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ABSTRACT: In order to obtain thermally stable thin-film 0.355r,T2,0,-0.65La,Ti,0; 10" ® Diciectric constant Fe

materials with high dielectric constant, A,B,0, thin films
(Sr,Ta,0;, Sr,Nb,O,, La,Zr,0;, and La,Ti,0,) containing Sr or
La and their solid solutions were grown on Pt/Ti/SiO,/Si
substrates by RF sputtering and their crystal structures and
dielectric properties were investigated. The Sr,Ta,0, and La,Ti,0,
films exhibit highly oriented crystal structures. By contrast, the
Sr,Nb,O; and La,Zr,O;, films exhibit polycrystalline structures. The
leakage properties of the Sr-containing films are lower and more
stable in the high-temperature region (up to 300 °C) than those of
the La-containing films. Among the investigated films, the Sr,Ta,0,
film grown at 500 °C and annealed at 900 °C shows the most stable
dielectric constant with respect to temperature in the temperature range from room temperature to 300 °C. In addition, the
xSr,Ta,0,—(1—x)La,Ti,0, solid solutions exhibit enhanced dielectric properties at x = 0.35. The dielectric constant is greater than
100, and its variation with temperature is less than 10%. The Sr-containing A,B,O;, ferroelectric thin films have potential applications
as high-temperature film capacitors that can operate at temperatures as high as 300 °C.

1. INTRODUCTION

The demand for high-switching-frequency power semiconduc-
tor devices for compact and efficient energy-saving applications
in the home and automobile, as well as in the aerospace,
geothermal exploration, and power transmission fields has been
increasing. Many of these applications involve high temper-
atures and harsh environments, so various high-power active
devices based on wide-bandgap semiconductors such as SiC,
GaN, and diamond have been developed.'™* In particular, SiC-
based devices have advanced to the commercial manufacturing
stage, and SiC-based transistors and Schottky diodes that can
operate at temperatures above 250 °C have been developed.™®
For these applications, high-temperature operational passive
devices should be urgently developed to advance the module
and system levels.” In the case of capacitors, currently available
capacitors can only operate efficiently at temperatures of 175
°C or lower. Therefore, a thin-film capacitor that can operate
at high temperatures and can be monolithically integrated close
to the active device should be developed. For this application,
we have previously investigated Bi-containing BaTiO;-based
relaxor ferroelectrics that exhibit high dielectric constants and
are free of hazardous elements such as Pb.*”'° We have
demonstrated the epitaxial thin-film growth of a BaTiO;—
Bi(Mg,/;Nb, /3)O5 relaxor ferroelectric thin film on a SrTiO,
substrate.'' Although the BaTiO;—Bi(Mg,;Nb; ;) O, epitaxial
thin films exhibited a high dielectric constant,'”"*  their
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dielectric constant increased sharply at ~100 °C, which is
related to the Curie—Weiss temperature of BaTiO;. Their
dielectric properties were found to be degraded by the out-
diffusion of Bi in the film in the high-temperature region. In
terms of high-temperature stability of dielectric constant from
room temperature to 300 °C, K, Na; ;NbOj; related materials
have been reported in bulk,"*"> but there is a problem of
composition controllability in thin-film synthesis in K-, Na-,
and Bi-containing systems in solid-solution formation. In
contrast, as a material that does not contain Bi and has a Curie
temperature in the high-temperature range, ferroelectrics
having a layered perovskite structure with alternating layers
of perovskite units and other layers in the long-axis direction of
the crystal are other candidates. Ferroelectric materials with
the layered perovskite structure, such as Sr,Nb,O, and
Sr,Ta,0, which have also been studied as photocatalytic
materials,'®"” show a high dielectric constant greater than 100
at both high and low temperatures.'®~*° However, because of
the crystallographic direction dependence of the Curie—Weiss
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Table 1. Physical Properties of Sr,Ta,0,, Sr,Nb,0,, La,Zr,0,, and La,Ti,0,

