J Supercond Nov Magn (2017) 30:2335-2340
DOI 10.1007/s10948-016-3846-y

@ CrossMark

ORIGINAL PAPER

Fabrication of Superconducting YBa;Cu3O7_, Thin Films
on Si Wafer via YSZ/CeO;, buffer layers

Y. Uzun!?2 . O. Kuran! - I. Avcil

Received: 27 May 2016 / Accepted: 5 October 2016 / Published online: 29 October 2016
© The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract Fabrication of reproducible superconducting
YBa;Cu3z07_, (YBCO) thin films with 7, values above 85
K on Si wafers has been realized by optimizing the thin film
deposition process. Prior to the deposition of YBCO thin
film on (100) p-type Si wafer, YSZ and CeO; thin films
were deposited as buffer layers by RF magnetron sputter-
ing, and subsequently, YBCO thin film was deposited by
dc magnetron sputtering. The deposition parameters such
as substrate temperature, process gas pressure, Ar/O; ratio,
and power density were optimized for all layers in order
to enhance the whole structure to prevent microcrack for-
mation caused by misfits in crystal lattice parameters and
thermal expansion coefficients between Si/YSZ/CeO; and
YBCO. Structural analyses were performed on YSZ and
CeO, layers, and electrical and magnetic measurements
were carried out on a YBCO layer by employing XRD,
SEM, resistance vs. temperature, and AC magnetic sus-
ceptibility vs. temperature measurements, respectively. The
YBCO layer was also patterned as microbridges in order to
test the durability of the whole Si/YSZ/CeO,/YBCO struc-
ture during the standard photolithography and wet etching
process commonly used in device applications.
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1 Introduction

In microelectronic technologies, Si wafers have been inten-
sively used as standard substrate materials for microfabrica-
tion of semiconductor devices for decades because of their
several important advantages such as low cost, chemical
resistance, and good crystalline structure besides their con-
trollable electronic properties such as intentionally doping
as p- or n-type [1]. Moreover, microfabrication technology
and processing steps have been developed on the silicon-
based devices in semiconductor technology. Because the
similar device processing steps such as photolithography
and selective etching of the layers can be used for Nb-based
superconducting devices, Si wafers became the standard
substrate materials in conventional low-T; (critical temper-
ature) superconducting devices [2]. However, the case is not
that straightforward for the fabrication of high-T supercon-
ducting devices on Si because of many challenges caused by
the properties of high-7, materials [14—19]. Since the high-
temperature superconductor (HTS) materials become super-
conductor above the liquid nitrogen temperature, which is
quite cheap and easy to handle, it would be very useful to
fabricate HTS devices on Si by bringing the main advan-
tages of the HTS materials and Si substrates together [3].
Therefore, this became an attractive research field for many
research groups.

Among the various high-7.  superconductors,
YBa;Cu307_, (YBCO) is the most extensively used
material for superconducting electronic devices such as
Josephson junctions, quantum interference devices, single
flux quantum circuits, THz detectors, and bolometers [4—8].
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These YBCO-based devices have been fabricated on either
single- or bi-crystal SrTiO3 (STO), LaAlO3 (LAO), and
MgO substrates with excellent superconducting properties.
These substrates are very compatible with YBCO thin film
in terms of their lattice constants and thermal expansion
coefficients [9]. However, as it was previously mentioned,
it is quite attractive to fabricate the same devices on Si
substrate because it can provide a much larger area com-
pared to STO, LAO, and MgO substrates. Additionally,
STO, LAO, and MgO substrates are commonly available
in 1 cm? sizes and become very expensive above it. Other
important points of using Si wafer are the possibility of
superconductor-semiconductor hybrid device application
on a single chip and high-7; superconducting integrated
circuit fabrication [10, 11]. Also, the Si wafers offer pos-
sibility for ultra-high frequency (THz) detectors and RF
electronic applications [12, 13]. However, the deposition of
superconducting YBCO thin film directly on Si wafer is
not possible because of mismatch in the lattice constants
and thermal expansion coefficients between YBCO and Si
[14]. Another problem is the diffusion of Ba atoms into
Si during the high-temperature deposition which is neces-
sary for the YBCO crystal formation [14, 15]. In order to
overcome this problem, a chemically stable buffer layer
with proper crystalline structure has to be used on Si. This
layer is commonly made by a Y203+ ZrO; (YSZ) material
which has proper crystal lattice parameters and thermal
expansion coefficients with Si (Table 1) [16]. However, this
single buffer layer approach does not satisfy the require-
ments because of yielding very low device performances.
Ba atoms in YBCO react with Zr atoms in YSZ thin film by
creating unwanted formation at the interface [15]. There-
fore, it is predicted that depositing a very thin layer of CeO,
is also required to avoid Ba diffusion into YSZ and enhance
the crystal quality of Si/YSZ/CeO, stack, thus allowing
the growth of YBCO thin films with good superconducting
properties [17-19].

