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High-quality Bi>Sr,CaCu,0g,s superconducting thin films are successfully grown on a SrTiOz substrate by
the Pulsed Laser Deposition technique. Superconducting critical transition temperatures Tc,ero have
reached up to 85 K by using optimized growth parameters. In addition, we demonstrated the two-
dimensional nature of the superconductivity of thin films by virtue of exhibiting Berezinskii—Kosterlitz—
Thouless (BKT) physics and anisotropic magnetic response. Furthermore, three distinct regimes are
identified based on the analysis of direct current resistance. The non-Fermi liquid phase and BKT phase
fluctuation zone almost perfectly merge together, which implies that the system undergoes a unique
topological state that is determined by the BKT phase fluctuation preceding the onset of the
superconducting state. The emergence of such a topological state radically differentiates from the

three-dimensional superconducting transition, which spontaneously breaks the gauge symmetry. The
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Accepted 15th July 2023 current studies on the BiSr,CaCu,0g,s superconducting thin films provide some new insights for

understanding the rich quantum states of matter that emerge in the vicinity of the superconducting
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1. Introduction

Studies on high-temperature superconductivity have attracted
substantial attention due to their fascinating macro quantum
phenomenon and elusive superconducting pair mechanisms.*
In particular, various two-dimensional (2D) materials and het-
erostructures have been considered to be promising platforms
for establishing high-temperature superconductivity in the past
several decades.*” For example, 2D materials MoS, and ZrNCl
exhibit a superconducting critical transition temperature T,
which is comparable with their bulk counterparts.®**® The
La,_,Sr,CuO,/La,CuQ, heterostructure interfaces and FeSe thin
films even display a transition temperature much higher than
the bulk values."””** In particular, the LaAlO;/KTaOj; interface
shows superconductivity whereas their bulk forms are both not
superconductors.> The representative works demonstrate that
2D superconducting phase transition could be different from
the case of 3D. 2D-related materials and other artificial struc-
tures give us a new platform to realize high-temperature
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phase transition and highlight the significant

superconductivity and explore the superconducting physical
origin.

In addition, owing to the development of the mechanical
exfoliation technique, Yu et al. successfully realize the fabrica-
tion of intrinsic monolayer crystals of the high-temperature
superconductors  Bi,Sr,CaCu,Og,s; (Bi-2212). The oxygen
content of monolayer Bi-2212 can be tuned by annealing. The
investigations on the superconductivity, pseudogap phenom-
enon, charge density wave order, and Mott insulating states of
monolayer Bi-2212 at different doping concentrations both turn
out to be consistent with the observations in the bulk phase.
These important discoveries demonstrate that cuprate super-
conductors are characteristic of quasi-two-dimensional.**
However, although the preparation of monolayer high-
temperature superconductors can be achieved through
mechanical exfoliation techniques, there are huge challenges in
practical applications due to the small size and uncontrollable
thickness. Therefore, we prepared superconducting thin films
of Bi-2212 by using the Pulsed Laser Deposition (PLD) tech-
nique. The size is relatively larger and the thickness of the film
can be controlled, which enables the application of super-
conducting thin films to become possible. The Bi-2212 thin
films grown on SrTiO; substrate exhibit the highest super-
conducting transition temperature. The growth parameters,
such as laser energy density, oxygen partial pressure and
deposition temperature, are optimized to obtain a relatively
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high transition temperature, which reaches up to 85 K by using
optimal growth conditions. In addition to that, the application
of a magnetic field leads to the suppression of high-temperature
superconductivity. Especially for the application of an out-of-
plane magnetic field, the critical transition temperature was
remarkably changed. The linear fitting extrapolating of the
critical magnetic field at 0 K reaches 52.77 T, which is
a comparable energy size with the corresponding critical
temperature. Finally, we employ the Berezinskii-Kosterlitz-
Thouless (BKT) formula to fit the direct current (DC) resistance.
We found that the low-temperature resistance can be well fit by
the BKT phase fluctuation formula ahead of the super-
conducting state, which signifies the characteristics of 2D
superconductivity. In the high-temperature region, the myste-
rious linear temperature-dependent behavior has been recog-
nized as the signature of Non-Fermi liquid states, which
remains to be elusive so far. In this paper, we highlight two
important facts, one is that three distinct regimes can be
distinguished only through the analysis of DC resistance.
Another point is that the emergence of a topological state
caused by BKT phase fluctuation is a key difference in contrast
with the 3D superconductivity. In other words, 2D super-
conducting phase transition does not require the spontaneous
symmetry breaking due to the existence of the topological state.
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2. Experiment methods and
measurements

