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YBa2Cu3O7−x (YBCO) films with low microwave surface resistance (RS) are essential for high temperature super-
conducting microwave devices. The oxygen pressure during deposition has been found to influence RS significantly. In
this work, we deposited highly c-axis aligned YBCO films on single crystal MgO (001) substrates under different oxygen
pressures via pulsed laser ablation. Their detailed microstructure was characterized with three-dimensional reciprocal space
mapping (3D-RSM) method and their microwave surface resistance was also measured with resonant cavity perturbation
method. We found that the variation of oxygen pressure can affect film microstructure, including grain orientation distri-
bution and the concentration of crystal defects. The microstructure modulation can explain RS dependence on the oxygen
pressure.

Keywords: microstructure, microwave surface resistance, reciprocal space mapping, YBCO films
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DOI: 10.1088/1674-1056/adb261 CSTR: 32038.14.CPB.adb261

1. Introduction
Microwave device is a major application of high temper-

ature superconductor (HTSC) due to its low surface resistance
(RS). For example, microstrip filters fabricated with HTSC
films can show excellent performance such as high quality
factor, negligible insertion loss and deep out-of-band rejec-
tion, which can improve the sensitivity and selectivity of mi-
crowave systems.[1] Furthermore, HTSC with critical temper-
ature above 77 K opens the door of cooling superconducting
devices by liquid nitrogen with a relatively simple mechanical
refrigerators, enabling the wide range industrial application of
superconductivity.[2]

One class of the HTSC is the superconducting cuprates.
These cuprates present an oxygen deficient perovskite struc-
ture which contains edge-sharing CuO2 planes separated by
layers composed of rare-earth metals and oxygen.[3] The over-
lap between the Cu 3d and O 2d atomic orbitals allows hole
carries to transfer to CuO2 planes, which drives the sys-
tem into superconducting state. Therefore, superconductiv-
ity in these cuprates shows high anisotropy.[4] Among them,
YBa2Cu3O7−x (YBCO) is the first synthesized cuprate HTSC
with Tc above liquid nitrogen temperature. This material is
also special for exhibiting a large upper critical field and an ex-
tremely short superconducting coherence length (about 1.3 nm
in CuO2 planes and 0.2 nm normal to CuO2 planes at the criti-

cal temperature[5]), due to very high binding energy inside the
Cooper pairs.[6]

YBCO has been the key material for many applications
because of relatively high critical temperature and critical
current.[7–10] YBCO HTSC thin films have been used to con-
struct narrow bandpass microstrip filters at 10 GHz.[11,12]

In order to further improve the performance of YBCO de-
vices, researchers have devoted to improving their electrical
properties,[13–19] and found that oxygen pressure during film
deposition can influence RS significantly.[20] It is suggested
that microstructure variation with the change of oxygen pres-
sure might cause the RS difference.[21]

Based on synchrotron radiation (high brightness, high
collimation, etc.) and two-dimensional (2D) x-ray detectors,
the three-dimensional reciprocal space mapping (3D-RSM)
experiment can record a large volume of reciprocal space with
relatively high resolution in reasonable time.[22,23] As grains
with same orientation form one set of diffraction patterns in
reciprocal space, 3D-RSM can resolve the grain orientations
from the diffraction patterns. Furthermore, 3D-RSM can also
provide the information on the average grain size and content
from the width and intensity of the corresponding diffraction
peaks, respectively. Therefore, adequate microstructure infor-
mation, such as grain orientation, grain size and grain content,
can be addressed by 3D-RSM. With these advantages, the syn-
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chrotron based 3D-RSM has become a powerful method on
microstructure characterization, e.g., the identification of the
coherent twin relationship and the recognition of domains.[24]

In this work, highly c-axis aligned YBCO films were de-
posited on single crystal MgO (001) substrate under different
oxygen pressures via pulsed laser deposition (PLD). Their mi-
crostructures and microwave surface resistances were charac-
terized with 3D-RSM and resonant cavity perturbation tech-
nique, respectively. Then the correlation between microwave
surface resistance and microstructure was discussed.

