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Abstract

Effects of the post-annealing temperature of CeO, buffer layers on the properties of YBCO films on CeO,-buffered
sapphire were investigated. 45 nm-thick CeO, buffer layer was prepared in-situ on r-cut sapphire using an on-axis rf
magnetron sputtering method, which was later post-annealed at temperatures between 950 °C and 1100 °C in an oxygen-
flowing environment. YBCO films were prepared on CeO,-buffered sapphire (CbS), for which the surface morphology,
crystal structures and electrical properties of the YBCO films were studied. YBCO films on post-annealed CbS appeared to
have better properties than those on as-grown CbS with regard to the morphological, structural and electrical properties when
the YBCO films were prepared on CeO, buffer layer post-annealed at temperatures of 1000 — 1050 °C. A TE,,, mode rutile-
loaded cylindrical cavity resonators was fabricated with the YBCO films placed as the endplates, for which the unloaded Q of
the resonator was measured. It turned out that the resonator with the endplates prepared from the YBCO films on post-
annealed CbS at 1000 °C showed the highest unloaded Q with the value more than 8 x 10° at 30 K and 8.6 GHz, revealing
that the YBCO films on post-annealed CbS at 1000 °C the temperature could be the lowest among the YBCO films on post-
annealed CbS.

I. Introduction

To date, sapphire substrates are widely used in
preparing YBCO films for high power microwave
applications. Advantages in using sapphire include
that 1) the thermal conductivity of sapphire is less
than 1/20 compared to LAOQ, ii) its loss tangent (tand)
is extremely low with the respective value of about 5
x 10 and 107 at 300 K and 77 K [2], and iii) large
sapphire substrates with the diameter more than 4
inches are available. Despite the chemical stability of
sapphire in high temperature environments, direct
deposition of YBCO on sapphire is limited by
chemical interaction between sapphire and YBCO.
To prevent such interaction, CeQ, films have been

used as the buffer layers on r-cut sapphire because of
the chemical inertness of CeQ, against both YBCO
(up to 790 °C) [3] and ALO; (up to 1000 °C) [4].
Also, the structure of sapphire along the (1102) plane,
(or r-plane) is nearly rectangular with the atomic
spacing along the quasi-orthogonal directions of
[1011] and [1210] in the r-plane being 0.512 nm and
0.4759 nm, respectively. The values correspond to
the respective lattice mismatch of 5.7 % and 13.7 %
sapphire and cubic CeOQ, structure (lattice parameter a
= 0.5411nm). Furthermore, the lattice mismatch
between CeO, and YBCO is less than 1 %, enabling
epitaxial growth of YBCO on a CeO, layer. Besides,
strains caused by different thermal expansion
coefficients of the YBCO film (ctypco=13 x 10° K')
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and the substrate (0Lypo; = 6 x 10° K') can be
reduced by using a CeQ, buffer layer since Olceg; =
11.6 X 10°K’", the value between (typco and ty50:-

The surface resistance (Rgypco) of YBCO films on
CbS have been reported low enough to meet the
requirements for microwave devices in transmitter
modules [1]. Considering that YBCO on CbS is
applicable for making Josephson junctions for
SQUIDs, YBCO films with smaller surface
roughness would be more useful in preparing
Josephson junctions with improved parameters.
Furthermore, as far as digital application of YBCO at
the frequency of several GHz is concemned, both
small surface roughness and low Rgypco are
important to realize digital devices of high
performance. We previously reported that both
R yeco and the surface morphology of YBCO films
on CbS can be greatly improved by using post-
annealed CbS at 1000 C, with the typical peak-to-
valley surface roughness of about 3 nm and R ypco 0f
about ~ 300 uQ at 77 K and 10 GHz for 300 nm-
thick YBCO films. However, Attempts have been
made to improve the surface roughness of the CeO,
buffer layer either by using post-annealed sapphire
substrate [5] or by post-annealing the CeO, buffer
layer [6]. However, up to our knowledge, no report
has yet been made on. successful fabrication of
YBCO films on CbS with the surface roughness of
less than several nanometers when the film thickness
is more than 300 nm.

Various deposition methods have been used in
growth of epitaxial CeO, films on r-cut sapphire
substrates, which include electron-beam evaporation
{7, 8], laser ablation {9, 10], metalorganic chemical
vapor deposition (MOCVD) [11, 12}, and magnetron
sputtering [1,2,13]. It is known that the surface
morphology of the CeO, film, its crystallinity,
orientation and the oxygen stoichiometry are strongly
dependent on the deposition conditions. However, the
relations between the deposition conditions and the
properties of CeQ, films are not clearly understood.

