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ABSTRACT

We have grown and characterized (110)-oriented YBa,Cu3;0;_, (YBCO)/PrBa,(CupsGag1);07—x (PBCGO) bilayer and YBCO/PBCGO/
YBCO trilayer heterostructures, which were deposited by pulsed laser deposition technique for the nanofabrication of (110)-oriented
YBCO-based superconductor (S)/insulator (I)/superconductor (S) tunneling vertical geometry Josephson junction and other superconductor
electronic devices. The structural properties of these heterostructures, investigated through various x-ray diffraction techniques (profile, x-
ray reflectivity, pole figure, and reciprocal mapping), showed (110)-oriented epitaxial growth with a preferred c-axis-in-plane direction for
all layers of the heterostructures. The atomic force microscopy measurement on the top surface of the heterostructures showed crack-free
and pinhole-free, compact surface morphology with about a few nanometer root mean square roughness over the 5 x 5um? region. The
electrical resistivity measurements on the (110)-direction of the heterostructures showed superconducting critical temperature (T,) values
above 77 K and a very small proximity effect due to the interfacial contact of the superconducting YBCO layers with the PBCGO insulating
layer. Raman spectroscopy measurements on the heterostructures showed the softening of the A,-type Raman modes associated with the
apical oxygen O(4) and O(2)-O(3)-in-phase vibrations compared to the stand-alone (110)-oriented PBCGO due to the residual stress and
additional two Raman modes at ~600 and ~285cm™" frequencies due to the disorder at the Cu-O chain site of the PBCGO. The growth
process and structural, electrical transport, and Raman spectroscopy characterization of (110)-oriented YBCO/PBCGO bilayer and YBCO/
PBCGO/YBCO trilayer heterostructures are discussed in detail.
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I. INTRODUCTION research, such as the studies of mechanisms for high T, supercon-
ductivity, 2D/3D superconductivity, and measurement of correla-
tion energy. These heterostructures typically have the
developing many superconductor electronic devices such as superconductor /dielectric/superconductor, superconductor/normal
Josephson junctions, three-terminal devices, and integration of metal/superconductor, and superconductor/insulator (I)/supercon-
complex circuits such as flux transformers, interconnects, ground ~ ductor geometry, with the middle layer as the isolation layer,
planes, and multichip modules. ™ High critical temperature (T.) normal metal, or the insulator. Of particular interest are
superconductor (S) YBa,Cu30;_, (YBCO) based heterostructures YBCO-based S/I/S tunneling sandwich-type Josephson junctions,
are developed for both device applications and basic science which could operate in low-cost liquid nitrogen (77 K) systems as

Thin film growth and optimization of the structural and elec-
trical properties of the multilayer heterostructures are vital for
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opposed to expensive and complex liquid helium (4.2 K) systems.
In addition, these junctions may have IR, products (with I being
the junction critical current and R, being the normal resistance) at
least one order of magnitude larger than in the conventional low-
temperature superconducting (LTS) junctions,” offering the possi-
bility of their applications in superconductor quantum interference
device (SQUID) magnetometers, rapid single flux quantum (RSFQ)
circuits, and terahertz (THz) frequency devices”™'® (THz transmit-
ters/receivers and THz superconducting metamaterials for sensing,
ultrasensitive bolometer and active THz beamforming, steering,
and switching for 6G communication network), which cover in the
frequency range from 0.1 to 30 THz (3.3-1000 cm™" in wavenum-
ber and 3mm to 10um in wavelength). The main differences
between LTS and YBCO are that the superconducting gap magni-
tude is much larger for YBCO (e.g., the superconducting gap of
YBCO is greater than 40 meV compared to ~1.5meV in LTS
niobium) and YBCO still has residual conductivity at relatively
high frequencies even at temperatures much lower than T.. The
lower energy gap in LTS, such as the ~1.5meV in niobium,
imposes an upper-frequency cutoff of only about 0.75THz.*’
Although the YBCO junctions have proven to be efficient tools for
low-power applications, such as the study of properties of
bolometers,'’~"* their radiation power range is still low. The fabri-
cation of YBCO Josephson junctions in the layered structure such
as the vertical/sandwich-type geometry may enhance radiation
power because of their different geometries and capacitance
powers.