2. Materials and methods
2.1. Film deposition

YBCO films were deposited on single crystal MgO (001)
substrates by pulsed laser deposition method. The laser
wavelength, pulse energy and pulse repetition were 355 nm,
280 mJ, and 4 Hz, respectively. The deposition duration for
each film was 40 min and the substrate temperature were kept
at 740 ◦C during the deposition. The films deposited under
0.25 Torr (1 Torr = 1.33322×102 Pa), 0.30 Torr, and 0.60 Torr
oxygen pressure are labeled as sample #1, sample #2, and sam-
ple #3. After the deposition, growth chamber was filled with
1-atm (1 atm = 1.01325×105 Pa) oxygen and the films were
annealed at 630 ◦C for 20 min.

2.2. Microstructure characterization

Microstructure was characterized by 3D-RSM method at
1W1A Diffuse x-ray Scattering Station in Beijing Synchrotron
Radiation Facility and BL02U2 Surface Diffraction Station in
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Fig. 1. Schematic diagram of 3D-RSM data collection. (a) Diffraction geom-
etry of 3D-RSM conducted with a diffractometer and an array detector (ω , χ ,
and ϕ circles are three rotational degrees of freedom of the sample. ∆ and υ

circles are two rotational degrees of freedom of the array detector). The array
detector spans a solid angle in the real space. (b) Schematic diffraction geom-
etry of 3D-RSM in reciprocal space. The solid angle in real space represents
a curved slice on the Ewald sphere in reciprocal space.

Shanghai Synchrotron Radiation Facility. Shown in Fig. 1(a)
is the schematic diagram of experimental set-up: the diffrac-
tometer provides the rotational degrees of freedom of the sam-
ple, and an array detector records the diffraction patterns.
When an x-ray beam irradiates on the sample at an incident
angle ω , those reciprocal lattice points happened falling on
the Ewald sphere fulfill the Laue law and will be diffracted
to the 2θ angle (Fig. 1(b)). Meanwhile, the array detector
spans a diffraction angle on both δ and υ circle in the real
space, which represents a curved slice in the reciprocal space
(Fig. 1(b)), i.e., the diffraction intensity in this angle range
can be recorded simultaneously by the array detector. In ex-
periment, by coordinating rotation of the sample, a series of
curved slices of reciprocal space can be recorded, and a vol-
ume of reciprocal space can be reconstructed from these con-
secutive slices.

2.3. DC resistance–temperature measurement

DC resistance–temperature (R–T ) dependence was mea-
sured in a physical property measurement system (PPMS) with
four-terminal method. Resistance in both cooling and heat-
ing circles were recorded in order to minimize the deviation
caused by thermoelectric effect. Superconducting critical tem-
perature (TC) was determined from the resistance jump.

2.4. Microwave surface resistance measurement

Microwave surface resistance of the films at 9.375 GHz
was measured with the resonant cavity perturbation method.
This technique has the required sensitivity for the measure-
ment of RS near TC of HTSC.

The experiment apparatus is shown in Fig. 2. All mea-
surements were carried out under the TE011 mode of the cav-
ity, which causes no electrical field at lateral surface of the
cavity. The resonant frequency ω0 and band width ∆ω can
be obtained from the frequency response recorded by a vector
network analyzer (Agilent N5230C): peak frequency is ω0, the
full width at half maximum (3-dB band width) is ∆ω . Then,
the quality factor Q can be calculated from formula

Q = ω0/∆ω, (1)

In our experiment, the oxygen-free Cu cavity without
sample insertion was first cooled down to 78 K by liquid ni-
trogen (Indium seals were used to ensure vacuum tight). Us-
ing formula (1), we obtain the unloaded resonant frequency
ω0 = 9.375 GHz and quality factor Q0 = 112000. Next, the
sample was mounted on a sapphire rod and the sample-rod
assembly was inserted into the cylindrical cavity through the
hole drilled at the center of the bottom. Then, the loaded qual-
ity factor QS can also be obtained. The RS of the film was
eventually calculated from the Q difference using formula[25]

RS=
(
Q−1

S −Q−1
0
)
/AS, (2)

046105-2



Chin. Phys. B 34, 046105 (2025)

where AS = 0.00036 Ω−1 is a calibration factor associated
with cavity mode and geometry.
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Fig. 2. The schematic diagram for the experimental apparatus of the resonant
cavity perturbation method. The quality factors were all obtained under 78 K.