Although the crystalline formation required for the good
quality YBCO thin films on such buffer layers has been
determined, reproducible YBCO thin films with 7, values
above 85 K still become a challenge [17, 21, 22] by con-
sidering the process parameters. It has been recognized that,

despite the standard fabrication process yet to be devel-
oped for particular process, a significant reduction has been
observed in the number of publications in the recent years.
Additionally, it was understood from the many research
articles that there is a considerable need for superconduct-
ing YBCO devices fabricated on Si. Therefore, in order to
obtain a standard fabrication process, further development
is still required and has to be done. The surface prop-
erties of Si (such as amorphous native oxide formation),
growth temperature, thermal properties of the layers, and
finally, the structure of YBCO thin film still need to be
studied in order to provide more data for the optimiza-
tion of the process. By considering these, a systematic
study was organized in order to fabricate superconduct-
ing YBCO thin films on (100) p-type silicon substrates.
YSZ/CeO, bilayer buffers were deposited onto Si wafer,
and the superconducting properties of YBCO thin film
were tested depending on the process parameters mentioned
above. With our optimized process parameters, reproducible
YBCO thin films were achieved with T values above 85
K. Additionally, the stability of YBCO thin films during
the patterning process was tested in order to prove device
application capacity of YBCO thin film deposited on silicon
wafer.

2 Experiments

Initially, YSZ, CeO,, and YBCO targets and ion gun were
mounted into a multiport sputtering chamber in order to
perform in situ deposition of multilayer YSZ/CeO,/YBCO
trilayer on silicon wafer. Two-inch targets were purchased
from the same manufacturer with 99.99 % purity. Kaufman
and Robinson ion-beam etching unit was set up in order to
etch native oxide layer from Si surface in vacuum before
the initial layer deposited. Prior the thin film deposition pro-
cess, substrates were cleaned in acetone and isopropanol
baths ultrasonically for 10 min at 50 °C, respectively, and
then rinsed in deionized (DI) water and blown out with dry
N, gas. After that, hydrogen fluoride (HF) solution was pre-
pared with a 5:1 (DI water/HF) ratio and the wafer was
dipped in for 10 min in order to remove native oxide layer

Table 1 Crystal lattice

Crystal lattice parameters (a-axis) (A)

Thermal expansion coefficient (/K)

parameters and thermal Buffer layer

expansion coefficients of the

different materials SrTiO3 3.95
YSZ 5.15
CeO; 541
MgO 421
Si 5.43
YBCO 3.82

9.40 x 10~°
11.14 x 107°
123 x 107°
8.0 x 1076
2.6 x 1076
13.4 x 107°
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Table 2 Thin film deposition

parameters for each layer in Parameters Materials
multilayer structure
YSZ CeO, YBCO
Temperature (°C) 800 800 725
Gas pressures (Ar/Ar + O;) (mTorr) 20/22 20/22 200/250
Power (W RF) 40 40 70
Time (min) 15 10 60