lattice constant (A) valence number” ionic radius (A)“

material (A,B,0,) lattice structure symmetry group a= b= c= A-site B-site A-site B-site
Sr,Ta, 0, base-centered orthorhombic Cmem (63) 3.937 27.198 5.692 2+ S+ 1.18 0.64
Sr,Nb,O, base-centered orthorhombic Cmc2, (36) 3.957 26.787 5.701 2+ S+ 1.18 0.64
La,Zr,0, face-centered cubic F23 (196) 10.804 3+ 4+ 1.032 0.72
La,Ti,0, monoclinic P2,/% (11) 13.015 5.545 7.817 3+ 4+ 1.032 0.60S
“6-coordinate.
(a) Sr,Ta,0; (b) Sr,Nb,0; (c) LayZr,0, (d) La,Ti,Oy
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Figure 1. XRD 20— plots for as-deposited films and films annealed at 700, 800, and 900 °C (top) and 2D-XRD images (bottom) of (a) Sr,Ta,0-,
(b) Sr,Nb,0;, (c) La,Zr,0-, and (d) La,Ti,O, films annealed at 900 °C.

temperature, the temperature stabilities of the dielectric
constant from room temperature to 300 °C for these thin
films are unknown.

In the present study, we investigated A- and B-site
substitutions in Sr- and La-containing A,B,0, materials as
single phases and as solid solutions prepared by radiofrequency
(RF) sputtering in order to understand and improve their
dielectric properties and thermal stability. First, crystallized
thin films of A,B,0, materials were prepared and their basic
physical properties were evaluated. Next, compositionally
graded solid-solution films were prepared using a combinato-
rial method,>"** and their physical properties were also
systematically studied. For the synthesis of solid-solution thin
films, A,B,0, ferroelectrics containing Sr or La (i.e.,
Sr,Ta,0,," Sr,Nb,0.,"" La,Zr,0,,>’ and La,Ti,0,*) were
selected for substitution at the A and/or B sites on the basis of
their valence numbers and ionic radii (Table 1). We also
improved the physical properties of the compositions expected
to exhibit higher dielectric constants and enhanced temper-
ature stability of their dielectric constants; we found that the
Sr-based A,B,0; solid-solution film exhibited a substantially
improved dielectric constant and enhanced stability of its
dielectric constant in the temperature range from room
temperature to 300 °C.

2. EXPERIMENTAL SECTION

The substrate was Si(100) with a 300-nm-thick SiO, layer
formed by thermal oxidation. As the bottom electrode, a 100-
nm-thick (111)-oriented Pt/10-nm-thick Ti layer was
deposited on the substrate by DC sputtering, followed by RF
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sputtering of an A,B,0, thin film. For RF sputtering, Sr,Ta,0-,
Sr,Nb,0,, La,Zr,0, and La,Ti,O; ceramic targets (Toshima
Manufacturing, metallic purity <99.9%) were used. The
substrate temperature was set in the range 350—600 °C. The
base pressure in the vacuum chamber was less than 1 X 107°
Pa, the pressure of the sputtering gas was 1 Pa, and the flow
rate of the sputtering gas was 5% O, to Ar-based mixed gas.
The RF power and the film thickness were at 50 W and 100
nm, respectively. Combinatorial methods were used to prepare
compositionally graded solid-solution films. Details are
available elsewhere.”"** Postdeposition annealing (PDA) was
performed by rapid thermal annealing (Advance Riko, MILA-
3000) at 700, 800, and 900 °C for S min under an O, (purity:
6N) flow rate of 0.2 L/min and a temperature rise time of 2
min; the samples were allowed to cool naturally in the furnace.

