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Abstract

Two approaches are shown for property control of tunable Ba,Sr;_,TiO3 (BST) films: (i) two-step growth and (ii) self-selective epitaxial growth.
Both processes are based on the deposition of an amorphous ultra thin BST layer prior to the growth of an epitaxial BST film. In the first approach,
the mechanical strain in the epitaxial films is controlled by employing a two-step growth process, where the very thin amorphous layer deposited first
acts as an absorption layer for the misfit strain through its crystallization. Two-step grown films on LaAlO; substrates showed effective relaxation
of the compressive misfit strain, which resulted in higher in-plane permittivity and tunability of the film. In the second approach, self-selective
epitaxial growth, epitaxial/amorphous BST composite structures are achieved where the two phases are electrically inter-connected in parallel.
Having a low permittivity, the amorphous component efficiently suppressed the effective permittivity of the composite capacitor, while the epitaxial
component helps keep the tunability as large as that of a purely epitaxial BST film. The resultant composite film demonstrated a low permittivity

having a high tunability, which is the contradictory phenomenon for a pure tunable ferroelectric.
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1. Introduction

Tunable ferroelectric films have been intensively studied for a
wide array of possible microwave applications.!> Although the
required properties of the films depend on the intended purposes,
there are general requirements for microwave devices such as
high tunability, low dielectric loss, intermediate (preferably low)
capacitance and weak temperature dependence. However, since
many properties are in fact inter-connected, one needs trade-off
between them for the practical applications.

The main way to control the properties of a film is via its
processing. In this paper, we introduce two new growth strategies
for the property control of tunable Ba,Sri_,TiO3 (BST) films
toward an improved performance; namely, (i) two-step growth
and (ii) self-selective epitaxial growth. Both growth processes
utilize a thin amorphous BST layer, which has the same chemical
composition as the film.
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In the first approach, the mechanical strain in the epitaxial
films is controlled using the first thin amorphous layer. This
growth process allows us to modify the strain keeping the sub-
strate, film thickness and deposition conditions unchanged. The
difference in the strain finally leads to a significantly different
permittivity and tunability of the film. In the second approach,
epitaxial/amorphous composite film structures are fabricated.
By patterning the first thin amorphous layer, simultaneous
growth of epitaxial and amorphous BST phases is achieved on
the same level. The fabricated composite structure leads to the
reduction of the permittivity while keeping the high tunability
of epitaxial films.

2. Experimental

Pulsed laser deposition with KrF excimer laser (A =248 nm)
was used for the deposition of BST films. The laser energy and
repetition rate were 220 mJ and 5-7 Hz, respectively. Ceramic
disks of BST were used as targets which were made using the
standard ceramic synthesis technique. As for the composition of
BST, x=0, i.e., SrTiO3 (STO), and x=0.3 were selected for the
first and second growth approaches, respectively. The details
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of the growth conditions and process flows will be described
afterwards.

The surface morphology and structure were observed by
reflection high-energy electron diffraction (RHEED). The struc-
tural properties were characterized by X-ray diffraction (XRD)
and by transmission electron microscopy (TEM). An HP 4284 A
precision LCR meter was used for low frequency dielectric
measurements. For the microwave frequency measurements, the
resonance method was used,? and the resonant frequency was
about 8 GHz.

3. Results and discussion

3.1. Two-step growth: enhanced tunability by strain
manipulation of epitaxial STO films

In a pure ferroelectric, the tunability is sensitive to the
permittivity; therefore, a high permittivity is necessary to
realize a high tunability. It has been experimentally and
theoretically documented that the strain in an epitaxial ferro-
electric film significantly affects its permittivity.*> Commonly,
the strain is controlled by using different growth conditions
(such as growth/annealing temperature and gas pressure), film
thicknesses, substrates and sub-layers of other compositions,
although these may also influence other physical or chemical
properties of the films. Here, we employed a so-called two-step
growth process, which allowed us to modify the strain in the
epitaxial films keeping these parameters unchanged.

Fig. 1 shows the deposition sequence for the two-step grown
STO films. First, a very thin amorphous STO layer, less than
10 nm, was deposited on a LaAlO3 (LAO) (100) single crys-
tal substrate at 100 °C (Fig. 1(a)). After deposition of the first
layer, the substrate was heated up to 750 °C and was kept at
this temperature for some time (Fig. 1(b)). It can be expected
that this annealing step leads to the epitaxial crystallization of
the first layer. At the same time, crystallization from amorphous
phase will result in effective relaxation of the strain from the
lattice mismatch. Then, film growth proceeded at the same tem-
perature as used for the annealing step until the desired film
thickness was obtained (Fig. 1(c)). In this growth process, the
thickness of the first layer can be used to control its impact.