Thin films of Bi-2212 are prepared on single crystalline
substrates of SrTiO; (STO), LaAlO; (LAO) and DyScO; (DSO) by
using the pulsed laser deposition (PLD) technique with
a Coherent KrF Excimer laser of wavelength 248 nm. The target
of nominal composition Bi-2212 is prepared by the solid-state
reaction method. The metal carbonates used for the synthesis
were dried prior to the reactions and the drying temperatures is
200 °C. The raw materials (Bi,O3, SrCO3, CaCO; and CuO) are
weighed according to stoichiometric ratio, thoroughly ground
in an agate mortar to obtain a homogeneous mixture, and then
calcined at 760 °C for 10 hours to remove carbonate. The
calcined powder is fully ground again and calcined at 830 °C for
10 hours. This process needs to be repeated several times until
the pure powder phase of Bi-2212 is obtained, which is placed in
the vacuum hot-pressing furnace for the final pressing and
sintering process. The XRD pattern of Bi-2212 polycrystalline
target is shown in Fig. 1(a). The film deposition parameters are
optimized by varying the laser energy density, oxygen partial
pressure, substrate temperature and in situ annealing condi-
tions. The high-quality superconducting Bi-2212 thin films are
obtained by the use of the best deposition parameters. Before
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Fig. 1 The fabrication of the superconducting Bi-2212 thin film device. (a) XRD pattern of the polycrystalline Bi-2212 and schematic diagram of
Bi-2212 thin film structure. (b) The temperature dependence of DC resistance is shown in different colors, which represents the growth condition
of the thin film in different combinations of deposition O, pressure and in situ annealing O, pressure respectively. (c) Likewise, renormalized
resistance of the Bi-2212 thin film device is present in different laser energy densities. Obviously, the laser energy density has an important impact
on the superconducting phase transition temperature T.. (d) The temperature dependence of DC resistance is shown in different SrTiO3

substrate temperatures.
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each deposition, the chamber is evacuated to a base pressure of
2.64 x 10~° Pa and the deposition frequency is set at 2 Hz. The
substrate-to-target distance is fixed at 9.3 cm. To optimize the
growing conditions, the laser energy density is varied from 1.01
Jem 2to1.75 ) cm 2, the deposition pressure from 5 Pa to 10 Pa
0,, the substrate temperature from 660 °C to 730 °C, and the O,
pressure in situ annealing varies from 5 Pa to 100 Pa. In situ
annealing is used to improve the crystallinity of the samples,
and the pieces are kept warm for 20 minutes before the depo-
sition to clean the substrate. Magneto transport measurements
are performed using the commercial 9 T magnetoresistance
setup from Quantum Design, US. The magnetic field can be
applied in the direction of both parallel and perpendicular to
the plane of the sample in the temperature range from 1.9 K to
400 K. The maximum value of the magnetic field can reach 9 T.
The high-resolution X-ray diffraction (HR-XRD, A = 1.5406 A,
Bruker D8 advance) patterns of the films are measured in the 6-
20 mode at room temperature. The surface morphology of the
Bi-2212 thin film is characterized by atomic force microscopy
(AFM, Bruker MultiMode 8).