and obtain bare Si wafer surface. Then, the piranha solution
with a 3:1 (H3PO4/H;0,) ratio was prepared to get rid of
chemical and metallic residuals from the Si wafer surface
within 20-min chemical reactions. Subsequent dipping into
HF solution was also done for 3 min until the wafer surface
get dewet which confirms that there is no any oxygen atoms
on the Si wafer surface; thus, oxygen molecules cannot bind
themselves to Si atoms. Then, the substrates were mounted
onto a heater by using silver paste in order to increase the
conductivity between heater and substrates, so that it was
sure the sample was reached to the desired deposition tem-
perature. The chamber was vacuumed down to 1 x 107°
mbar, and the sample stage was tilted to the opposite side of
the ion gun through the 360° tiltable sample stage at room
temperature for etching the wafer surface under a 600-V
beam voltage for 2 min at 4 sccm gas flow and 0.35 mTorr
argon pressure. Then, the sample was heated up to 800 °C at
30 min. During the heating process, the vacuum level is very
important. Since the Si has high affinity to oxygen atoms,
higher temperatures increase the affinity which causes easy
binding of oxygen atoms with Si, and therefore, an unde-
sired SiOy layer grows on the Si wafer surface which breaks
the crystal alignment for our structure. At 800 °C, the sam-
ple stage was tilted in front of the YSZ target and 20 mTorr
Ar and 22 mTorr Ar 4+ O, gas pressures were introduced
into the chamber by using a mass flow controller and 15-
min deposition was done by applying a 40 W RF power. In
the end of the deposition, temperature and pressures were
kept constant, the stage was tilted in front of the CeO, tar-
get, and 10-min deposition was carried out by applying the
same parameters. After that, the temperature was decreased
to 725 °C for YBCO deposition under 10 mbar O, flow in
10 min and the stage was tilted once again until its surface
aligned opposite to the YBCO target. The deposition was
carried out under 200 mTorr Ar and 250 mTorr Ar + O,
gas pressures at a 70 W DC power for 1 h. In the end of
the deposition, the system was cooled down to room tem-
perature at 700 mbar O, atmosphere with 5 °C/min cooling
rate. Optimized thin film deposition parameters are given in
Table 2.

AC magnetic susceptibility vs. temperature characteris-
tics of the samples were carried out priorly because of its

non-destructive/contactless and entire sample characteriza-
tion property. The measurements were done according to a
mutual induction method by using two identical coil sys-
tems. The primer coil was driven with a 1 V amplitude
AC signal at 1 kHz constant frequency by using a lock-in
amplifier, and the diamagnetic response of the sample was
analysed according to the induction of AC magnetic field by
a seconder coil. The measurement was carried out by fully
homemade LN; cryostat between room temperature and
77 K. Subsequent DC resistance—temperature measurement
was carried out by a four-point probe technique for both
thin films and microbridges. Meander-type microbridge pat-
terns were fabricated for three samples with 4 y m linewidth
by applying UV-photolithography and wet chemical etch-
ing processes. For electrical contacts, Au wires were bonded
onto YBCO contact pads directly by using a direct wire
bonding technique which were developed by our research
group with a wedge-wire bonder [20]. Measurements were
done from room temperature to 77 K by applying 100 u A
constant DC bias current.

YSZ and CeO; thin films were characterized in terms of
structural and morphological analysis. XRD and SEM anal-
ysis were done for YSZ thin film and YSZ/CeO; bilayer. A
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Fig.1 DC resistance—temperature measurement for the three samples
fabricated in the same conditions
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Fig. 2 AC magnetic susceptibility vs. temperature of samples 1, 2,
and 3 which were fabricated by using the same parameters

PANalytical-Empyrean model high-temperature XRD sys-
tem was used, and the samples were scanned between 10°
and 90° (20) with a 0.02° step angle. SEM analysis was
done by a FEI Quanta 450 field emission gun system.