The crystal structures of the thin films were analyzed by two-
dimensional X-ray diffraction (2D-XRD) using an instrument
equipped with a 5§ kW rotating Cu anode and a large-area 2D
detector [Bruker AXS D8 Discover Super Speed with a general
area detector diffraction system (GADDS)]. 2D-XRD can
simultaneously detect 20 and y angles from a part of the
Debye—Scherrer ring. In the 2D-XRD image, a spot pattern
indicates a single-crystalline or highly oriented structure. By
contrast, a ring pattern indicates a polycrystalline structure. In
the present study, a conventional 20— plot is an integrated
pattern of the 2D-XRD image along the @ direction with an
angle width of 20°. The peak position was calibrated on the
basis of the (400) reflection (20 = 69.1°*°) from the Si
substrate. The surface morphology was observed by atomic
force microscopy (AFM, Hitachi High-Technologies,
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AFMS000II) under atmospheric conditions. For electrical
measurements, a 150-nm-thick Pt top electrode with a
diameter of 110 um was deposited by DC sputtering using a
metal stencil mask. The electrical properties were evaluated at
atmospheric pressure and in the dark via current density—
voltage (J—V), capacitance—voltage (C—V), and capacitance—
frequency (C—f) measurements using a semiconductor para-
metric analyzer (Keysight Technologies, B1S00A). The
bottom electrode was biased, and the top electrode was
grounded. For the ]—V measurements, the compliance current
was set to 1 mA. The temperature dependence of the electrical
properties was evaluated under vacuum conditions at a
pressure of less than 107> Pa and in the temperature range
from room temperature to 300 °C.

3. RESULTS AND DISCUSSION

3.1. Single-Phase Films. 3.1.1. Crystallization Condi-
tions. Figure lab shows XRD 20—w plots of deposited
Sr,Ta,0; and Sr,Nb,O; films annealed at 700, 800, and 900
°C. Sr,Ta,0; crystallized at 900 °C. This is 100 °C higher than
the crystallization temperature of the powder sample reported
by Okuwada;*® however, the film grown on the Pt/SiO,/Si
substrate by sol—gel method also reported an increase in
crystallization temperature, which may be an effect of the
substrate. As shown in Figure la, the 2D-XRD image of the
Sr,Ta,0, film shows two spot patterns and several small ring
patterns at 26 values of 22.7 and 46.9°, corresponding to the
(110) and (200) reflections, respectively, for an orthorhombic
crystal structure.”” For the (110) reflection, in particular, the
orientation was estimated to be 0.81 on the basis of the
Lotgering factor.”® The other reflections contained contribu-
tions mainly in the [001] direction. These results indicate that
the thin films preferred the (110)-oriented structure. By
contrast, crystallization of Sr,Nb,O, was observed at 700 °C.
The 2D-XRD image of Sr,Nb,O, shows ring patterns at 260
angles of 28.1 and 29.1°, corresponding to the (151) and
(131) reflections for an orthorhombic crystal structure™ and
indicating that the sample is polycrystalline. This crystallization
temperature is consistent with that reported for a Sr,Nb,O,
film on the Pt/SiO,/Si substrate grown by the sol—gel method,
which showed a (010) crystal orientation.

Figure 1¢,d shows XRD patterns for La,Zr,O; and La,Ti,O,
films annealed at 700, 800, and 900 °C after deposition. The
patterns for the La,Zr,O; film show a (111) reflection at 28.8°,
and the face-centered cubic structure®’ was confirmed in all of
the films. In the 2D-XRD pattern in Figure Ic, spot peaks are
observed, indicating that the La,Zr,O, film was grown
epitaxially on the (111)-oriented Pt film.** The crystallization
temperature and oriented structure are similar to those
described in previous reports.”>** For the La,Ti,O,, the
crystallization temperature is higher than that of other films.
Even for the film annealed at 900 °C, the 2D-XRD pattern
shows a weak pattern [Figure 1d]. The reflections at 27.7 and
28.5° correspond to the (400) and (202) planes of the
monoclinic crystal structure.”> To obtain a crystallized
La,Ti,0, film, high-temperature annealing is required, which
is consistent with a previous report by Shao et al,** who
obtained a crystallized La,Ti,O, film on a (110) SrTiO,
substrate after annealing a sol—gel deposited La,Ti,O, film
at 950 °C and subsequently confirmed its ferroelectric
properties. The high orientation is also attributed to the
lattice matching with the Pt substrate. Under the present
condition, the face-centered cubic structure of La,Zr,0; is the

same as that of Pt, and the lattice matching with the 3-fold
period of Pt by matching with the (111) plane of La,Zr,0,
may also be responsible for the high orientation.