3. Results and discussion

By analyzing the influence of deposition parameters on trans-
porting property of the superconducting thin films, the prepa-
ration technology of thin films is optimized to obtain the Bi-
2212 thin film devices which perform the clear super-
conducting phase transition. Firstly, Bi-2212 thin films are
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deposited on the STO substrates by fixing the laser energy
density at 1.56 ] cm™~> and the substrate temperature at 720 °C,
and then one tried to use different combinations of deposition
O, pressure and in situ annealing O, pressure to obtain the
best-deposited parameters. Fig. 1(b) shows the temperature
dependence of DC resistance (R(7)) of Bi-2212 films in different
growth conditions. The black (red/blue/green) curve represents
the Bi-2212 film deposited at 10 (10/5/5) Pa O, pressure and
annealed in situ at 100 (10/50/5) Pa O, pressure. We find that the
film grown at 5 Pa O, pressure and annealed at 5 Pa O, pressure
exhibits a sharp superconducting phase transition, and other
combinations of deposition O, pressure and in situ annealing
O, pressure show a metallic behavior or an insulating behavior.
Apparently, the transporting property of the Bi-2212 thin films
is sensitive to O, pressure, which gives rise to insulator-metal-
superconductor phase transition through controlling O
element concentrations of Bi,Sr,CaCu,0Og.s. This change in
transporting behavior makes us reminiscent of hole-doping
driving insulator-superconducting-metal phase transition in
cuprate superconductors.>® The black curve can correspond to
the underdoped sample, where a typical Mott insulating
behavior emerges. The red and blue curves show a metallic
behavior, which can be understood as the consequence of being
over-doped.

As shown in Fig. 1(c) and (d), the laser energy density and
substrate temperature both have a significant influence on the
superconducting phase transition of the Bi-2212 thin film. The
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Fig. 2 X-ray diffraction (XRD) and atomic force microscopy (AFM) for Bi-2212 thin film device. (a) Renormalized resistance of Bi-2212 thin film
grown in different substrates is displayed. As we can see, Bi-2212 thin film with SrTiOs substrate demonstrates the highest superconducting
phase transition temperature T.. (b) The high-resolution X-ray diffraction patterns of Bi-2212 films deposited on SrTiOs, LaAlOs and DyScOs
substrates are measured in the §—26 mode respectively. (c—e) The surface topography images of the films deposited on SrTiOs, LaAlOs and

DyScOs substrates are shown respectively.
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best laser energy density and substrate temperature that we
obtain through the data of Fig. 1(c) and (d) are around 1.56 ]
em~? and 720 °C, respectively. For the laser energy density,
a larger one than 1.56 ] cm™> generates a bigger size of Bi-2212
grains, which will lead to the partial isolation of these grains
from the substrates, thereby weakening the superconductivity.
Likewise, the substrate temperature also should not be too
high, which also can cause the isolation of the film from the
substrates.>® In addition to that, in order to obtain the best
performance of superconducting thin films, we try to select
three different substrates in which all compounds possess
a perovskite crystal structure. Thus, these high-quality super-
conducting thin films are allowed to be deposited in our
selected substrates due to their small lattice mismatch with the
cuprate lattice. As shown in Fig. 2(a), the three devices of Bi-
2212/STO, Bi-2212/LAO and Bi-2212/DSO all exhibit a sharp
superconducting phase transition, thereinto, the STO device
demonstrates the highest superconducting transition temper-
ature. To analyze the underlying relationship between lattice
mismatches and superconducting phase transition, one calcu-
lated the lattice mismatch degrees for all the devices by the
formula (a5 — a)/as, where ag is the lattice parameter of the
substrate and a, is the lattice parameter of the Bi-2212 phase.
Then we obtained the values of +2.05%, —0.92% and +3.85% on
STO, LAO, and DSO respectively. However, the size of lattice
mismatch degrees does not be proportional or inverse to the
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superconducting phase transition temperature, which indicates
that the determination of superconducting critical phase tran-
sition temperature is complex, and the lattice mismatch
degrees could only induce a negligible effect. A plausible
explanation is that the degrees of lattice mismatch can not
directly determine the numbers of the surface defect and O
element concentration, which change the superconducting
phase transition. The high-resolution X-ray diffraction patterns
of Bi-2212 films deposited on STO, LAO, and DSO substrate are
measured in the -2 mode, respectively, shown in Fig. 2(b),
where the (00/) diffraction peaks from the Bi-2212 thin film and
STO, LAO and DSO substrate are clearly observed. The presence
of the (002/) peak confirms the c-axis orientation of the Bi-2212
thin film, which implies the current studied thin film is a high-
quality single crystal thin film.
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According to the Bragg derivative formula of (1) and the
interplanar spacing formula of the tetragonal crystal system of
(2), the c-lattice parameter of the Bi-2212 film deposited on the
STO, LAO and DSO substrates are determined from the XRD
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Fig. 3 The analysis of BKT transition. (a) V(/) curves on a logarithmic scale for Bi-2212 thin film device. (b) The temperature dependence of the
power-law exponent is shown, which comes from the fits for V() curves in (a). (c) R(T) dependence plotted on a [d In T/d(T)]=%/® versus T scale.
The solid line denotes the behavior that is expected for a BKT transition with Tyt = 89 K. (d) R(T) is directly fit by using the BKT formula, yielding
a Tgkr = 89 K. (e) The phase diagram is summarized based on our measured DC resistance for the thin film device. The red and blue solid lines
indicate the BKT fit and linear fit in different temperature ranges respectively.
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(0021) diffraction peak, which was 30.691 A, 30.785 A and 30.5 A.
The atomic force microscope measurement shows that the
surface of Bi-2212/STO, Bi-2212/LAO and Bi-2212/DSO are quite
flat with a roughness of about 2.57, 1.86 and 1.89 nm in
Fig. 2(c)-(e). Loosely speaking, XRD patterns and AFM images
both indicate that the high-quality superconducting thin films
are already grown in different substrates.