In this paper, structures and electrical properties of
YBCO films grown on post-annealed CbSs at various
temperatures are described. Effects of post-annealing
of CeQ, buffer layers on the structures and the
electrical properties of YBCO films were studied
here. Microwave surface resistance of 400 nm-thick
YBCO films on post-annealed CbS were measured.

Optimum conditions for realizing YBCO films with
better surface morphology and microwave properties
were discussed.

I1. Experimental

45 nm-thick CeO, buffer layers were grown in-
situ on 12 x 12 x 0.5 mm’ r-cut sapphire using an on-
axis RF magnetron sputtering method. During
deposition of CeQ,, the deposition rate was 0.75
nm/sec with the total pressure of 70 mtorr, Ar/O,
ratio of 3:1 and the substrate temperature (7s) of 780
°C. We also prepared the post-annealed CeO, buffer
layers by heat treatment of the as-grown CeQO, buffer
layers at 950 - 1100 °C for an hour inside a furnace.
Later 400 nm-thick YBCO films were deposited on r-
cut sapphire with a 45 nm-thick CeO, buffer layer by
an off-axis de magnetron sputtering method at the
rate of 1.1 nm/sec. For deposition of YBCO, we used
T, =730 °C, the dc power of 60 W with the total gas
pressure of 100 mtorr and Ar/O, ratio of 3:1. X-ray
diffraction (XRD), atomic force microscope (AFM),
and SEM were used for investigating the structures of
the CeO, buffer layers and the YBCO films. The
conventional four-probe method was used for
measuring the dc resistance of the YBCO films.
TE,;; mode unloaded Qs (Q,) of a rutile-loaded
cavity resonator were measured using the YBCO
films as the endplates, where a rmtile rod was
sandwiched between two YBCO endplates of a
cylindrical cavity made of oxygen-free high purity
copper (OFHC). The rutile rod, supplied by Crystec,
has the dimensions of 3.88 mm and 2.73 mm for the
diameter and height, respectively, with the
corresponding values of 9 mm and 2.73 mm for the
dimensions of the cylindrical cavity. A HP8510C
network analyzer was used in measuring the TE,,
mode Q,. More details for measurement procedures
have been reported elsewhere [14].

II1. Results and Discussion

III. 1. Surface Morphology and Structures of
CeO, layers

AFM data for the 45 nm-thick CeO, layers revealed
that the peak-to-valley distance in the surface profile
(henceforth called 'the R-factor') decreased somewhat
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Table 1. The surface roughness and structural properties of as-
grown and post-annealed CeO,-buffered sapphire (CbS) prepared
under different conditions.

Sample " Smoothness Rocking curve Lattice
20-FWHM
No. (A) FWHM Constance
Peak to valley 38 | (200) 0.248 (200) 0.382
Ce-A (200) 5.4078
Rms 9.2 (400) 0.314 (400) 0.52
: Peak to valley 9.2 (200)0.23 (200) 0.457
Ce-P1 (200) 5.4110
Rms 2.72 (400) 0.392 (400) 0.50
Peak to valley 15 (200) 0.25 (200) 0.49
Ce-P2 (200) 5.4110
Rms 3.1 (400) 0.4 (400) 0.5
Peak to valley 69 | (200) 0.23 (200) 0.42
Ce-P3 (200) 5.4046
Rms 2.1 (400) 0.38 (400) 0.45
Peak tovalley 1.4 | (200) 0.213 (200) 0.36
Ce-P4 (200) 5.4014
Rms 3.7 (400) 0.353 (400) 0.38

when the as-grown CeO, layers were post-annealed
at temperature higher than 950 °C. For instance, the
R-factor of the as-grown sample Ce-A was 3.8 nm,
which became as small as 0.92 nm (Ce-P1), 1.5 nm
(Ce-P2), 0.69 nm (Ce-P3) and 1.4 nm (Ce-P4) after
post-annealing of sample Ce-A at the temperature of
950 °C, 1000 °C, 1050 °C and 1100 °C, respectively.
Figs. 1(a) and 1(b) show the AFM images for
samples Ce-A and Ce-P2. It is noted that our results
are consistent with previously reported ones [6, 15],
where improvements in the R-factor have been
observed.
XRD data of both as-grown and post-annealed
CeO, buffer layers showed only (/00) peaks,
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Fig. 1. AFM pictures of a 45 nm-thick CeO, film on a r-
cut sapphire (a) before annealing (sample Ce-A) and (b)
after annealing at 1000 °C (sample Ce-P2).