A cube-on-cube epitaxial relationship was observed for both
normally grown and two-step grown films. This supports the
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Fig. 1. Process flow of two-step grown films: deposition of the first thin amor-
phous STO layer at 100 °C (a), epitaxial crystallization of the fist layer at 750 °C
(b), and deposition of STO film at 750 °C (c).

Fig. 2. Typical bright-field plan-view TEM images (g =200) of the STO films
excluding the film/substrate interfaces; without first layer (a) and with 5-nm
thick first layer (b).

supposition that the amorphous first layer was epitaxially crys-
tallized at a high temperature before the second layer deposition,
as expected. In addition, no significant difference in the crys-
tallinity was found in the XRD spectra for both films.®

Strain relaxation during the growth of epitaxial films will be
strongly related to the formation of dislocations. Fig. 2 shows
typical plan-view TEM images for the normally grown film and
two-step grown film where the substrates (and film/substrate
interfaces) were etched-off. A lower dislocation density was
clearly observed for the two-step grown film. The difference
in the dislocation density in the films can be explained as fol-
lows. In the case of the normally grown film, as in typically
reported films, strain relaxation will occur via the nucleation of
dislocation half-loops at the free surface of the growing film and
their expansion to the interface by glide.” During growth, two or
more generated half-loops are combined and form a long misfit
dislocation line at the film/substrate interface with two threading
dislocations passing through the film. This process consequently
leads to the minimization of the dislocation density in the film, at
the expense of a high misfit dislocation density at the interface.
However, in the actual film, the relaxation proceeds very slowly
because of a large activation barrier for the dislocation move-
ment. Therefore, the threading dislocation density of the film
will not be minimized unless the film becomes very thick. On
the other hand, the situation is different for the two-step grown
film. The first layer deposited at a low temperature may contain
anumber of defects that can work as nucleation sites for crystal-
lization during the following annealing step at high temperature.
During crystallization, the existing and generated dislocations
may be combined and pushed out to the interface, which leads
to effective strain relaxation. If the first layer is fully relaxed
before depositing the second layer, new half loops are not gen-
erated during further deposition. Therefore, the minimization of
the threading dislocation density can be expected. The results
shown in Fig. 2 are in good agreement with this explanation. The
details of the structural analysis (dislocation types and a pres-
ence of stacking faults) by TEM observations will be described
elsewhere.

Fig. 3 shows the strain u of the 250-nm thick two-step grown
films as a function of the thickness of the first layer. As can be
seen, the film without the first layer, i.e., the normally grown film,
is under compressive strain along the in-plane direction because



T. Yamada et al. / Journal of the European Ceramic Society 27 (2007) 3753-3758 3755

6
4 —
E Out-of-plane
i=) 3
0
3 -9
£ 2 -
S @ ~ In-plane
w -4 _: -
3 -
B = ~
O ©
‘8 LI | LELEL I LI | l L | l L
0 2 4 6 8 10

First layer thickness (nm)

Fig. 3. Strain u of 250-nm thick two-step grown STO films with different first
layer thickness at room temperature. The solid and dashed lines show the out-of-
plane and in-plane strains. The in-plane strain of the films was estimated from
the measured out-of-plane strain using the Poisson effect.

of a lattice mismatch of about —3% between the film and sub-
strate. The compressive strain was significantly reduced with
increasing thickness of the first layer, and it became nearly zero
when a 10-nm thick first layer was used. The strain relaxation
behavior during the growth by in situ RHEED monitoring® indi-
cated that the 10-nm thick first layer was almost fully relaxed
before deposition of the second layer. Our findings support a
reduction of the threading dislocation density in the two-step
grown films as observed by TEM.

The dielectric response of the films was tested in planar capac-
itor geometry with two rectangular Cu/Cr electrodes deposited
onto the film surface. Here, the in-plane component of permittiv-
ity can be measured. The permittivity of the film was estimated
from the measured capacitance using the partial capacitance
method.? For all the films, no frequency dependence of the per-
mittivity in the range of 10 kHz to 8 GHz was found, as reported
for bulk STO. Fig. 4 shows the measured in-plane permittiv-
ity €11 and tunability n of the films at 8 GHz and 168 K. As
can be seen, the in-plane permittivity significantly increases
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Fig.4. Change of in-plane permittivity 11 and tunability n (E = 140 kV/cm) with
the different in-plane strain up, in the two-step grown STO films measured at
168 K and 8 GHz. The strain at 168 K was estimated by considering the difference
in the thermal expansion coefficients between STO film and LAO substrate. The
inset shows the inverse in-plane permittivity 81’11 of the films. The hatched area
shows the theoretical predictions obtained by Eq. (1).

