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The propagation characteristics of surface acoustic waves (SAWs) in KNObO;/SrTiO3/Si structures were -
investigated theoretically. Phase velocities (vp) decrease when the hK value of the SrTiO3z bufler layer increases
from 0.04 to 0.2 for a specified thickness of the KNbO3 film. The value of the coupling coefficient (K?) can be
as high as 10%. A layered structure with the interdigital transducer (IDT) located on top of the KNbO; film is
a better choice for device fabrication if we select a coupling coefficient of 1% as a reference for comparison. The
results could provide useful information for combining optical devices, semiconductor devices and SAW devices

on the same Si substrate.
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1. Introduction

Potassium niobate (KNbOj;) is a promising material
for optical applications such as use in frequency dou-
blers, optical waveguides, holographic storage devices
and so on.}™® These applications are possible due to the
superior properties of KNbQOj;, including its large elec-
trooptic coefficient, high nonlinear optical coefficient and
excellent photorefractive characteristics. Epitaxial thin
films with smooth surfaces are required in order to min-
imize the propagation loss associated with grain bound-
ary scattering for optical devices. It has been reported
that KNbO; film with (100) orientation was successfully
obtained on SrTiO; (100) single-crystal substrate by a
sol-gel method® because lattice parameter mismatching
between the KNbO; film and SrTiO; (100) single-crystal
substrate is very small.

The use of SrTiO; (100) single-crystal substrate is not
cost effective, and not compatible with the advancing
semiconductor technology. Epitaxial growth of KNbOj
film on Si is very attractive for the fabrication of opti-
cal devices and semiconductor devices on the same sub-
strate. However, it is very difficult to prepare high-
quality KNbO; film directly on Si substrate because of
the lattice mismatch between them, as well as the in-
terdiffusion of component atoms at the substrate-film
interface. Therefore, the introduction of a buffer layer
which is lattice-matched with both the KNbO; film and
Si substrate and acts as a diffusion barrier between them
is required in order to eliminate the above problems dur-
ing deposition. Owing to the advances in thin-film tech-
nology, there have been many reports on the epitaxial
growth of (100) SrTiO; films on Si'®'* (001) substrates.
The (100) SrTiO; buffer layer deposited on Si substrate
may be used as a more inexpensive substitute for the
SrTiO; (100) single-crystal substrate in order to grow
epitaxial KNbO; film. This greatly increases the feasibil-
ity of fabricating integrated devices composed of optical
devices and semiconductor devices.

The growth and characterization of KNbOj film for
optical applications have been studied extensively. How-
ever, relatively few studies on the piezoelectric effect of
KNbO; film have been carried out. The present investi-

gation was undertaken to discuss the propagation charac-
teristics of surface acoustic waves in KNbO;/SrTiO;/Si
structures. The layered structure we considered is
KNbO;(100)[001]/SrTi0O5(001)[100]}/Si(001)[110]. The
phase velocity and electromechanical coupling coeflicient
were calculated for the different interdigital transducer
(IDT) configurations and for various thicknesses of each
layer. The results could provide useful information for
the further development of optical devices, semiconduc-
tor devices and SAW devices on the same Si substrate.

2. Calculations

The present theoretical analysis is an application of the
theory of elastic wave propagation in thin layers, as pro-
posed by Farnell and Adler,'¥ to a KNbO;/SrTiOs/Si
three-layer structure.  The coordinate system used
throughout the discussion is illustrated in Fig. 1. The
surface wave under consideration is assumed to propa-
gate in the z, direction along a surface whose normal
is in the z; direction and which decays exponentially in
the —z; direction. The displacement and potential are
considered to be independent of the z, direction. The
equations for mechanical displacement U; (i = 1,2,3)
and electrical potential ¢ are

82U,

26 U,

Cismi gy g o = Pam (1)
82U, ¢

Cikt oz, 0z, Eik Oz, 0z, =0

i gk 1=1, 2, 3, 2)

where C;,;,; is the elastic constant tensor, e,y is the piezo-
electric constant tensor, ,; is the dielectric constant ten-
sor and p is the mass density. The solutions to the dif-
ferential equations, eq. (1) and eq. (2), are assumed to
be