By investigating the transport properties of the Bi-2212/STO
heterostructure and observing whether it has the characteristics
of the BKT transition or not, which can determine whether the
observed superconductivity has a 2D nature? For 2D systems,
the superconducting phase transition should exhibit a BKT
transition which is characterized by a transition temperature
Tpxr.”” > Vortex-antivortex pairs are formed below Tgkr, and the
zero-resistance state appears. As the temperature increases,
vortex—-antivortex pairs bonded at low temperatures can spon-
taneously unbind into free vortices above Tpir due to thermo-
dynamic instability, and eventually, the superconducting state
is destroyed through the proliferation of free vortices at a higher
temperature.®

According to the BKT transition theory, two typical signatures
can be identified in the vicinity of the characteristic transition
temperature Tgkr, (I) the non-ohmic behavior of V-I curve appears

View Article Online
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as a simple power-law behavior V o FO with a = 3 at Tygr; 831348
and (II) the temperature dependence of the resistance manifests
as R(T) = Rye 20 Twa) =12 2832 \which can be equivalently to write
a logarithmic form as [d In T/d(T)]"** = 2/b**(T — Tgx), i.e., the
expression [d In 7/d(T)] % possess a linear temperature depen-
dence. These two features have been currently used to experi-
mentally confirm the existence of a BKT transition and determine
the value of the Tgir.**** Fig. 3(a) displays the V-I curves (log-log
scale) for the sample. The straight lines in this figure imply the
power-law behavior, and the power law exponents a is equal to the
slope of the lines (V o« I). Among them, the grey line with a slope
of 1 which indicates their ohmic characteristics of normal state
resistance (V o I), while the blue line with slope 3 marks the
beginning of the BKT transition (V « °). The power-law exponents
as a function temperature are extracted by the fit for V-I curves at
each temperature. As shown in Fig. 3(b), the value of a is close to 3
at a temperature of 80 K, hence Ty is estimated to be 80 K by V-1
characteristics. In addition, the R(7) characteristics should also be
consistent with the BKT transition. As expected for the BKT tran-
sition (see (IT) above), [d In T/d(T)] > around Ty should be linear
with T. As shown by the blue line in Fig. 3(c), [d In T/d(T)]*" does
scale linearly with T. Tpir = 89 K that is extracted from the inter-
section point of the linear extrapolation with the X axis.®** At the
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Fig. 4 Anisotropic magnetic response of Bi-2212 thin film device. (a) The normalized resistance of the film deposited on the SrTiOz substrate is
plotted as a function of temperature with the application of an in-plane magnetic field. (b) The normalized resistance of the Bi-2212 thin film
device is shown under the out-of-plane magnetic field. (c) According to (b), the temperature dependence of the critical magnetic field in the out-
of-plane direction is fit. The application of an out-of-plane magnetic field of 52.77 T can totally suppress the superconductivity.
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temperature range just above Tgkr, the temperature-dependent
resistance is predicted to be in a form of R(T) = R, e ?(7~Tuc)=112
where R, and b are material-specific parameters.®*****° The plot of
[d In T/d(T)] "> versus T as shown in Fig. 3(c) and the fits using this
form of the R(T) data shown in Fig. 3(d) are both in accordance
with the expectation of BKT transition theory, yielding Tgir to be
89 K. As we discussed above, Tgir that deduced from the V-I
characteristic and R(T) curve is quite close.