Table 2 summarizes the crystallization properties as a
function of growth and postannealing temperatures. On the

Table 2. Relationship of the Crystallinity of Target
Materials to the Film Growth Temperature (T,,,) and the
PDA Temperature (Tpps)

(a) AM (b) PW (a) AM (b) PC (a)AM (b) PC (a) AM (b) PC

3%0°C (¢)AM (d) OC (c)AM (d) OC (c)AM (d) OC (c) AM (d) OC
4000c  (3)AM (b) PW (a) AM (b) PC (a) AM (b) PC (a) PC (b) PC
(c)AM (d) OC (c)AM (d) OC (c)AM (d) OC (c) PW (d) OC
4500c  (8)AM (b)PW (a) AM (b) PC (a) AM (b) PC (a) PC (b) PC
(c) AM (d) OC (c) AM (d) OC (c) PW (d) OC (c) PW (d) OC
s00oc (@AM (b) PW (a) AM (b) PC (a) AM (b) PC  (a) PC (b) PC
(c)AM (d) OC (c)AM (d) OC (c) PW (d) OC (c) PC (d) OC
s500c (@AM (b) PW (a) AM (b) PC (a) AM (b) PC (a) PC (b) PC
(c) AM (d) OC (c)AM (d) OC (c) PW (d) OC (c) PC (d) OC
600cc (@AM (b)— (a)AM (b)— (a)AM (b)— (a)PC (b)—

(c) PW (d) OC (c) AM (d) OC (c) PC (d)OC (c) PC (d) OC
Materials: (a) Sr,Ta,0;, (b) Sr,Nb,O,, (c)La,Ti,O, (d) La,Zr,0,

Crystallinity : AM: amorphous, PW: polycrystalline (weak)
PC: polycrystalline (strong/oriented),
OC: highly oriented crystal

basis of the 2D-XRD images (Figure 1), we classified the
crystallinity into four phases: an amorphous phase (AM), a
weak polycrystalline phase (PW), an oriented polycrystalline
phase (PC), and a highly oriented polycrystalline phase (OC).
When the annealing temperature was 900 °C and the
deposition temperature was greater than 500 °C, all of the
films exhibited the aforementioned highly oriented structure.
Detailed physical properties of the films deposited at 500 °C
were investigated.

3.1.2. Physical Properties of Single-Phase Films. Figure 2
shows AFM images of the as-deposited films and the films
annealed at 900 °C. The La-containing films are composed of
grains with a diameter of a few tens of nanometers. By contrast,
the Sr-containing films contain larger grains than the La-
containing films. Except for the Sr,Nb,O, film, the surface
structure and roughness of the annealed films were similar to
those of the as-deposited films. The Sr,Nb,O- film showed an
increase in grain growth and surface roughness, which was
confirmed by the increase in the root-mean-square (RMS)
value of the grain size from 2.70 to 6.6 nm after annealing the
film at 900 °C. The RMS values for the other films were less
than 1.6 nm.