3. Results and discussion
3.1. Electrical properties

From the DC R–T dependence shown in Fig. 3(a), su-
perconducting critical temperatures of the films are all around
90 K, indicating that they have approximately the same oxy-
gen content, which coincides with former report.[20,26]

For 9.375-GHz microwave, the dependence of RS at

78 K on oxygen pressure during deposition were plotted in
Fig. 3(b). It shows that film grown under higher oxygen pres-
sure has lower RS. It is noticeable that sample #1 and sam-
ple #3 with similar DC electrical properties have more than an
order of magnitude difference in microwave surface resistance.
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Fig. 3. (a) DC R–T dependence obtained with four-terminal method. The
curve is the average of measurement results in cooling and heating circles. All
curves show negligible differences in superconducting transition temperature.
(b) Microwave surface resistance RS of YBCO films at 78 K for 9.375-GHz
microwave. It decreases with the increase of oxygen pressure deposition.

3.2. Microstructure characterization

The 3D-RSMs around YBCO (00l) (i.e., (004), (006), and
(007)) diffraction peaks of samples #1, #2, and #3 are plotted
in Figs. 4(a)–4(c), respectively. Although there are off-axis
(e.g. (103) and (116)) spots shown up in the figures, their
intensity is very weak and their corresponding grain content
(∼ 0.1%) is neglectable. So, only grains with c-axis, a-axis
or b-axis normal to the surface of MgO (001) substrate exist
in the films. We refer such oriented grains as c-grain, a-grain,
and b-grain in the following discussion.
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Fig. 4. The 3D-RSMs around YBCO (002), (006), and (007) diffraction peaks of (a) sample #1, (b) sample #2, and (c) sample #3. There exists
YBCO (200) signal for sample #2 and sample #3. However, the intensity is very weak as compared with YBCO (006)/(020), indicating that a-grain
content is neglectable.
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From the figure, we found that there is no YBCO(200)
signal for sample #1 and its signal shows up for sample #2.
Then, the intensity further increases for sample #3. This
means high oxygen pressure prompts a-grain formation. As
the lattice parameter b is very close to c/3, it is hard to re-
solve them from (00l) diffractions. In our previous work, rel-
ative intensity of b-grain (108) and c-grain (109) was chosen
to determine the contents of b-grain and c-grain.[27] However,
(108)/(018) diffractions can also be used to determine con-
tent of a, b-grains. Shown in Figs. 5(a)–5(c) are the cross
sections of a, b-grains (108)/(018) diffraction 3D-RSMs at
Qz = 2.56 nm−1((108)/(018) diffraction of c-grain locates at
different Qz). It is found that there is no (108)/(018) signal for
sample #1, while two weak peaks show up for sample #2, and
the peaks get stronger for sample #3. They illustrate that nei-
ther a-grains nor b-grains exist in sample #1, and the a, b-grain
content increases with the rise of oxygen pressure. However,
the diffraction intensities of a, b-grains are much weaker than
that of c-grains.
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Fig. 5. The Qx–Qy cross sections at Qz = 2.56 nm−1 for (a) sample #1,
(b) sample #2, and (c) sample #3, which crosscut the 3D-RSMs of YBCO
a, b-grain (108)/(018) diffraction. A portion of c-grain (303) diffraction sig-
nal is also recorded by the detector. The insets in panels (b) and (c) are the
magnified view of selected zone in corresponding cross sections.

In order to get the relative content of a, b and c-grains,
the 3D-RSMs of c-grain (108)/(018) for samples #1, #2, and
#3 are also depicted in Figs. 6(a)–6(c). Listed in Table 1
are the integrated intensities I(108/018)ab of a, b-grains and
I(108/018)c of c-grains for samples #1, #2, and #3. In all
three samples, the content ratio γ between a, b grains and c-
grains (I(108/018)ab/I(108/018)c) is less than 0.01. Therefore,
the content of a, b-grains is neglectable, so all films are out-
of-plane highly c-axis oriented. The result can be explained

from different surface energy between (001) and (100)/(010)
surface in YBCO. The low energy surfaces in YBCO are the
ones perpendicular to the principal axis. Since YBCO (001)
surface has a lower surface energy than YBCO (100)/(010), c-
grains are more preferable. Moreover, the rise of I(108/018)ab