3 Results and Discussion

Thin films were optimized for each layer independently in
terms of substrate temperature, sputtering power, gas flow
ratio, and film thicknesses. Especially, substrate tempera-
tures and film thicknesses had to be optimized precisely
in order to minimize effects of large differences on ther-
mal expansion coefficients and crystal lattice parameters
between the YBCO and CeO,/YSZ/Si multilayer structures
(see Table 1) and increase the crystallinity. In some cases,
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Fig. 3 DC resistance—temperature measurement for the three YBCO

microbridges. Inset shows the microscope image of the meander-type

patterned YBCO microbridge with 4 um linewidth
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Fig. 4 XRD analysis of YSZ thin film on the (100) Si substrate
(deposited at 800 °C)

the deposited YBCO thin films on CeO,/YSZ/Si could
have two in-plane orientations [16]. However, at the spe-
cific temperature, epitaxial growth of YBCO thin film with
single-crystal alignment is possible with 45° rotations of the
crystal structure [15, 16, 19]. In order to find optimum val-
ues for this formation, we increased deposition temperatures
for YSZ and CeO; to 800 °C at which these materials gain
single crystallinity and varied YBCO thin film deposition
temperatures from 800 to 700 °C in order to obtain crackles
YBCO thin film formation with the highest superconducting
transition temperature. Five different deposition tempera-
tures were used for YBCO thin films: 800, 775, 750, 725,
and 700 °C, respectively. At 800 °C, almost entire of YBCO
thin film was cracked and peeled off with the lower layers.
As long as the deposition temperature decreased, micro-
cracks disappeared on the thin film surface. At 725 °C,
YBCO thin film was grown epitaxially onto CeO,/YSZ/Si
structure without any surface degradation. At 700 °C, film
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Fig. 5 XRD analysis of CeO; thin film on the YSZ/Si substrate
(deposited at 800 °C)
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surface and growth properties were also satisfactory; how-
ever, superconducting transition temperature was below 80
K which is very low and undesired. Coating different crys-
tal structures or growth directions onto top of each other
can be shown as one of the main reasons for the creation of
the thin film cracks and peeling off phenomenon. In order
to control these properties, deposition temperature should
be optimized precisely and crystal formations of each layer
should be matched. For that reason, in our experiments,
different deposition temperatures were used and different
crystal formations were achieved. Among which, the most
suitable YBCO thin film crystal formation was obtained at
725 °C in order to grow on CeO2/YSZ/Si multilayer struc-
ture. As given in Table 2, three samples were prepared by
applying the optimized process and the magnetic and elec-
trical characterizations were carried out in order to confirm
our optimization by means of AC magnetic susceptibility and
DC resistance—temperature measurements (Figs. 1 and 2).

In Fig. 1, metallic behaviour of three YBCO thin film
samples in the normal state and very sharp phase transition
at T, onset at ~91 K and zero resistance at T offset at 85 K
were obtained. Diamagnetic properties of the samples were
also characterized, and as given in Fig. 2, each YBCO thin
film showed very good diamagnetic transition which started
at 86 K and fully magnetic field cancellation was observed
at 84 K. As shown in Figs. 1 and 2, critical temperatures for
three samples from two different measurements are ~85 K.
This is an important finding of our optimization process.

In order to test the durability of whole
Si/YSZ/CeO,/YBCO structure and analyse the effects of
photolithography and wet etching processes onto super-
conducting transition temperature of YBCO thin films,
YBCO layers were patterned as microbridges commonly
used in device applications and DC resistance—temperature
measurements were applied. As shown in Fig. 3, critical
temperatures for the three samples are almost the same
around 85 K which is the same 7. values for thin film
measurements (see Figs. 1 and 3 for comparison).