Figure 3 shows the room-temperature electrical properties of
the as-deposited films and the films annealed at 700, 800, and
900 °C. For Sr,Ta,0,, the film annealed at 900 °C, which
exhibited a crystalline structure, showed a decrease in leakage
current and stable dielectric behavior [Figure 3a-iii]. At the
measurement frequency of 1 MHz, the dielectric constant of
the Sr,Ta,0, film annealed at 900 °C was S53. For the
Sr,Nb,O; films, those annealed at 800 and 900 °C, which
exhibited a grain structure, showed an increase in leakage
current. AFM results show significant grain growth in the
Sr,Nb,O- film annealed at 900 °C, and the leakage current of
the film annealed at high temperature could be improved by
grain size and grain boundary control. The Sr,Nb,O, film
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Figure 2. AFM images of Sr,Ta,0,, Sr,Nb,0-, La,Zr,0,, and La,Ti,0; films. The top images are as-deposited films. The bottom images are films
annealed at 900 °C.
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Figure 3. (i) J-V and (ii) C—f properties of as-deposited and annealed films of (a) Sr,Ta,0,, (b) Sr,Nb,0,, (c) La,Zr,0,, and (d) La,Ti,0; at
room temperature under atmospheric conditions. Dielectric constants for samples with dielectric loss greater than 1 are shown as reference data.

annealed at 700 °C, which was crystalline and exhibited a as AC _ fna"fmn o 100%, where €, ., .. and egy are the
dielectric constant of 45 at 1 MHz, showed a lower leakage C e . .
current and a higher dielectric constant than the other maximum, minimum, and room-temperature dielectric con-
Sr,Nb,O, films. The La,Zr,0, films with highly oriented stants, respectively. The AC/C values for the Sr,Nb,O, and
structures showed a high dielectric loss because of their poor La,TiO; films were 35.6 and 24.1%, respectively. By contrast,
leakage characteristics [Figure 3c-i]. By contrast, the La,Ti,0; the Sr,Ta,0; film showed a AC/C of 4.9% and a dielectric
films with a predominantly amorphous structure exhibited constant of ~50. These dielectric constants and temperature
more stable dielectric properties than the other films, with a stability are similar to those for the electrical properties of the
dielectric constant of ~40 [Figure 3d-ii]. Note that the C—V corresponding bulk single crystals. The (110) plane, which is
properties at 1 MHz for all of the films showed no hysteresis the preferred orientation plane for the 900 °C-annealed
response corresponding to ferroelectricity (Supporting In- Sr,Ta,0; film, is inclined 8.24° relative to the (100) plane.
formation, Figure S2). The reported dielectric constant for the (100) plane of a
Figure 4 shows the dielectric constant and dielectric loss Sr,Ta,0, single crystal is ~40 at 1 MHz, and the dielectric
versus sample temperature at a frequency of 1 MHz and a bias constant has been reported to be nearly constant from —50 °C
voltage of +3 V for the Sr,Ta,0, film annealed at 900 °C, the to room temperature.'® Because of the combination of the
Sr,Nb,O, film annealed at 700 °C, and the La,TiO, film temperature dependence of the dielectric constants for

annealed at 900 °C. The temperature stability of dielectric St,Nb,O, and Sr,(Ta,_,Nb,)O, solid-solution crystals," the
constant (AC/C) from room temperature to 300 °C is defined (100)-oriented Sr,Ta,0, film should exhibit an almost
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a Sr,Ta,0, film annealed at 900 °C, an as-deposited Sr,Nb,O, film
annealed at 700 °C, and a La,Ti,0; film annealed at 900 °C.

constant dielectric constant from room temperature to 300 °C.
In addition, the (001)-oriented Sr,Ta,0; single crystal showed
a high dielectric constant of ~600; however, a decrease of the
dielectric constant near room temperature was confirmed by
the Curie—Weiss temperature of —107 °C."” The coexistence
of other planes should increase the dielectric constant.

3.2. Solid-Solution Films. 3.2.1. B-Site Replacement. On
the basis of the aforementioned results for single-phase thin
films, we selected Sr,Ta,0, as the base material. To confirm
the controllability of the crystal structure and orientation, we
first attempted B-site substitution in the Sr,Ta,0,—Sr,Nb,O,
solid-solution system. Figure S shows XRD patterns for
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Figure 5. XRD 20— plots for xSr,Ta,0,—(1—x)Sr,Nb,0, solid-
solution films annealed at 900 °C versus the composition change.

composition-graded solid-solution films deposited at 500 °C
and annealed at 900 °C. The crystal structure of Sr,Ta,0; is
the major structure. The (110) refraction for the Sr,Ta,O,
structure was confirmed.