Fabrication of YBCO-based Josephson junctions in the
step-edge/ramp-type or sandwich/vertical-type geometry has been
reported by some research groups.'’>* However, these junctions
had T, values below the liquid nitrogen boiling temperature (77 K),
possessed a small figure of merit (I.R, product), and were unrepro-
ducible. YBCO junctions are also fabricated on bicrystal substrates,
which require rather expensive substrates and also have restrictions
on the junction geometry. The sandwich-type is the standard
design applied in the fabrication of LTS Josephson junctions such
as the S/I/S sandwich-type Nb/AIO4/Nb junctions. This type of
design provides mechanical stability and higher density in the
superconducting devices compared to the ramp-type junctions,
thus allowing an opportunity to fabricate more junctions per unit
volume.

The nanofabrication of the YBCO-based S/I/S sandwich-type
(vertical geometry) Josephson junction requires high epitaxial-
quality superconducting YBCO films at the top and bottom and
about a nanometer-thick insulating layer in between due to the
small coherence length (~1.2 nm along ab-plane and 0.5 nm along
the c-axis) of the YBCO. In addition, the middle insulating layer
must be structurally compatible and chemically stable with the
YBCO superconducting layers at the processing temperature of
superconducting thin films and also must have a high electrical
resistivity to provide enough potential barrier in the junction
device. Moreover, further complications arise concerning the super-
conductivity of the films and the interfacial properties of the
bottom and top YBCO layers with the middle insulating layer.
Therefore, fabricating S/I/S heterostructures with high critical
current (T,), high critical current density (J.), and very small or no
proximity effect is vital for the realization of the reproducible
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YBCO-based S/I/S sandwich-type Josephson junction and other
superconductor electronic devices with high figure of merit.

In our previous work, we have demonstrated that
(110)-oriented PBCGO may serve as the effective insulating layer in
the YBCO-based S/I/S type Josephson junction device in
(110)-orientation.”” In this work, we have deposited (110)-oriented
YBCO/PBCGO and (110)-oriented YBCO/PBCGO/YBCO vertical
bilayer and trilayer heterostructures using the pulsed laser deposi-
tion (PLD) technique. The as-grown heterostructures were investi-
gated in terms of structural, electrical transport, and Raman
scattering properties. The objective was to optimize their structural
and electrical transport properties for the nanofabrication of the
(110)-oriented YBCO-based vertical, trilayered Josephson junction
device. Vertical trilayers offer a straightforward geometry that is
ideal for integration into the peripheral circuits by providing a
clearly defined junction area, and in principle, epitaxial barrier
layers of fixed thicknesses.”* Moreover, the vertical geometry allows
the flow of the electric current along the CuO, planes across the
junctions, which is the direction of the larger coherence length and
the current density. PLD is a powerful and well-established tech-
nique in fabricating YBCO and PBCGO-based heterostructures
since the deposition rate is relatively higher than in other vacuum
deposition techniques such as sputtering or co-evaporation. Here,
we discuss the growth process, structural, electrical transport, and
Raman spectroscopy measurement and analysis of bilayered and
trilayered cuprate heterostructures.

Il. EXPERIMENTAL

We deposited (110)-oriented YBCO/PBCGO and (110)-oriented
YBCO/PBCGO/YBCO heterostructures on (110)-oriented LaAlO;
using the standard PLD technique. A KrF excimer laser with 248 nm
wavelength, 3 Hz repetition rate, and 1.5J/cm” energy density was
used to ablate the high-density (5.94 gm/cm?®) discs of YBCO and
PBCGO inside a chamber that was vacuumed to 5 x 10~ Torr. The
distance between ablation targets and substrate was kept at 4 cm, and
the heterostructures were deposited in an oxygen atmosphere at a
pressure of 200 m Torr. The thin film growth parameters were similar
for YBCO and PBCGO except for the growth temperatures. We
deposited the YBCO thin film on top of the YBCO template (buffer)
layer and the PBCGO thin film on top of the PBCGO template
(buffer) layer. We started fabricating the bilayer heterostructure by
depositing a YBCO template layer on the (110)-LAO substrate at
600 °C. Afterward, the substrate temperature was raised to 710 °C for
the deposition of the YBCO film. Subsequently, a PBCGO bulffer
layer was deposited on top of the YBCO film at 625 °C, followed by
the deposition of the PBCGO thin film by raising the substrate tem-
perature to 725°C. To grow a trilayer heterostructure, an additional
YBCO layer was deposited on top of the intermediate PBCGO layer
repeating the same process applied for the deposition of the bottom
YBCO layer on top of the LAO substrate. After the completion of
each layer growth, annealing was performed at 500 °C in oxygen gas
at one atmospheric pressure for 1 h.

