J& X Fl)
Chin. Phys. B . 2017, 26(4): 047403. doi: 10.1088/1674-1056/26/4/047403

Study of Nb/Nb,Si;../Nb Josephson junction arrays

Cao Wen-Hui, Li Jin-Jin, Zhong Yuan, He Qing
Chin. Phys. B . 2015, 24(12): 127402. doi: 10.1088/1674-1056/24/12/127402

Fabrication and properties of the meander nanowires based on ultra-thin Nb films

Zhao Lu, Jin Yi-Rong, Li Jie, Deng Hui, Zheng Dong-Ning
Chin. Phys. B . 2014, 23(8): 087402. doi: 10.1088/1674-1056/23/8/087402

Formation of epitaxial TI,Ba,Ca,Cus00 superconducting films by dc-magnetron sputtering and
triple post-annealing method

Xie Wei, Wang Pei, Ji Lu, Ge De-Yong, Du Jia-Nan, Gao Xiao-Xin, Liu Xin, Song Feng-Bin, Hu Lei, Zhang Xu,
He Ming, Zhao Xin-Jie
Chin. Phys. B . 2014, 23(7): 077401. doi: 10.1088/1674-1056/23/7/077401

Interstitial vortex in superconducting film with periodic hole arrays

He Shi-Kun, Zhang Wei-Jun, Wen Zhen-Chao, Xiao Hong, Han Xiu-Feng, Gu Chang-Zhi, Qiu Xiang-Gang
Chin. Phys. B . 2012, 21(8): 087401. doi: 10.1088/1674-1056/21/8/087401


http://cpb.iphy.ac.cn/EN/abstract/abstract72074.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72074.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract69804.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65980.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract60376.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract59969.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract59969.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract49317.shtml

Chin. Phys. B Vol. 27, No. 5 (2018) 057403

Fabrication of Tl,Ba,CaCu,0Og superconducting films
without thallium pellets*
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A new improved two-step method in fabricating TlpBay,CaCu,Og (T1-2212) thin films is presented in this paper. In
the first process of dc magnetron sputtering, the thallium content in the precursor film is largely increased by adjusting
the ratio of thallium in the sputtering targets. After the second annealing process in the absence of additional thallium
pellets or powder source, high-quality T1-2212 thin films can be obtained. The proper content of thallium in the precursor
film provides a relatively stable atmosphere to guarantee the growth of T1-2212 film. This method avoids the repeated
production of the thallium pellets in the post-annealing process, the repeatability and controllability of the experiment are
greatly improved. X-ray diffraction (XRD) scans show that all of the sharp peaks of the sample films can be assigned to the
(00!) peaks of T1-2212 phase. The highest superconducting critical temperature (7;) of the films is 105 K and the critical
current density (J¢) can achieve 1.93 MA/cm? in zero magnetic field at 77 K for a 600 nm film.

Keywords: T1-2212 superconducting films, post-annealing, critical temperature, critical current density
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1. Introduction

Owing to their high critical temperature, high critical cur-
rent density and low microwave surface resistance, thallium-
based high temperature superconducting (HTS) thin films are
popularly used in microelectronic applications.!!3) While, for
the toxicity and volatility nature of Tl,O3, the investigation on
Tl-based superconducting is not very deep, and the compli-
cated fabrication of Tl-based superconducting thin films limits
their development.

Many reports on the preparation of Tl-based HTS films,
such as TI,Ba,CaCu,Og (TI-2212) films, have been pre-
sented in the past several decades. Unlike the fabrication of
YB,C307_, films,™* 7! most of Tl-based films were fabricated
by a two-step process due to the high volatility of thallium at
high temperature. In the first step, it usually involves the de-
position of an amorphous precursor film (with or without thal-
lium) by a variety of methods, such as sputtering,!®”! pulsed-

n,[1%-121 or chemical vapor deposition.!!3:14]

laser depositio
And in the second step, the superconducting thallium phase
thin films will be formed in the presence of thallium oxide va-
por at high temperature.''>%! For the volatile nature of thal-
lium oxide at the annealing temperature, the vapor pressure of
thallous oxide over condensed thallium oxides rises rapidly,
the loss of thallium is inevitable. Due to the difference of

annealing conditions, it is difficult to guarantee the balance
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of thallium vapor—solid equilibrium in the growth of thallium
phase films.[!”] Keeping the balance of thallium oxide is the
key to the synthesis of the Tl-based superconducting films.!®!