As the compositional fraction of Sr,Ta,0, decreased, a tail
formed on the low-angle side of the (110) diffraction peak in
the XRD pattern and the peak exhibited an increase in
asymmetry, an increase in the full-width at half-maximum, a
peak shift toward the low-angle side, and a decrease in
intensity; these observations indicate that the crystallinity
decreased (Supporting Information, Figure S3). For the peak

shift, according to JCPDS Powder Diffraction File-2
(PDF),””*° the (110) of Sr,Nb,O, is on the 0.1° lower
angle side than the (110) of Sr,Ta,0, so the trend is
consistent with the experimental results. However, in the
experiment, the angle difference between the Sr,Ta,O, side
and the Sr,Nb,0; side is 0.3°, and the difference is thought to
have increased due to the strain from the substrate. The unit
lattice length for the (111)-oriented surface of Pt, which was
the bottom electrode material on the substrate, was \/ 2a =
5.548 A (Pt has a cubic structure with a = 3.923 A*®) and the
lattice mismatch with the (110)-oriented Sr,Ta,O, thin film
should have caused a decrease in the plane spacing and a shift
of the XRD peak toward the high-angle side as a result of an
increase in the out-of-plane tensile strain of the film. The
results for single-phase Sr,Nb,O, are dominated by growth
along the (131) direction, which has a large lattice mismatch
with the (111)-oriented Pt surface. The change in orientation
of the pure Sr,Nb,O; region from (150) and (131) to (110) is
considered to be a contraction resulting from the crystallinity
degradation caused by the change in stable planes and the
stronger influence of the c-axis direction. In addition, in the
sputtering setup, obtaining 100% single-phase films at both
edges of the composition gradient region is difficult because
the distance between the substrate surface and the moving
mask, which controls the film thickness during the deposition,
is less than 1 mm. Each edge must contain a few percent of
another material. The change in electrical properties due to
this heterogeneity was confirmed by the tendency of the
leakage current to increase with increasing Nb content
(Supporting Information, Figure S4). Even in the region
where the leakage current is favorable, no results correspond-
ing to enhanced electrical characteristics of the single phase
were obtained. The intermediate region maintains a linear
change in composition, as confirmed by X-ray fluorescence
spectroscopy [Supporting Information, Figure Slc]. Thus, the
small amount of Sr,Nb,O, degraded the crystallinity and grain
growth of the Sr,Ta,0,—Sr,Nb,O, film. Notably, the same
trend is more pronounced for La,Zr,0,—La,Ti,0, (Support-
ing Information, Figure S5), which is a cubic crystal structure
and thus exhibits an orientation similar to that of the (111)-
oriented Pt surface, resulting in a highly oriented film with no
hetero-oriented components. By contrast, when the proportion
of La,T1,0; is increased, the effect of the increase in the long-
axis direction of the monoclinic structure becomes more
pronounced, especially because the g-axis of La,Ti,0, is longer
than the unit lattice length \/Za = 15279 A of (111)
La,Zr,O,, which tends to be on the tensile strain side.
Therefore, we considered that the change is more pronounced
in (111) La,Zr,O,. The results of the electrical measurements
show that the increase in the proportion of La,Ti,O, did not
improve the leakage current characteristics.

3.2.2. A- and B-Site Replacement. B-site substitution did
not dramatically affect the continuous change in crystal
structure. Given the relationship between the ionic radii, the
crystallization temperature in Tables 1 and 2, and the
fabrication conditions, we next attempted simultaneous A-
and B-site substitution. In addition, given the change in the
electrical properties of the single-phase thin films (Figure 3),
we fabricated a solid-solution thin film of Sr,Ta,O, and
La,Ti,0, [#Sr,Ta,0,—(1—x)La,Ti,O,] at substrate temper-
atures of 500 and 550 °C and a PDA temperature of 900 °C.