X-ray diffraction measurements of the mono-layer, bi-layer,
and tri-layer heterostructure samples were performed in a Bruker
D8 General Area Detector Diffraction System (GADDS) using Cu
K, x-ray radiation. The atomic force microscopy (AFM)
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FIG. 1. X-ray diffraction pattern of (a) (110)-oriented YBCO/PBCGO; (b) (110)-oriented YBCO/PBCGO/PBCGO deposited on the (110)-oriented LaAlO; (LAO) substrate.

measurement of the heterostructure was performed in a Bruker’s
MultiMode 8-HR atomic force microscope in the tapping mode to
study the surface morphology of the heterostructures. Electrical
resistivity measurements were performed in a liquid helium cryo-
stat using the standard DC four-probe technique.

Raman spectra were measured using a 532 nm solid-state laser
with a power of 29 mW at room temperature with the help of a
single-stage McPherson spectrometer equipped with a liquid
nitrogen-cooled charge-coupled device (CCD) detector. We used
1800 grooves/mm grating for better resolution. The entrance slit of
the spectrometer was opened to 0.15 mm to avoid chromatic aber-
rations of the collecting optics. The spectra were taken with parallel
scattering configurations zz and x’x’, which indicate that both
the incident and scattered light polarizations were parallel to the
(0 0 1) and (110) directions, respectively.

I1l. RESULTS AND DISCUSSION
A. Structural characterization

The film orientation and phase purity of the single film
and heterostructures were examined by x-ray diffraction (XRD)
measurements. The 26/6 XRD patterns of YBCO/PBCGO and
YBCO/PBCGO/YBCO heterostructures indicated (110)-epitaxy
without any detectable second phases. Figures 1(a) and 1(b) show
only two sets of distinct peaks, with the first set of peaks represent-
ing the (110) PBCGO, (110) (YBCO), and (110) LAO, and the
second set of peaks representing the (220) PBCGO, (220) (YBCO),
and (220) LAO, respectively. Based on the 26 diffraction angles for
(110) peaks in the graph, the interplanar d-spacing (d;;,) values for
(110)-oriented PBCGO and (110)-oriented (YBCO) are equivalent
to 0.2776 and 0.2725 nm, respectively.

X-ray reflectivity (XRR) was performed on (110)-oriented
YBCO to calibrate the thickness of the heterostructure samples.
Based on the XRR data, the total thickness of the (110)-oriented
YBCO/PBCGO heterostructure was estimated to be 167 nm with a
67 nm thick PBCGO layer on top of the 100nm YBCO layer.

Likewise, the total thickness of the (110)-oriented YBCO/PBCGO/
YBCO trilayered heterostructure was estimated to be 260 nm with
100 nm for each bottom and top YBCO layer and 60 nm for the
middle PBCGO layer.

Figure 2 displays the (110) pole figure of the YBCO (bottom)/
PBCGO (top) heterostructure. The center of the pole figure is the
orientation of (110), which is at 20 =32.14 ° in the XRD pattern
and is surrounded by the isolated (101), (101), (011), and (011) ori-
entations, suggesting that the top PBCGO layer is a single crystal-
line. Compared to undoped PrBa,Cu;O;_, (PBCO) PBCO, there
are also no new x-ray diffraction peaks on the PBCGO film. This
suggests that the Ga atoms substituted Cu ions on PBCO, instead

FIG. 2. X-ray (110) pole figure plot of the YBCO (bottom)/PBCGO (top) hetero-
structure deposited on (110)-oriented LAO substrate.
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FIG. 3. Reciprocal space mapping (RSM) of the (110)-oriented YBCO (bottom)/
PBCGO (top) heterostructure deposited on the LAO (110) substrate.

of sitting at any interstitial position, which would cause a scattering
phase shift and lead to new diffraction peaks. The diffraction inten-
sity can be expressed in the following equation as the structure
factor times its conjugate:

I~ Fhkl'Fhkl,

@

where the structure factor Fyy is the vector sum of waves scattered
by all atoms within the unit cell and (h,k,[) are the Miller indices in
the real-space plane.”” The structure factor as expressed in the

12.0 nm

1: Height 5.0 um
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following equation,

N .
F = Zj:1 J?e[—Zm(hijrkijrZz}-)], (2)

is proportional to the atomic scattering factor (f;, charge of the jth
element in the unit cell) in which x;, y; z; are the positional coordi-
nates of the jth atom, and N refers to all atoms in the unit cell.?®