Many groups have suggested methods to solve this prob-
lem. Using thallium pellet or powder to provide thallium oxide
vapor in the annealing step is a popularly used method. Sie-
gal and co-workers deposited Tl-free precursor oxide films on
LaAlOj; substrates, and the precursor films were annealed with
the thallium pellets in pure O;. The TI1-2212 films exhibited
superconducting critical temperature 7, > 95 K and the criti-
cal current densities J. > 10 MA/cm? in zero field at 5 K.[19]
In our group’s previous work, high quality T1-2212 films have
been obtained on LaAlOj3 substrates by annealing the T1-Ba—
Ca—Cu metal precursor together with the thallium pellet in the
second step. The T; values of the TI1-2212 films were above
105 K, and the J, of the films were measured to be around 3—
5MA/cm? in zero field at 77 K.[?" The thallium pellets used in
the experiments above, which provide the thallium oxide pres-
sure in the second step, can only work for a few times at high
annealing temperature and need to be replaced continuously.
Besides, the consumption of Tl,O3 is large in the growth of
these thallium pellets, the T1,O3 powder used in the process
of making the pellets is far more than the content of thallium
in the T1-2212 films, and the preparation of the thallium pellets
is complicated too. Furthermore, these thallium pellets domi-
nate the growth of the T1-2212 films, each annealing process is
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not exactly the same because of the repeated use of the pellets,
the optimized experimental condition is difficult to achieve.

To simplify the formation process and improve the ef-
ficiency of the experiment, we present an improved post-
annealing process for the fabrication of T1-2212 films. By ad-
justing the composition of Tl O3 in the precursor films and the
annealing conditions, the new process can maintain the vapor—
solid equilibrium. Therefore, high quality pure phase T1-2212
films can be obtained in the absence of thallium pellets.

2. Experimental details

T1-2212 superconducting thin films were fabricated on
(10 mmx 10 mm) LaAlO3 (00!) substrates by a two-step pro-
cess: deposition of amorphous Tl-Ba—Ca—Cu-O precursor
films, then converting the precursor films into the T1-2212
phase by annealing. The TI-Ba—Ca—Cu—O precursor films
were deposited on LaAlO3 (00!) substrates by dc magnetron
sputtering from a pair of facing Tl,Ba,CaCu,Og supercon-
ducting targets at room temperature. The superconducting
targets were prepared by solid-state reaction of stoichiomet-
ric amounts of CaO, BaO,, CuO and Tl,0O3 powders with an
initial cation ratio of 2.5-2.8 Tl: 2 Ba: 1.2 Ca: 2 Cu. The
substrate was placed parallel to the symmetrical centerline of
the two facing targets. Sputtering was carried out in a mixture
of 80% argon and 20% oxygen gases with a total pressure of
about 2.0 Pa. The deposition rate was about 5 nm/min and the
thickness of the film was approximately 0.3-0.6 pm.

The precursor films were sealed in a sapphire crystal cru-
cible for the second processing step. The sapphire crystal cru-
cible was delicately designed, the crucible included a base and
a cover. According to the size of the substrate, a 1 cm? closed
space was designed on the base. The contact surface between
the base and the cover was smooth. The whole assembly was
then placed into a furnace for the annealing process in flowing
oxygen. In the conventional annealing process, the T1-2212
phase is formed at 800860 °C in flowing oxygen!?!! or at
720-760 °C in argon./??! Therefore, the temperature range of
730-830 °C for 90-240 min was chosen to be applied for an-

nealing in this method.

3. Results and discussion

For the relatively closed cavity in this special sapphire
crystal crucible, with the increment of the proportion of Tl in
the precursor films, the post annealing conditions would be
similar to that of the process with additional thallium pellets.
After a series of experiments about annealing the precursors
with different thallium contents, by using this specially de-
signed crucible, the best results were obtained with the pre-
cursor films from a Tl 7Ba;Ca; »Cu;, O, sputtering target.

The structural characterizations of the films were per-
formed by x-ray diffraction (XRD) scans on a Rigaku DMAX-
2500 x-ray diffractometer with Cu Ko radiation. Siegal and
co-workers demonstrated that the T1-2212 phase is a stable
superconducting phase with annealing temperatures around
775 °C. When the annealing temperature is below 750 °C, sin-
gle Tl-layer phases, such as TIBa;CaCu,O7 (T1-1212), will be
formed. And with the annealing temperatures rising to above
780 °C, the TIBayCa;Cu30g (T1-1223) phase will appear. '8!
Our experimental results are consistent with these reports on
the crystalline properties. The annealing temperature and an-
nealing time dominate the growth of T1-2212 films in this new
treating process.
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Fig. 1. (color online) XRD patterns of T1-2212 films prepared with dif-