U, = o exp[ikbzs) exp|ik(z; — vt)] (3)
7=1223
¢ = oy explikbzs] explik(z, — vt)], (4)

where k and v are the wave number and phase veloc-
ity in the z; direction. Usually b is taken as a com-
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Fig. 1. Coordinate system of the three-layer structure.
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Fig. 2. (a) Prototype for electrically open and short circuits in

the three-layer structure. (b) Four types of IDT configuration.
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plex number, and the imaginary part of b must be nega-
tive in the substrate because the wave amplitude should
evanesce in the —z5 direction in the substrate. There
are eight combinations of open and short circuits in the
three-layer structure, as shown in Fig. 2(a). For these
eight combinations, we focus our attention on four pos-
sible IDT configurations, as shown in Fig. 2(b) in or-
der to make use of the piezoelectricity of the KNbO;
film. The electromechanical coupling coefficient is ob-
tained by using the relation K2 = 2(V; — V,)/V;,
where V; and V., are the theoretical SAW velocities
when the plane on which the IDT is located is elec-
trically open and short-circuited, respectively. (001)-
Cut Si wafers are selected as substrates since they are
commercially available and the propagation direction
in [110] is a natural cleavage plane which provides a
good reference for alignment. The structure studied was
KNbO,(100)[001]/SrTiO,(001)[100]/Si(001)[110].  For
KNbO;, we used the material constants listed in ref. 15
and for SrTiO; and Si, we used those listed in ref. 16.
These material constants must be transformed to reflect
the desired crystal cut and propagation directions.'”

3. Results and Discussion

In this section, the phase velocity and electromechani-
cal coupling coefficient were calculated for different inter-
digital transducer (IDT) configurations and for various
thicknesses of each layer. We change the hK values of
the KNbO; film from 0 to 1 and fix the hK values of the
SrTiO; buffer layer at 0.04, 0.08, 0.12, 0.16 and 0.2. We
use the notation AK to express the normalized thickness
of the film, where A is the thickness of the film, K = 27/
is the wave number and X is the acoustic wavelength.

3.1 Phase velocity

Figure 3 shows the phase velocity (v, ) dispersion curve
when the hK values of the Sr'TiO; buffer layer are fixed
at 0.04, 0.08, 0.12, 0.16 and 0.2. From Fig. 3, we can
see that the phase velocities (v,) decrease when the hK
value of the KNb; film increases from 0 to 1 for a specified
thickness of the SrTiO; buffer layer. They also decrease
when the hK value of the SrTiO; buffer layer increases
from 0.04 to 0.2 for a specified thickness of the KNbO,

PHASE VELOCITY CURVE
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Fig. 3. Phase velocity (vp) dispersion curve when the hK values
of the SrT103 buffer layer are fixed at 0.04, 0.08, 0.12, 0.16 and
0.2.
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film.

3.2 Coupling coefficient

The calculated coupling coefficient (K?) curves for dif-
ferent IDT configurations are shown in Figs. 4(a)-4(d)
when the hK values of the SrTiO; buffer layer are fixed
at 0.04, 0.08, 0.12, 0.16 and 0.2. From Fig. 4 we observe
that the value of K can be as high as 10% when the IDT
is located at the interface between the KNbO; film and
the SrTiO; buffer layer, with (type 2) and without (type
1) the floating-plane electrode on top of the KNbOj; film.
We also observe that K? decreases when the hK value
of the SrTiO; buffer layer increases from 0.04 to 0.2 for
different IDT configurations except when the IDT is on
top of the KNbO; film with the floating-plane electrode
at the interface between the KNbO; film and the SrTiO;
buffer layer (type 4). However, the change in the cou-
pling coefficient when we increase the buffer thickness is
not marked for the type 4 IDT configuration. On the
contrary, the change in K? is very marked when the IDT
is located on top of the KNbO; film (type 3).