Figure 6 shows the composition dependence of the XRD
patterns: the La,Ti,0, composition side shows a crystal
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Figure 6. XRD 20— plots of xSr,Ta,0,—(1—x)La,Ti,O, solid-
solution films annealed at 900 °C versus the composition change.

structure corresponding to La,Ti,0, for films with x values as
large as 0.2. By contrast, the Sr,Ta,0; side shows diffraction
peaks from several different planes of the crystal structure
corresponding to Sr,Ta,0,. Notably, the results for each
composition of x = 0 and x = 1 differ from those of the
corresponding single-phase materials because of the effect of
the sputtered particles wrapping around the composition
control mask, as previously described. With respect to the
effects of crystallization, the crystal structures of xSr,Ta,0,—
(1—x)La,Ti,O, were strongly influenced by the Sr,Ta,O,
structure, which was more crystallized in the single phase
under the present fabrication conditions, and the Sr,Ta,O,
crystal structure was maintained up to x = 0.3.

The dependence of the dielectric constant on the orientation
was also investigated. On the basis of the leakage current
characteristics, the dielectric constants and orientations were
characterized at temperatures of 500 and 550 °C during film
formation; the dielectric constant versus composition and the
respective principal orientation information are shown in
Figure 7. The changes in dielectric constant correspond to
three major orientations—(041), (010), and (111)—in the
compositional region that exhibited effective dielectric
constants. The (111)-oriented region exhibited the highest
dielectric constant. Nanamatsu et al. reported the dependence
of the dielectric constant on the crystal plane orientation and
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Figure 7. Dielectric constant (solid symbols) and dielectric loss (open
symbols) for xSr,Ta,0,—(1—x)La,Ti,0, solid-solution films depos-
ited at 500 and 550 °C and annealed at 900 °C.

temperature in a single-crystal sample of the Sr,Ta,O0,—
St,Nb,0, solid-solution system.'® The Curie temperatures of
the dielectric constants of the planes perpendicular to the c-
axes have composition dependence. The Curie temperature
was reported to depend on the substitution of the A-site, and
the substitution of the A-site with an element of smaller ionic
radius increases the Curie temperature. The dielectric
constants of the planes perpendicular to the a- and c-axes of
Sr,Nb,O, are stable near room temperature and have Curie
temperatures around 1000 °C. The dielectric constants for the
planes perpendicular to the b-axis are stable near room
temperature; the dielectric constant for the plane perpendic-
ular to the b-axis direction is lower than that for the other
planes near room temperature, although the Curie temperature
is low; and the dielectric constant increases sharply near 0 °C.
In contrast, the Curie temperature of the plane perpendicular
to the c-axes of SryTa,0, is near —100 °C, and the dielectric
constant of the planes perpendicular to the c-axes is higher
than other planes, exceeding 200 at room temperature. Their
results suggest that the dielectric constant of c-axes and the
Curie temperature have a significant effect on the dielectric
constant from room temperature to 300 °C. In the present
study, the Sr,Ta,0,—Sr,Nb,O; solid-solution system showed
(110) and (200) planes in all compositions, except for the
plane perpendicular to the c-axes. In contrast to them, the
Sr,Ta,0,—La,Ti,O, system showed the compositional de-
pendence of orientation changes, and the substitution of the A-
site with an element of smaller ionic radius should increase the
Curie temperature. The compositional region with (010)
orientation shows the lowest dielectric constant, which is
consistent with the tendency in the single crystal noted by
Nanamatsu et al.'” Figure 7 also shows that the (010) plane-
oriented thin film as confirmed by the 080 reflection in Figure
S has the lowest dielectric constant. For the other orientations
such as the compositional region with (041) orientation, the
dielectric constant tends to increase as the influence of the c-
axis becomes stronger. From the above, the orientation that
eliminates the influence of the b-axis and the crystallinity that
improves the orientation affect the improvement of the
dielectric constant. Furthermore, since the ag-axis has the
same dielectric properties as the c-axis,'? the dielectric constant
is considered to be maximum in the (111) orientation, where
the influence of the b-axis is smaller.