Figure 3 shows the reciprocal space map of the (110)-oriented
YBCO (bottom)/PBCGO (middle)/YBCO (top) heterostructure
deposited on the (110)-oriented LAO substrate. Reciprocal space
mapping (RSM) is a method to determine the crystallographic ori-
entation and structure of the crystalline material by mapping the
reciprocal space of crystals, which is essentially the Fourier trans-
form of the real-space crystal lattice. The reciprocal map can be
analyzed to determine the crystallographic orientation of the
sample including the information about the orientation of crystal
grains, any preferred orientation (texture) in the material, and the
crystal symmetry. Additionally, the intensity and shape of the dif-
fraction spots can be used to extract information about the crystal
structure, such as lattice parameters and the presence of defects. In
our measurement, we saw three Q, vector peaks corresponding to
(110) LAO, (110) YBCO, and (110) PBCGO, respectively, where
(110) LAO had the highest intensity. This is consistent with the
intensities on the XRD profile of the heterostructure on the LAO
substrate. Similar to the pole figures, the reciprocal mapping of the
heterostructure sample revealed the texture of the individual layers
to be crystallographic unique orientation distributed within the
sample. This information is crucial for predicting heterogeneous
junction properties.

B. Morphological characterization
The single films or multilayered heterostructures must be

crack-free for many superconducting device applications. A promi-
nent feature of the (110)-oriented YBCO and YBCO/PBCO films

20.0 nm

5.0 pm

FIG. 4. AFM Surface images of (a) (110)-oriented YBCO (100 nm/PBCGO(67 nm) and (110)-oriented YBCO (100 nm)/PBCGO (60 nm)/YBCO (100 nm) heterostructures

deposited on the (110)-oriented LAO substrate.

0$:91:0Z ¥20Z I1dv L0

J. Appl. Phys. 135, 135301 (2024); doi: 10.1063/5.0195242
© Author(s) 2024

135, 135301-4



Journal of
Applied Physics

grown on (110)-oriented SrTiO; (STO) substrate was that they typ-
ically contained cracks.”” As shown in Fig. 4, the AFM surface mea-
surements showed the top surfaces of both heterostructures
without any cracks, pinholes, secondary outgrowths, or other
defects. The root mean square surface roughness values in the
5 x 5 um?> region of YBCO (100 nm)/PBCGO (67 nm) bilayered
and (110)-oriented YBCO (100 nm)/PBCGO
(60 nm)/YBCO (100 nm) trilayered heterostructure were measured

heterostructure

~2 and ~3 nm, respectively.

We adopted the following strategies to obtain smoother
surface morphology and prevent the occurrence of pinholes, sec-

ondary outgrowths, and other defects from the surface of the films.

(1) Substrate preparation: the substrates were annealed with

oxygen at 1000 °C for 9 h, which effectively formed atomically
flat single-terminated surfaces, reducing the overall surface
roughness. The substrates were then cleaned thoroughly with
acetone and isopropyl alcohol, followed by drying with nitro-
gen gas. (2) Precursor/oxide powder purity: high-quality pre-
cursor materials (oxide powders) with high purity levels
(99.99%) were used to fabricate bulk YBCO and PBCGO
powder and discs (targets) since the impurities in the precur-
sors/ingredients can lead to pinholes, secondary outgrowths,
and other defects. (3) Optimized deposition technique: we
employed a pulsed laser deposition technique that provided

a) ——(110) YBCO
e
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G
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uniform coverage and minimized defects compared to other
thin film deposition techniques. (4) Controlled deposition
parameters: we conducted several experiments to optimize
these growth parameters such as the substrate temperature,
oxygen pressure inside the deposition chamber, pulsed laser
energy and repetition rate, and growth rate, which helped us to
minimize pinholes and other film defects. (5) Growth of tem-
plate (buffer) layer: depositing a YBCO template (buffer) layer
on top of the LAO substrate improved the quality of the YBCO
film by providing a smoother surface and reducing the diffu-
sion of defects from the substrate. (6) Post-deposition anneal-
ing: The annealing process after the film deposition enhanced
the oxygenation of the YBCO and PBCO films while reducing
the defects in the films. Annealing helped recover small defects
and improve the overall quality of the YBCO and PBCGO
films.