with decreasing in-plane compressive strain using the first layer.
As can been in the inset of Fig. 4, this trend agrees with the
theoretical prediction based on Landau theory, expressed as

-1 —1 2c12
e =€  —2e0|qu+ 1—? 412 | Um (D

where ¢ is the relative permittivity of unstrained STO, & is the
permittivity of vacuum, g;; is the component of the electrostric-
tive tensor of STO, c¢;; is the elastic constant of STO, and up,
(=u1 = up) is the in-plane strain in the film, respectively.® At the
same time, the observed permittivities were somewhat higher
than that expected. As for the tunability, at a high enough applied
field E (namely, n>> 1), it can be expressed by the relation:
ne29 3e0e(0)B'3E3, 2
&(E)
where S is the coefficient of the dielectric nonlinearity. Since
n o e(0), one can readily find a correlation between strain and
tunability similar to that between strain and permittivity. As can
be seen in Fig. 4, the tunability was also strongly enhanced by
the strain relaxation in the same manner as the permittivity.
These results indicate that the amorphous first layer can be
efficiently used for strain manipulation of the epitaxial ferroelec-
tric films through its epitaxial crystallization. The relaxation of
the compressive strain resulted in a high film permittivity. This
in turn leads to enhancement of tunability.

3.2. Self-selective epitaxial growth: reduced permittivity
without deterioration of the tunability of BST (x = 0.3) films

As mentioned above, a high permittivity is principally
required to realize a high tunability in ferroelectrics. How-
ever, a small capacitance of the capacitor is often required for
impedance matching in microwave devices. Although this can be
achieved by designing the capacitor’s geometry, one can expect
that the realization of a reduced film permittivity while keep-
ing the tunability unchanged will open possibilities for further
applications.

One possible approach is to fabricate composite materi-
als consisting of ferroelectrics with low-permittivity dielectric
inclusions.!? Particularly, in case that ferroelectrics and dielec-
tric inclusions are electrically connected in parallel, i.e., in a
parallel composite structure, one can expect to keep the tun-
ability fairly unchanged even with a high concentration of
inclusions. Therefore, only the effective permittivity can be sig-
nificantly reduced. Herein, we experimentally demonstrate this
effect by employing a selective epitaxial growth process for the
fabrication of the said parallel composite structure. This growth
process involves the self build-up of epitaxial/amorphous BST
composite structures in which amorphous BST works as a low-
permittivity dielectric component.

Fig. 5 shows the process flow for the fabrication of the com-
posite structure. The BST (x=0.3) films were deposited on
STO (100) substrates electroded with epitaxial StTRuO3 (SRO)
(SRO[100]|ISTO[100]). First, a photo resist pattern having
periodic strips (10-20 wm width) or circles (1-2 wm diameter)
was fabricated on the surface by photolithography (Fig. 5(a)).
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Fig.5. Process flow of the composite structure by self-selective epitaxial growth:
patterning of photo resist (a), deposition of thin amorphous BST (x=0.3) layer
at room temperature (30 °C) (b), lift-off (c), and deposition of BST (x=0.3) film
at 450-485 °C (d).

Subsequently, a 5-10-nm thick amorphous first BST layer was
deposited onto the structured photo resist at room temperature
under the base pressure of 10~8 Torr (Fig. 5(b)). The use of such
a low pressure for the first layer deposition realizes the sharp
pattering of the first layer. After lift-off, a patterned amorphous
first layer was obtained on the monocrystalline electrode sur-
face (Fig. 5(c)). Then, the 150-nm thick BST film was deposited
onto the whole substrate at the temperature of 450-485°C in
100 mTorr O (Fig. 5(d)). 50 pm x 50 pm Pt top electrodes were
deposited and annealed in air at 350 °C for 2 h.

Fig. 6 shows the RHEED image from the BST film directly
grown on the epitaxial electrode surface. It was found that the
cube-on-cube epitaxial growth of BST was clearly achieved
at such a low deposition temperature, although BST films are
commonly deposited at higher temperature. On the other hand,
the BST film grown on the 7-nm thick first thin amorphous
layer showed almost no diffractions, basically indicating its
amorphous nature. These results indicate that the crystallization
temperature of BST films is strongly affected by the underlying
surface structure. Namely, the matched epitaxial surface leads

Fig. 6. RHEED image of BST (x=0.3) film directly grown on epitaxial SRO
electrode.
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Fig. 7. AFM images (15 pm X 15 pm area) at the border of prepatterend first
thin amorphous BST (x=0.3) layer (a) and the similar area covered with BST
(x=0.3) film (b).

to low temperature epitaxial growth, whereas the amorphous
surface blocks the crystallization of the growing film. This is
compatible with the report stating that the crystallization tem-
perature of BST films on LAO crystal is around 450 °C, but
that on amorphous SiO, is higher than 550 °C.!! Consequently,
by using a patterned, amorphous, thin first layer, the simulta-
neous growth of both epitaxial and amorphous BSTs occurs on
the same level, which results in the self built-up composite film
structure.