further confirms that higher oxygen pressure during deposi-
tion contributes to a, b-grains growth. Former researches have
revealed that a, b-grains follow island growth mode, while
c-grains grow layer-by-layer.[28,29] Thus, the c-grains need
higher oversaturation, so that the deposited particles can mi-
grate a longer distance on the surface to step edges. When the
oxygen partial pressure gets higher, collision between sput-
tered particles and supplied oxygen species becomes severe,
and kinetic energy of deposited particles decreases. In that
case, a few particles do not have sufficient kinetic energy to
assist the migration. Therefore, they start to form a, b-grains,
although a, b-grains are relatively unstable.
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Fig. 6. The 3D-RSMs of c-grain (108)/(018) of (a) sample #1, (b) sam-
ple #2, and (c) sample #3. There exist 0◦ c-grains in sample #1, while
samples #2 and #3 only contain 45◦ c-grains.

Table 1. The integrated intensity of diffraction spots (108)/(018) of a, b-
grains (I(108/018)ab) and c-grains (I(108/018)c) for samples #1, #2, and #3.
The content ratio γ between a, b-grains and c-grains is listed in the last row.

I(108/018)ab I(108/018)c γ

#1 0 2.6×106 0
#2 1.8×103 2.6×106 0.001
#3 5.8×103 3.7×106 0.002

The Qx–Qy cross sections, which crosscuts the 3D-RSMs
of c-grain (205)/(025) diffraction, are illustrated in Figs. 7(a)–
7(c). According to the position of (205)/(025) diffraction, we
calculated YBCO lattice parameter in each film. As shown
in Table 2, the parameter is very close to the lattice constant
of YBCO single crystal, and varies a little with the increase
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of oxygen pressure. It implies that there is nearly no strain
in the film. Moreover, the 3D-RSMs show that there are two
in-plane orientations for c-grains: YBCO [100] ‖ MgO [100]
and YBCO [100] ‖ MgO [110]. Therefore, we can assume
that c-grains are 0◦ or 45◦ in-plane oriented. We denote the
former 0◦ c-grains and the latter 45◦ c-grains. Again, their
integrated intensity is listed in Table 3, while the 0◦ and 45◦

c-grain ratio are also listed at the last two rows. We found that
there is about 22% 0◦ c-grains in the film deposited under low
oxygen pressure (0.25 Torr), while those films deposited un-
der high oxygen pressure (0.3 Torr and 0.60 Torr) contain only
45◦ c-grains.
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Fig. 7. The Qx–Qy cross sections of c-grain (205)/(025) 3D-RSMs (a)
at Qz = 4.26 nm−1 for sample #1, (b) at Qz = 4.27 nm−1 for sample #2,
and (c) at Qz = 4.28 nm−1 for sample #3. The insets are the magni-
fied view of the selected zone. It shows the difference between lattice
parameter a and b, so it can be used for lattice parameter calculation.

Table 2. The lattice parameter of YBCO calculated from (205)/(025)
diffraction of c-grain. It is very close to the lattice constant of YBCO single
crystal.

Sample #1 Sample #2 Sample #3 YBCO single crystal

a (nm) 0.381 0.382 0.382 0.382
b (nm) 0.387 0.387 0.388 0.389
c (nm) 1.174 1.170 1.169 1.168

Table 3. The content ratio of c-grains with 0◦ and 45◦ in-plane orientations (γ
(0◦) and γ (45◦)). They were calculated from integrated (108)/(018) diffrac-
tion intensity ratio of corresponding c-grain.

c-grain content ratio Sample #1 Sample #2 Sample #3

γ (0◦) 22% 0% 0%
γ (45◦) 78% 100% 100%

This phenomenon can be attributed to interface atomic
configuration formed under different oxygen pressures. The

formation probability of different in-plane orientations of
grains depends on their terminal planes, which has a close re-
lationship with the interface energy. In general, a more sta-
ble interface should be a lower energy cut. From transmission
electron microscopy, 0◦ in-plane oriented grains terminate be-
tween Ba–O layer and Cu–O plane layer. In this mode, one
YBCO unit lies above one MgO unit. For 45◦ in-plane ori-
ented grains, the cut lies between Cu–O chain layer and Ba–
O layer. In this mode, three YBCO units lies on two MgO
units. The calculation result demonstrates that the minimum
energy cut of YBCO lies between Cu–O chain layer and Ba–
O layer. Therefore, 45◦ in-plane orientation is more favorable
for YBCO c-grains. However, former study has revealed that
0◦ in-plane oriented grains form a more stable interfacial struc-
ture than 45◦ in-plane oriented grains in terms of the geometri-
cal lattice matching. Meanwhile, in oxygen deficient state, the
cut between Ba–O layer and Cu–O plane layer brings smaller
dipole moment, thus the bond energy can be lower. This al-
lows the growth of 0◦ in-plane oriented c-grains under rela-
tively low oxygen pressure.[30–32]