C. Electrical transport characterization

measurements

Figure 5 shows the temperature-dependent electrical resistivity
on the (110)-oriented YBCO single layer,

(110)-oriented YBCO/PBCGO bilayer, and (110)-oriented YBCO/
PBCGO/YBCO tri-layer samples. While the onset T. values of
single-layer (110)-oriented YBCO, (110)-oriented YBCO/PBCGO

-
o
T

c)
20 |

Bi-Layer

——— Tri-Layer _l®

100 150 200
Temperature (K)

FIG. 5. Plot of electrical resistivity vs temperature for (a) (110)-oriented YBCO mono-layer (100 nm), (b) (110)-oriented PBCGO mono-layer (100 nm), and (c)
(110)-oriented YBCO (100 nm)/PBCGO (67 nm) bi-layer and (110)-oriented YBCO (100 nm)/PBCGO (60 nm)/YBCO (100 nm) tri-layer heterostructure.
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bilayer, and (110)-oriented YBCO/PBCGO/YBCO tri-layer samples
are equivalent to ~94.5, ~93, and 94K, respectively, their T, (0)
values are equivalent to ~81.5, ~80.5, and ~79K, respectively.
These values are in close agreement with the (110)-oriented
YBCO/PBCO multilayers in the literature.”*™" The lower T, (0)
values of bilayer and trilayer samples compared to the single-layer
YBCO sample indicated a small proximity effect due to the interfa-
cial contact of the insulating PBCGO with the superconducting
YBCO.

We also observed relatively lower T, (0) values in our all
samples. The (110)-oriented YBCO thin films have been found
with lower T, (0) values than the c-axis films in the literature.”™"'
There have been numerous reports on c-axis oriented films with a
T, (0) of 90 K or above while (110)-oriented films with lower than
90 K. One reason for the relatively lower T, (0) values of our single
and multilayers compared to the c-axis single-layer YBCO is due to
the low oxygen content of the samples,””” i.e., the oxygen content
of our samples YBa,Cu30;_, and PrBa,(CuygGay,);07_x is 6.9.
This is less than the oxygen content in the fully oxygenated
samples, which is 7. If oxygen was taken into the film and diffused
sufficiently deep inside the film during the thin film growth
process, the YBCO film would have a high zero-resistance tempera-
ture, T, (0). Thus, the realization of YBCO thin films with high T,
(0) depends on the oxygen content absorbed.””*” The other reason
for the lower T, (0) is due to the characteristic property of the
(110)-orientation, which usually yields relatively lower T, (0) values
compared to the c-axis counterparts due to the low growth temper-
ature of the (110)-oriented cuprate films, which causes the degrada-
tion of the superconducting properties in the YBCO films as
indicated by the small T, 0).”

D. Raman spectroscopy measurement

In our Raman spectroscopy measurement on the (110)
YBCO/(110) PBCGO heterostructure, we observed two prominent
Ag-type Raman modes”> ¢ at 409 and 482 cm™!, associated with
0(2)-0O(3) in-phase and O(4) apical oxygen vibration along the
c-axis of PBCGO, respectively (see Fig. 6). However, these Raman
modes have softened in the heterostructure compared to the stand-
alone (110)-oriented PBCGO.”**" This seems to be the effect of
the residual stress on the top PBCGO thin film as the frequency
shift of the Raman peak is proportional to the stress.”” When a
thin film is subjected to stress, the lattice structure and lattice vibra-
tion will change, leading to a shift in the Raman peaks. The stress
on the top surface of the PBCGO was induced as a result of the
structural variation and the thermal misfit between the YBCO and
LAO substrate and the PBCGO and YBCO thin films. In addition,
we observed two Raman modes at ~600 and ~285cm™" frequen-
cies, associated with the oxygen vibration at the Cu-O chain site of
PBCGO. While these two Raman modes are absent in the Raman
spectroscopy of undoped PBCO, they appear in the infrared (IR)
spectroscopy of PBCO. The Raman peaks appeared in the PBCGO
due to the broken symmetry at the Cu-O chain site after the partial
doping of Ga with Cu in PBCO.”>***

Thus, we fabricated excellent epitaxial-quality (110)-oriented
YBCO/PBCGO bilayer and YBCO/PBCGO/YBCO trilayer hetero-
structures with excellent surface morphology. One of the features

ARTICLE pubs.aip.org/aip/jap
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FIG. 6. Room temperature zz (c-axis) polarized Raman spectra of 167 nm thick
(110)-oriented YBCO (100 nm)/PBCGO (67 nm) measured by 532 nm laser
excitation. The black color solid line represents the third-degree polynomial fit
for the normalized Raman data (red color).