indicating epitaxial growth of CeQ, layers on r-cut
sapphire. The full width at half maximum (FWHM)
of A(6-26) reflex and the FWHM (Aw) from the
rocking curve data for the (400) peak appeared to be
0.31 ° and 0.52° for sample Ce-A. Aws of post-
annealed CeO, appeared smaller than that of as-
grown CeO, with the values of 0.50°, 0.50°, 045 °
and 0.38° for sample Ce-P1 ~ Ce-P4, revealing
improved crystalline structures of CeO, after the
post-annealing. The calculated lattice constants were
0.541 nm for samples Ce-P1 and Ce-P2, with a
smaller value of 0.540 nm for samples Ce-P3 and Ce-
P4. Detailed results for CeO, layers are listed in
Table 1. The improved surface roughness in the post-
annealed CeQ, films such as Ce-P1 ~ Ce-P4 seems
due to the surface diffusion of Ce atoms caused by
the post-annealing process at temperatures higher
than 950 °C.

III. 2. Surface Morphology, Structures and
Microwave Properties of YBCO Films

We also prepared 400 nm-thick YBCO films on
as-grown CbS (samples YBCO-A) and on post-
annealed CbSs (samples YBCO-P1 ~ YBCO-P4).
For this purpose, we used Ce-A and Ce-P1 ~ Ce-P4.
XRD data revealed that all the YBCO films were
epitaxially grown along the c-axis regardless of the
post-annealing treatment for the CeO, buffer layers.
Fig. 2(a) shows the XRD data for a YBCO film on a
post-annealed CbS at 1000 °C (sample YBCO-P2),
where only (00/) peaks are seen with the FWHM of
(8- 26) reflex of (005) peak being 0.19°. Aw for the
(005) peak of the YBCO film appeared to be 0.48° for
sample YBCO-P2 as seen in Fig. 2(b), with the value
much smaller than 4@ = 0.65 ° for the YBCO film
on as-grown CeQ, (sample YBCO-A). Aw for the
(005) peak of YBCO films on post-annealed CbS at
1050 °C and 1100 °C (samples YBCO-P3 and
YBCO-P4) appeared much smaller than that of
YBCO-A with the respective value of 0.46 ° and
0.47°, revealing significant improvements in the
crystalline quality of YBCO films on post-annealed
CbS. Furthermore, the resistance data of YBCO
films on post-annealed CbS appeared better than the
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Table 2. Data for 300 nm-thick YBCO films on r-cut sapphire
substrates buffered with as-grown and post-annealed 45 nm-thick
CeO, layers. The post-annealing temperature for the CeO, buffer
layer is from 950 °C to 1100 °C.

Smoothness Rocking curve
Sample No. 28-FWHM
A - FWHM
(200) 0.25 (200) 0.5
Many hillocks 963
YBCO-A (400) 0.5 (400) 0.57
Rms : 284
(005) 0.2 (005) 0.65
. (200) 0.25 (200) 0.5
YBCO-P2 (400) 0.42 (400) 0.5
rms: 11
(005) 0.19 (005) 0.48
7 (200) 0.23 (200) 0.52
YBCO-P3 (400) 0.42 (400) 0.49
rms: 31
(005) 0.19 __(005) 0.46
i (200) 0.24 (200) 0.4
YBCO-P4 (400) 0.38 (400) 0.42
ms: 19
(005) 0.16 (005) 0.47

ones of YBCOs on as-grown CbS. For instance, the
transition width (AT) and R(300K)/R(100K) ratio are
1 K and 3, respectively, for YBCO-P2 ~ YBCO-P4,
while the corresponding values are 2 K and 2.8,
respectively, for YBCO-A. Above all, the surface
smoothness of YBCOs on post-annealed CbS
appeared dramatically improved compared to that of
YBCOs on as-grown CbS. AFM pictures revealed
that the R-factor was 96 nm for sample YBCO-A,
while the values became significantly smaller with
the magnitudes of 4.5 nm, 7.9 nm and 8.6 nm for
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samples YBCO-P2 ~ YBCO-P4, respectively. Figs.
3(a) and 3(b) show AFM images of samples YBCO-
A and YBCO-P2. Detailed results for the YBCO
films are listed in Table 2. As seen in Fig. 3(a), the
observed high R-factors for YBCOs on as-grown
CbS are mainly attributed to outgrowths of YBCO.
Meanwhile, outgrowths were rarely observed for
YBCO films on post-annealed CbSs as seen in Fig.
3(b) for sample YBCO-P2, allowing very small R-
factors. It is noted that no microcracks were
observed in the SEM images of all the YBCO
samples.