ferent annealing conditions: (a) at 750 °C for 120 min, (b) at 770 °C for
120 min, (c) at 790 °C for 120 min, (d) at 770 °C for 240 min.
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Figures 1(a)-1(d) illustrate the XRD 6-26 patterns of
0.6-um-thick films annealed at different annealing tempera-
tures and processing time. Figure 1(a) shows the sample an-
nealed at 750 °C for 120 min, the sample is dominated by the
T1-2212 phase and most of the sharp peaks can be assigned to
the (00]) peaks of the T1-2212 phase. The TI-1212 phase ap-
pears at the same time, but the intensity of the T1-1212 phase
peaks is weak. The result shows that the films are entirely ori-
ented with their c-axis perpendicular to the plane of the sub-
strate surface. With the annealing temperature rising to 770 °C
in Fig. 1(b), all the peaks of the TI-1212 phase disappear com-
pletely, pure T1-2212 phase is obtained. In Fig. 1(c), when the
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annealing process is set at 790 °C for 120 min, all the main
(001) peaks of the T1-2212 phase are similar to those of the
sample shown in Fig. 1(b), but the mixed T1-1212 and T1-1223
phases can be found clearly, 790 °C is a bit high for this an-
nealing process. Figure 1(d) shows the result of the sample
obtained at 770 °C for more than 120 min. The TI-1212 and
T1-1223 phases appear on the diffraction plots when the an-
nealing time is extended to 240 min. A longer annealing time
will reduce the purity of T1-2212 phase crystal structure.

Compared with the four diffraction plots shown above,
the main peaks of all the samples are T1-2212 phase diffrac-
tion peaks. It is suggested that we can fabricate the T1-2212
phase films at a relative wide temperature range in this new
process, but the purity of the film is sensitive to the variation
of annealing temperature and annealing time.

The rocking curve of the (0012) peak of the T1-2212 thin
films annealed at 770 °C for 120 min is also measured and
shown in Fig. 2. The full width at half maximum (FWHM)
of the (0012) peak of the T1-2212 phase is about 0.24°. The
result indicates that the films annealed at 770 °C for 120 min
possess a good crystalline structure.

FWHM =0.24°

Intensity

Fig. 2. Rocking curve of the (0012) peak of the T1-2212 thin films.

The surfaces of the T1-2212 films prepared by the new
method were uniform and mirror-like. The morphologies of
the TI-2212 films were obtained by scanning electron mi-
croscopy (SEM). Figures 3(a)-3(d) show the SEM images of
the films annealed under different conditions: (a) at 750 °C for
120 min, (b) at 760 °C for 120 min, (c) at 760 °C for 180 min,
(d) at 810 °C for 120 min. The surface morphology of the
sample film is smooth in Fig. 3(a). For the film annealed at a
higher temperature 760 °C, a coarser morphology emerges on
the surface of the film as seen in Fig. 3(b). When the annealing
time is extended to 180 min at 760 °C, it has small influence on
the sample surface, the film in Fig. 3(c) exhibits a smooth sur-
face morphology with a flat plate-like terrace feature, which
is similar to that in Fig. 3(b). With the annealing temperature
raised to above 800 °C, the out of flatness is clearly observed
on the surface shown in Fig. 3(d). At the temperature above

800 °C, high volatility of thallium will lead to many pits and
holes on the surface of the film.

Fig. 3. (color online) SEM micrographs of T1-2212 films annealed un-
der different conditions: (a) at 750 °C for 120 min, (b) at 760 °C for
120 min, (c) at 760 °C for 180 min, (d) at 810 °C for 120 min.
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Fig. 4. Superconducting critical temperatures of T1-2212 films annealed
for (a) 90 min, (b) 110 min, (c) 120 min, (d) 150 min, (e) 180 min.

The superconducting critical temperatures were measured
by the non-contact inductance method.?*! Figure 4 shows the
critical temperatures T of the T1-2212 films annealed under
different annealing conditions. In Fig. 4(a), the samples an-
nealed for 90 min below 760 °C have no superconductivity,
and the highest 7; of the films annealed for 90 min is 103 K at
760 °C. The T¢s are below 95 K for the films with the anneal-
ing temperature ranging from 770 °C to 810 °C. In Fig. 4(b),
the samples annealed for 110 min below 750 °C are not super-
conducting. The T; increases slowly with the annealing tem-
perature increasing from 750 °C to 760 °C, and the highest
T of 105 K is observed at 765 °C, then the T; falls dramat-
ically to 94 K at 770 °C. The T;s of the samples annealed at
770-810 °C are around 90 K. The 7; tendency of the films
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annealed for 120 min shown in Fig. 4(c) is similar to that of
the samples annealed for 110 min, and the highest 7. of the
sample film annealed for 120 min is 103 K. From Fig. 4(d),
the 7;s of the samples annealed for 150 min climb slowly with
the annealing temperature increasing from 750 °C to 770 °C.
The highest T; of 94 K is obtained at 770 °C. In Fig. 4(e), the
T:s of the samples annealed for 180 min are around 90 K, and
the highest 7 is only 92.5 K at 790 °C. When the annealing
temperature is between 760 °C and 765 °C, and the annealing
time is between 90 min and 120 min, the 7;s of the samples
are usually higher than 100 K, the highest T is 105 K.