Figure 8 plots the dependence of RS on the diffrac-
tion intensity of 45◦ c-grains. Sample #1 has the lowest
45◦ c-grain diffraction intensity due to the coexistence of 0◦

and 45◦ c-grains, while samples #2 and #3 are composed
only with 45◦ c-grains. Therefore, sample #1 inevitably has
45◦ in-plane tilt boundaries as compared with samples #2
and #3. Because the superconducting coherence length of
YBCO is comparable with the grain boundary width, the
superconducting coupling would be poor across the grain
boundaries.[33,34] It has been found that the I–V characteris-
tics of tilt boundaries across [001] grains are consistent with
a superconductor–normal–superconductor-type weak-link be-
havior in YBa2Cu3O7 films.[35] Therefore, 45◦ in-plane tilt
boundaries would have a dominant effect on the increase of
RS.[36,37] As a result, sample #1 is expected a bigger RS, qual-
itatively agreeing with the tendency of microstructure evolu-
tion.
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100

101
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I (45O c grain)
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Fig. 8. Dependence of microwave surface resistance (RS) on the diffrac-
tion intensity of 45◦ c-grain diffraction intensity. It shows that RS de-
creases with the increase of 45◦ c-grain diffraction intensity.

However, there is about 20-mΩ difference in RS for sam-
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ples #2 and #3, with nearly no in-plane tilt boundaries and
approximately same grain size. We noticed that the integrated
diffraction intensity of c-grain (108)/(018) increases with the
rise of oxygen pressure. Former studies have pointed out that
the kinetic energy of deposited particles decrease as the oxy-
gen pressure increases, so the deposition parameter would be
farther away from the instability line for YBCO lattice forma-
tion. This would result in a more stable YBCO cells, with less
position exchange between Y and Ba cations. Therefore, the
diffraction intensity can be significantly increased, and brings
nearly no change to the critical temperature for in-situ films.
Furthermore, the YBCO cell with less cation disorder would
have a smaller lattice parameter c because of stronger screen-
ing effect on Ba ions, which coincides with our experimental
results.[38–42] Therefore, we deduced that a finer crystal struc-
ture with less cation disorder forms under relatively higher
oxygen pressure. In that case, the higher RS in sample #2 can
be explained by more cation disorder in YBCO cells. This
kind of defects would also cause the increase of RS due to film
lattice deformation.[43]

Despite of this, the oxygen pressure cannot be excessively
high as the vacuum in the chamber would be destroyed, and
the particle cannot vest the film with sufficient energy to form
the perovskite structure.

4. Conclusion and perspectives
YBCO HTSC films were deposited on single crystal

MgO (001) substrate under different oxygen pressures with
PLD method and their microwave surface resistance was mea-
sured. It is found that the RS drops significantly with the rise
of the deposition oxygen pressure, while TC varies little. To
analyze the RS dependence on the deposition oxygen pressure,
the microstructure of these films was characterized by using
synchrotron radiation 3D-RSM. We found that all the films are
highly oriented with c-axis perpendicular to the surface. The
relative content of a, b-grains increases with the oxygen pres-
sure, due to the decrease of oversaturation. The c-grains are
mainly 0◦ and 45◦ in-plane orientated. Under a higher oxygen
pressure, c-grains tend to choose the latter mode because of
the lower interface energy. Thus, the in-plane tilt grain bound-
aries between grain domains with different in-plane orienta-
tions vanish. Furthermore, we deduced that the cation disorder
in YBCO lattice can also be decreased by raising the oxygen
pressure to a certain extent during deposition, since the de-
position parameters become farther away from the instability
line in this process. With less tilt boundaries and crystal de-
fects, the microwave surface resistance of the film would drop
significantly.
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