Fig. 6 SEM images of a YSZ
thin film on Si and b CeO,/YSZ
on Si

YSZ/Si
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In Figs. 4 and 5, XRD analysis of YSZ/Si and
Ce0,/YSZ/Si structures is given, respectively, and those
were deposited at 800 °C on (100) single-crystal Si sub-
strates. As shown in Fig. 4, the (111) peak at 30 °, (100)
peak at ~ 35° , and (220) peak at 50° indicate the polycrys-
talline formation of YSZ thin film on Si wafer. The highest
intensity was observed with the (111) peak at 30 © show-
ing the crystal alignment YSZ thin film which is mostly
in the (111) direction. In order to decrease polycrystalline
peak intensities and increase single crystallinity (mostly c-
axis orientation), there are two fundamental things that can
be done.

One can increase the deposition temperature, which is not
valid in this case for us because 800 °C is the highest depo-
sition temperature for YSZ thin film we could reach. The
latter is a lowering partial O, pressure during deposition [15,
19]. In our case, 2 mTorr O, was introduced into the sput-
tering chamber during the deposition process. According to
Engang F. (2005, PhD thesis), lowering the oxygen pressure
increases the intensity of (100) peak while decreasing the
(111) peak intensity [15].

In Fig. 5, XRD analysis of CeO,/YSZ/Si structure is
given. It is seen from the figure that CeO, was grown in
the same crystal formation with YSZ thin film, because the
(111) peak at ~ 28.5° has the highest intensity for CeO;
thin film which was the crystal growth orientation of YSZ.
There is also another (220) peak seen at 48° which is quite
narrow and intense. In Fig. 3, there is a peak at 35° which is
the YSZ (100) peak reflected from the lower layer. Another
YSZ peak supposed to be at 30° in the (111) direction
which was quite intense in Fig. 4, but it almost disappeared
after CeO; deposition. The reason of this result might be
the annealing of lower layers during the CeO; thin film
deposition at high temperatures.

In SEM images as shown in Fig. 6a, b for YSZ/Si and
CeO,/YSZ/Si structures, granular and defectless surfaces
are seen. In Fig. 6b, the grain size and the boundaries are
seen much more clear, that is an important positive effect

Ce02/YSZ/Si
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of CeO, film deposition on crystal quality of the whole
structure.

4 Conclusion

Superconducting YBCO thin films were fabricated on sil-
icon substrates in the form of YBCO/CeO,/YSZ/Si mul-
tilayer structure. CeO,/YSZ bilayer was deposited on Si
as buffer layers in order to minimize mismatch on lat-
tice parameters and thermal expansion coefficients between
YBCO and CeO»/YSZ/Si stack. The superconducting phase
transition profile and critical temperature were charac-
terized by means of DC resistance—temperature and AC
magnetic susceptibility measurements which were applied
for the three different samples that were fabricated by
using exactly the same parameters in order to prove the
reproducibility of our optimization. Then, the device fab-
rication processes were applied and the stability of the
YBCO/CeO,/YSZ/Si multilayer structure and the possible
changes of superconducting transition temperatures were
tested. According to measurements, quite sharp phase tran-
sitions were obtained for three different samples at 85 K
and any degradation on 7, after device fabrication was not
observed. XRD analysis and SEM micrographs show the
granular and polycrystalline formation for both YSZ/Si and
Ce0,/YSZ/Si structures. As a result, it was understood that
enhancement of the critical temperature of the YBCO is
closely related with the crystal formation, thicknesses, and
deposition temperature of each layer in our structure. There-
fore, we concluded that further optimization is still needed
to be done in order to obtain superconducting YBCO thin
film with 90 K critical temperature and having single-crystal
orientation by manipulating deposition parameters and film
thicknesses and using another two-layer buffer which has a
closer lattice parameter and thermal expansion coefficient
to YBCO. With this optimization, we have planned to fabri-
cate YBCO step-edge Josephson junctions and DC SQUIDs
on Si as future works.
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