of our (110)- oriented YBCO and PBCGO thin film growth process
was the predeposition of the YBCO and PBCGO template (buffer)
layers, respectively, contrary to the growth of the PBCO template
layer, which tends to nucleate in (110) orientations at temperatures
below 100 °C, usually used for growing c-oriented or (103)-oriented
films.”>** On the other hand, the (110)-films grown at low temper-
atures have low T, (0) values. However, by introducing the buffer
layer growth before the actual thin film growth at the raised tem-
perature, one can enhance the T, (0) values on (110)-orientation.
Our growth technique can be further improved by combining the
thin film growth process with in situ monitoring techniques such
as RHEED (Reflection High Energy Electron Diffraction) or optical
spectroscopy to monitor the growth process in real time and adjust
parameters accordingly to minimize pinhole and defect formation.
Protective layers can be implemented on top of the YBCO film to
shield it from external contaminants and prevent pinhole forma-
tion due to environmental factors. Using high-density ceramic
discs (targets) for the laser ablation can help to reduce or prevent
the secondary outgrowths on the surface morphology. Optimizing
the thickness of the films while still maintaining superconducting
properties can help reduce the occurrence of pinholes as thicker
films are more prone to defects like pinholes. Since smooth sur-
faces are crucial for the reliability and large-scale yield of the fab-
rication process of multilayers in YBCO-based electronic devices,
smoothing of the thin film layers using new cutting-edge surface
smoothing techniques such as the ion cluster beam bombard-
ment followed by annealing in the ambient oxygen may be useful
for the subsequent homo- or heteroepitaxial multilayer thin
film growth.*’

Usually, YBCO-based devices have been fabricated on either
single- or bi-crystal SrTiO; (STO), LaAlO; (LAO), MgO, and
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LaSrGaO, (LSGO) substrates with excellent superconducting prop-
erties. These substrates are very compatible with YBCO thin film in
terms of their lattice constants and thermal expansion coefficients.
Other substrates for YBCO film deposition are Si wafers, which are
relatively cheaper, come in larger areas, and specifically offer the
possibility for ultrahigh frequency (THz) detectors and RF elec-
tronic applications."' However, the deposition of the YBCO thin
film directly on the Si wafer is not possible because of a mismatch
in the lattice constants and thermal expansion coefficients between
YBCO and Si. Another problem is the diffusion of Ba atoms into Si
during the high-temperature growth of YBCO crystal. To overcome
this problem, the YBCO film can be deposited on top of the
CeO,/YSZ (Y,03 + ZrO,) buffer layer/Si substrate.”’ Although in
this work, we utilized LAO as the substrate, our technology can be
scaled by depositing our bilayer and trilayer heterostructures on top
of the CeO,/YSZ/Si template layer for the development of good-
quality terahertz frequency devices. These devices may allow us to
overcome two main limitations affecting metallic metamaterial res-
onating in the terahertz (THz) range: ohmic losses and tunability
of their optical response, offering the potential application in THz
emitters and receivers. ™' **"+**

IV. CONCLUSIONS

We investigated the structural, electrical transport and Raman
spectroscopy properties of the (110)- oriented YBCO/PBCGO
bilayer and YBCO/PBCGO/YBCO trilayer heterostructures depos-
ited on (110)-oriented LAO substrates using PLD technique. X-ray
diffraction measurements (profile, XRR, pole figure, and reciprocal
mapping) of YBCO/PBCGO bilayer and YBCO/PBCGO/YBCO tri-
layer heterostructures showed (110)-oriented epitaxial growth with
a preferred c-axis-in-plane direction for all the thin film layers of
the heterostructure. We observed a crack-free and pinhole-free
compact surface morphology with about a few nanometer root
mean square roughness over the 5x5um? region on the top
surface of bilayered and trilayered heterostructures. The electrical
resistivity measurements on the (110)-direction of the bilayered
and trilayered heterostructures showed their T, (0) values around
80 K with a small proximity effect due to the interfacial contact of
YBCO and PBCGO in the heterostructures. We found the softening
of the prominent Ag,-type Raman modes associated with the apical
oxygen O(4) and O(2)-O(3)-in-phase vibrations compared to the
stand-alone (110)-oriented PBCGO due to the residual stress on
the top surface due to the underlying YBCO layers and the LAO
substrate. In addition, two disorder-related Raman modes appeared
at ~600 and ~285cm™" frequencies in the spectrum due to the
presence of Ga at the Cu-O chain site of the PBCGO. It is worth
noting that our technology can be scaled by depositing cuprate het-
erostructures on top of the CeO,/YSZ/Si template layer for the
development of good-quality terahertz frequency devices.
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