Our results are consistent with our previous
reports on 140 nm-thick and 300 nm-thick YBCO
films on post-annealed CbSs, where the R-factor
appeared to be as small as 3.2 nm for the 300 nm-
thick YBCO film on post-annealed CbS at 1000 °C
[16]. We note here that the R-factor of the YBCO
film on CbS became the smallest when the CbS was
post-annealed at 1000 °C, with those of the YBCO
films on CbSs post-annealed at higher temperatures
of 1050 °C and 1100 °C appearing higher. The
correct reasons for significant improvement in the
surface smoothness of the YBCO films on post-
annealed CbS are yet to be investigated. Our
observation is also similar to what has previously
been reported for YBCO films on post annealed MgO
[17]), where the improved surface roughness was
attributed to the formation of atomic steps on the
surface of the post-annealed CeQ, buffer layers, with
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Fig. 2. (a) X-ray diffraction data of a 400 nm-thick YBCO film (sample YBCO-P2) on r-cut sapphire buffered with a
45 nm-thick CeO, layer post-annealed at 1000 °C. (b) w-scan of the (005) peak of sample YBCO-P2. The FWHM

value is 0.48 °.
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Fig. 3. AFM pictures of 400 nm-thick YBCO films
(samples YBCO-A and YBCO-P2) on r-cut sapphire
buffered with (a) an as-grown 45 nm-thick CeO, layer
and (b) a post-annealed 45 nm-thick CeO, layer at 1000
°C.

the steps of reduced surface energy being the centers
for the YBCO film growth and thereby allowing
improved surface smoothness. However, further
studies are needed to address the correct reasons for
the improved surface smoothness.

We also measured the unloaded Q of an TE;,
mode rutile-loaded cylindrical cavity resonator with
the endplates replaced by samples YBCO-P2 ~ P4.
Fig. 4 shows the unloaded Q (Q,) vs temperature data
for the rutile-loaded resonator with YBCO films used
as the endplates. The resonant frequency is about 8.6
- 8.7 GHz at temperatures higher than 40 K. In the
figure, O, appears as high as 410000, 2106000, and
72000 at 40 K, 60 K and 77 K, with sample YBCO-A
used as the endplates. When sample YBCO-A was
replaced by another sample YBCO-P2, Q, increased
up to the values of 710000, 240000, and 110000 with
the values significantly larger than the corresponding
value of 410000, 210000, and 72000 at 40 K, 60 K
and 77 K, observed with sample YBCO-A. The
rutile-loaded cavity resonator with the other YBCO
films on post-annealed CbS also appeared to have
higher Q, when post-annealed CbS was used for
YBCO film growth.

Summarizing, the surface smoothness of 400 nm-
thick YBCO films on post-annealed CeO,-buffered r-
cut sapphire (CbS) appeared significantly improved
when compared to those on as-grown CbS. YBCO
films on post-annealed CbS at temperatures of 1000 —
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Fig. 4. The temperature dependence of the TEy,, mode
rutile-loaded cylindrical resonator with YBCO films
(samples YBCO-A or YBCO-P2) as the endplates. Inset:
The temperature dependence of the TE,,; mede unloaded Q
of the rutile-loaded resonator with samples YBCO-P3 or
YBCO-P4 as the endplates.

1100 °C appeared to have the R-factor less than 1/10
of that of YBCO films on as-grown CbS, among
which the YBCO film on post-annealed CbS at
1000 °C showed the most improved surface
roughness with the R-factor of 4.5 nm. Besides, the
400 nm-thick YBCO films on post-annealed CbS also
appeared to have much improved crystal structures,
the FWHM of (005) peak rocking curve of 0.48 °,
0.46 ° and 0.47 ° for the YBCO films on post-
annealed CbS at 1000 °C, 1050 °C and 1100 °C,
respectively. The rutile-loaded cavity resonator with
the 400 nm-thick YBCO films on post-annealed CbS
at 1000 °C appeared to have high Q, with the values
of 710000, 240000, and 110000 at 40 K, 60 K and 77
K, respectively, which were significantly larger than
the corresponding value of 410000, 210000, and
72000 at 40 K, 60 K and 77 K, with the YBCO films
on as-grown CbS substituted for the YBCO films on
post-annealed CbS.
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