To improve the dielectric constant, the substrate temper-
ature was reconsidered. The surface profile for the (111)-
oriented region that showed the largest dielectric constant in
the 0.358r,Ta,0,—0.65La,Ti,O, solid-solution films exhibited
a porous structure [Figure 8a], which may reduce the effective
dielectric constant. To improve the grain density, we
considered that the porous structure could be reduced by
lowering the substrate temperature. The film was formed by
lowering the substrate temperature to 400 °C, which we
expected to be sufficiently high to maintain the crystallinity of
the Sr,Ta,0, composition side (Table 2). As a result,
improvements in the grain density and crystallographic
orientation were observed for the x = 0.35 composition
[Figure 8b]. The dielectric constant of this sample was
improved by ~100%, and the temperature dependence of the
dielectric constant, which was greater than 100, showed a good
change of 7.1% in the range from room temperature to 300 °C
(Figure 9).
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Figure 8. AFM images (left) and 2D-XRD images (right) of
0.35Sr,Ta,0,—0.65La,Ti,0; solid-solution films deposited at 500 and
400 °C and annealed at 900 °C.

0

10" 7 ] - - F1.0
140 4 [ J D!electr!c constant F
4 1 | A Dielectric loss E
10 7 7 | M Current density F
2| 1207 o [038
108 0.00000(0\0"". 3
L 5 S 100 J E o
<1077 8 m® fos O
= 0 ] | F o7 o
= = _ | | £ e}
[} -4 6 80 E =
g10 7 @ ] | F =S
Q0 4 [ | C —_
2 5 | O 604 m - Fo4 @
o 10 1 ...-..J E »
3 4p6 40 3
10 ] E
] 0.2
10" 20 E
- AAAAAAAAAAAAAAA g
10° - 0- F0.0

T T T T T T T
0 50 100 150 200 250 300

Temperature (°C)

Figure 9. Temperature dependence of the dielectric constant
(circles), dielectric loss (triangles), and current density (squares)
for 0.35Sr,Ta,0,—0.65La,Ti,0, films deposited at 400 °C and
annealed at 900 °C.

4. CONCLUSIONS

Thin films of Sr,Ta,0,, Sr,Nb,O,, La,Zr,0,, and La,Ti,O,
were grown by RF sputtering, and their physical properties
were investigated. The crystallized Sr,Ta,0, and La,Zr,O,
films exhibited highly oriented crystal structures. All of the
films exhibited a small-grained structure. Compared to the La-
containing films, the Sr-containing films showed larger-grained
structures with few-hundred-nanometer grains. All of the films
exhibited a dielectric constant of ~40 at 1 MHz, which is
similar to previously reported values of bulk crystals.'”"> With

respect to temperature stability, the Sr-containing films were
more stable than the La-containing films. In particular, the
crystallized Sr,Ta,O; film exhibited a AC/C of 4.9% with a
dielectric constant of ~50 in the temperature range from room
temperature to 300 °C.

The results of A- and B-site substitution in the composi-
tionally graded xSr,Ta,0,—(1—x)La,Ti,O; samples showed
that the Sr,Ta,O, structure was predominant over a wide
compositional range and that the orientation of the thin film
changed. The samples also showed a change in dielectric
constant corresponding to the orientation, with the maximum
dielectric constant occurring in the (111) direction, which has
not been reported for single crystals. In addition, an increase in
the thin film density led to an improvement of the dielectric
properties. The crystallized 0.35Sr,Ta,0,—0.65La,Ti,O, film
exhibited a AC/C value of 7.1% with a dielectric constant of
100 from room temperature to 300 °C.

These results suggest that the Sr-containing A,B,0,
ferroelectric thin films exhibit strong potential for use in
high-temperature operational film capacitor applications.
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