Fig. 7 shows AFM images of the border of the amorphous
thin BST first layer and a similar area covered with the BST film.
It can be seen that the fabricated composite structure showed
sharp boundaries as observed for the patterned first layer. This
indicates that, on the examined scale, the resolution of the pat-
terning used defines the minimum feature size for the composite
structure. Further scaling down will therefore be possible in the
future.

Field dependence of the effective permittivity of the BST
composite capacitors with different volume fraction g of the
amorphous BST is shown in Fig. 8. It is expected that amor-
phous BST has a low permittivity because of its amorphicity;
therefore it will work as a low-K dielectric component in the
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Fig. 8. Field dependence of the effective permittivity eefr of BST (x=0.3) com-
posite capacitors for g=0, 0.32 and 1 at 100 KHz. The solid and dashed lines
show the data measured at 198 and 268 K, respectively.
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Fig. 9. Effective permittivity eeff and tunability n (E=166kV/cm) of BST
(x=0.3) composite capacitors with different ¢ measured at 198 K and 100 kHz.
The solid and dashed lines show the theoretical predictions of et and n for
the parallel composite model, respectively. The dashed-dot line shows the esti-
mation of n for a pure BST by taking the epitaxial BST capacitor (g=0) as a
standard.

composite structure. As can be seen, the epitaxial BST capacitor
(¢=0) showed a high permittivity and a large field dependence,
whereas the amorphous BST capacitor (¢ = 1) showed a signifi-
cantly lower permittivity and a very weak field dependence. On
the other hand, the composite capacitor (¢ =0.32) showed an
intermediate permittivity but a large field dependence similar to
that for the epitaxial BST capacitor. Note that the tunability of
the composite capacitor measured at 198 K is higher than that
of the epitaxial BST capacitor measured at a higher temperature
of 268 K, even though the both permittivities at zero dc field are
same.

Fig. 9 shows the effective permittivity and tunability of
the composite capacitors with different g. As can be seen,
the measured effective permittivity linearly decreased with
increasing g. On the other hand, the tunability decreased very
slowly compared to the effective permittivity. The linear depen-
dence of the effective permittivity eeg is given by the relation:
geff(0) =££(0)(1 — g) + £4(0)g, where ¢r and g4 are the permittiv-
ities of the ferroelectric and dielectric components, respectively.
As for the tunability, since the dc field is equally applied to
both components, the ferroelectric component is tuned as effi-
ciently as a pure ferroelectric. The observed tunability accords
with the theoretical prediction for the parallel composite model
(see details of the equation in Ref. 12). For comparison with
pure BST, the tunability calculated from the Eq. (2) by taking
the epitaxial BST capacitor as a pure BST’s standard is also
plotted in Fig. 9. It is clear that the tunability of the fabri-
cated composite cannot be explained by the behavior of pure
ferroelectrics; namely, there is a good separation between both
epitaxial/amorphous BST phases.

The obtained results indicate that the selective epitaxial
growth process can be useful for the fabrication of the paral-
lel composite structures, where epitaxial and amorphous BSTs
act as a ferroelectric and low-K dielectric component. The amor-
phous BST suppressed the effective permittivity of the compos-
ite capacitor, while the epitaxial BST contributed to the tunabil-
ity keeping it nearly as large as that of the epitaxial BST film.

4. Conclusions

For the improved tunable performance of BST films, we have
investigated new type of growth processes utilizing the amor-
phous BST thin layer. In the first approach, two-step growth
realized an effective strain relaxation in the epitaxial films
through the epitaxial crystallization of first amorphous thin layer.
The relaxation of the compressive strain led to higher permit-
tivity and higher tunability of the films. In the second approach,
self-selective epitaxial growth realized the epitaxial/amorphous
BST composite structure, where the first amorphous thin layer
was used for blocking the crystallization of upper BST films.
This growth process allowed the self build-up of the parallel
composite structure by simultaneous growth of both epitax-
ial/amorphous phases. Keeping the deterioration of tunability
to a minimum, great reduction of the effective permittivity was
achieved. However, the proposed methods are not fully devel-
oped for practical application at this time. Therefore, there are
still questions and issues for the use of amorphous thin lay-
ers in the property control of tunable ferroelectric films. For
instance, selective epitaxial growth process should be applied
to other epitaxial electrode/substrate systems compatible with
microwave devices. Nevertheless, the results obtained here
give us an idea about the capability of BST thin films as
a tunable element without using other materials for property
control.
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