Furthermore, the phase diagram is summarized based on
our measured DC resistance for the thin film device in Fig. 3(e).
The blue curve is obtained by a linear fitting, the fitting formula
is R(T) = 0.138T + 4.68. The red curve is obtained by BKT fitting,
the fitting formula is R(T) = R, e ?"~ "= ~12 Intriguingly, the
BKT fit and linear fit can be clearly distinguished, and these two
fitting lines almost seamlessly merge together. This implies that
the system has to undergo a BKT phase fluctuation region as
a transition state ahead of the emergence of the super-
conducting state. This is intrinsically distinct from the
appearance of 3D bulk superconductivity. In addition, at higher
temperature ranges, we also observe the linear temperature
dependence which has already been thought of as the typical
feature of non-Fermi liquid states, however, its physical origin is
still elusive so far. Around the BKT temperature, the absolute
zero resistance state has a tiny deviation from the BKT formula,
which means that the finite size effect and inhomogeneity of the
thin films have a weak impact on the superconducting
transition.*!

Magneto transport measurements are performed on the
optimized thin film grown on the STO substrate. Fig. 4(a) and (b)
correspond to the magnetic transport measurements of the film
under an in-plane and out-of-plane magnetic field respectively.
The resistance R(T) has been normalized to that of 140 K. The
superconductivity of this heterostructure sample cannot be fully
destroyed by applying magnetic fields up to 9 T out of a plane or
in the plane, which implies their upper critical fields (u.H) are
quite large. In contrast with the response of in the plane
magnetic field, the superconductivity is remarkably suppressed
under the magnetic field out of the plane, which also reflects
the feature of 2D superconductivity. R(T) curves at different
magnetic fields of out of plane are fitted by using the BKT
formula as R(T) = R, e ?"~ 7)1 The magnetic fields are found
to be linear as a function of BKT transition temperature (see
Fig. 4(c)). By using the formula puoH(Tgxr) = —0.58Tgxr + 52.77 tO
fit the data, the critical magnetic field at zero temperature can be
determined, which is about 52.77 T. The corresponding Zeeman
energy is 6.1 meV, which is about 70 K, which is a bit lower than
the critical superconducting transition temperature.

4. Conclusions

In summary, firstly, the high-quality Bi,Sr,CaCu,0g.s super-
conducting thin films are successfully grown on various
substrates by the PLD technique. Different O, pressure leads to
qualitatively different transporting behavior and displays an
insulator-superconductor-metal phase transition, which can be
attributed to the change in O concentrations. Superconducting
critical transition temperature has reached up to 85 K by using

25802 | RSC Adv,, 2023, 13, 25797-25803
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the optimized growth parameters on the STO substrate. Lattice
mismatch cannot determine the superconducting phase tran-
sition. Secondly, the BKT formula is employed to well fit the DC
resistance. The BKT characteristic temperature determined by
V-I curves and R(T) date are quite close, which confirms the 2D
superconducting nature of thin films. Finally, the BKT fit and
linear fit are well distinguished, and three distinct phases
(superconducting phase, BKT phase fluctuation state, non-
Fermi liquid state) are identified only through DC resistance.
Our current work on Bi,Sr,CaCu,0s.s superconducting thin
films provides some new insights for understanding the 2D
superconducting phase transition and highlights the signifi-
cant role of BKT phase fluctuation.
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