Transport critical current densities J.. of the T1-2212 films
were measured by using a four-point-probe technique at 77 K
and zero applied magnetic field. Firstly, the T1-2212 films
were patterned into a micro bridge by photolithography and
wet chemical etching using diluted hydrochloric acid, the
bridge is 550 um long and 20 pm in width. A voltage cri-
terion of 10 uV was used for the determination of J.. Fig-
ure 5(a) illustrates the critical current densities of the T1-2212
films annealed at different temperatures for 120 min. The J;s
of the samples annealed at 750-765 °C increase slowly, and
the highest J. is 1.6 MA/cm? obtained at 765 °C. As the an-
nealing temperature increases from 765 °C to 800 °C, J. grad-
ually decreases to 0.52 MA/cm?. Figure 5(b) shows a group
of J.s of the T1-2212 films annealed at 760 °C with differ-
ent post-annealing time. With the annealing time increasing,
the highest J; of a sample annealed for 110 min can achieve
1.93 MA/cm? in our experiment. It drops to 0.775 MA/cm?
for the film annealed for 150 min. The T1-2212 films annealed
at the temperature of 760-770 °C for 90-120 min will lead to
the best 7; and J..

The variability in 7; and J; correlates with the crystalliza-
tion process, and it is consistent with the results analyzed from
the XRD figures. When the annealing temperature is below
750 °C, it cannot meet the requirement of the lowest thermal
energy growth, the sample films are usually not superconduct-
ing. With the appearance of mixed phases, the impurity phase
will also affect the purity of the film and reduce the supercon-
ductivity of the film. In the traditional method with thallium
sources, the additional thallium pellet can provide thallium ox-
ide vapor balance continuously for a long time. While in this
method, the content of thallium in the precursor films is fewer
compared to the pellet, the balance of thallium vapor—solid
equilibrium can only be maintained in a short period at around
760-770 °C. A higher annealing temperature or a longer an-
nealing time will reduce the superconducting properties of the
T1-2212 film. Without the protection of the balance of thallium
oxide, both T and J. will drop quickly when the annealing
condition is not optimal.

Compared to the traditional process in fabricating TI-
2212 thin films, the annealing temperature in oxygen!?!! is re-

duced by 40-60 °C. The annealing temperature is similar to
that of the conventional process in argon,'??! while the post-
annealing time is reduced to 90-120 min.
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Fig. 5. (a) J. versus annealing temperature. (b) J; versus annealing
time.

Based on the discussion above, this new method has two
advantages. One is reducing the cost of fabrication. This
method significantly reduces the use of Tl,O3. By adjusting
the content of thallium in the precursor films and the selec-
tion of the appropriate size of the crucible, high quality TI-
2212 films are successfully obtained. The other is improv-
ing the repeatability and efficiency of the experiment. This
new method avoids the uncontrollable conditions and the ex-
perimental condition is basically consistent, the repeatability
and manipulability of the experiment are greatly improved. In
addition, compared to 6 hours of annealing in the traditional

5,122 the post-annealing time is reduced to 90-120 min,

proces
the efficiency of the experiment is improved.

Although the best J; obtained in this new method is lower
than that from the conventional ways, a better J. result will
be reached through the further experiments. If the manu-
facturing process of the thallium films is continuously sim-
plified and optimized, more high-quality thallium films, such
as TIBayCayCu30Og and Tl,BayCayCuz O, will be popularly

studied and widely used in applications.

4. Conclusion

T1-2212 films were fabricated by dc magnetron sputter-
ing and post-annealing without the thallium pellet in flowing
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oxygen. This new method uses less TlO3 than the conven-

tional two-step method and avoids the repeated fabrication of

thallium pellets, it effectively improves the efficiency, control-

lability and repeatability of the experiment. The XRD patterns

of 6-20 scans proved that the thin films could obtained pure

T1-2212 phase only. And the films were strongly textured with

the ¢ axis perpendicular to the substrate surfaces and epitaxi-
ally grown on LaAlO3 (001). The best T;, of the films is 105 K
and the J is close to 2 MA/cm? at 77 K zero field.
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