As is known, high quality films are easier to obtain
if they are not very thick. According to the formula
hK = h-2n/), the real thickness h is about 1.592 um
when the KK value is equal to 1 if the acoustic' wave-
length A equals 10 um. If we select a reasonably large
value for the coupling coefficient, for example 1%, as a
reference for comparison, we can achieve the optimal se-
lection of IDT configurations. In the preceding results,
we know that a larger K* can be obtained if the buffer
layer is thinner for type 1, type 2 and type 3 IDT configu-
rations. Moreover, the change in the coupling coefficient
when we increase the buffer thickness is not marked for
the type 4 IDT configuration. Thus, we fixed the hK
value of the SrTiO; buffer layer at 0.04 and the results
are arranged in Table I. From Table I we can see the hK
value of the KNbO; film, for which the coupling coeffi-

cient is 1%, is smaller than in the other cases when the

IDT is located on top of the KNbO; film (type 3). In the
IDT configuration of type 3, the quality of the IDTs and
the KNbO; film are less affected than the other three
IDT configurations by the deposition conditions of high
growth temperature and high O, pressure which are re-
quired for preparing the KNbO; film since IDTs were
fabricated after the growth of the KNbO; film. From
the theoretical results and the consideration of the thin-
film fabrication process, we can conclude that the lay-
ered structure with type 3 IDT configuration is a better
choice for device application in the four IDT configura-
tions, and the results could provide useful information for
the further development of optical devices, semiconduc-
tor devices and SAW devices on the same Si substrate.

4, Conclusion

In this work, we theoretically studied the prop-
agation characteristics of surface acoustic waves in
KNbO;/SrTiO3/Si structures. The phase velocity and
electromechanical coupling coefficient were calculated
for different interdigital transducer (IDT) configurations
and for various thicknesses of each layer. The results
obtained in this study are summarized as follows.
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Fig. 4. Calculated coupling coefficient (K?) curves when the hK
values of the SrTiOs buffer layer are fixed at 0.04, 0.08, 0.12,
0.16 and 0.2 with IDT configurations of (a) type 1, (b) type 2,
(c) type 3 and (d) type 4.
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Table I.
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The corresponding hK values and the real thickness of the KNbO3 film for different IDT configurations if

the acoustic wavelength ) is equal to 10 pm when the hK value of the SrTiOz buffer layer is fixed at 0.04.

Electrode hK value of the kNbOj film for which Corresponding thickness of the KNbOj3 film
structure the coupling coefficient is 1% if the acoustic wavelength ) is equal to 10 pum
TYPE 1 0.090 0.230 um

TYPE 2 0.375 0.597 pm

TYPE 3 0.090 0.230 ym

TYPE 4 0.525 0.836 um

(1) The phase velocities (v,) decrease when the hK
value of the KNbOj; film increases from 0 to 1 for a spec-
ified thickness of the SrTiO; buffer layer; they also de-
crease when the hK value of the SrTiO; buffer layer
increases from 0.04 to 0.2 for a specified thickness of the
KNbO; film. :

(2) The value of the coupling coefficient (K?) can be
as high as 10% when the IDT is located at the interface
between the KNbO; film and the SrTiO; buffer layer,
with (type 2) and without (type 1) the floating-plane
electrode on top of the KNbO; film.

(3) Larger K* can be obtained if the buffer layer be-
comes thinner for type 1, type 2 and type 3 IDT configu-
rations. Moreover, the change in the coupling coeflicient
when we increase the buffer thickness is not marked for
the type 4 IDT configuration.

(4) The layered structure with the IDT located on
top of the KNbO; film (type 3) is a better choice for
device application among the four IDT configurations
since the hK value of the KNbO; film, for which the
coupling coefficient is 1%, is smaller than in the other
cases, and the quality of the IDT's and the KNbO; film is
less affected by the deposition conditions than the other
three IDT configurations.
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