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Abstract: The present study depicts the first-ever optimized surface acoustic wave (SAW) device
based on Beryllium Oxide (BeO) thin film. The feasibility of surface acoustic wave devices based on
BeO/128° YX LiNbOj layered structure has been examined theoretically. The SAW phase velocity,
electromechanical coupling coefficient, and temperature coefficient of delay for BeO/128° YX LiNbO3
layered structure are calculated. The layered structure is found to exhibit optimum value of phase
velocity (4476 ms~!) and coupling coefficient (~9.66%) at BeO over layer thickness of 0.08 A. The BeO
(0.08 A)/128° YX LiNbO3 SAW device is made temperature stable, by integrating it with negative
temperature coefficient of delay (TCD) TeOs over layer of thickness 0.026A.
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1. Introduction

Thin film-based surface acoustic wave (SAW) devices are enunciated to be exploited
for their use in communication devices, acousto-optic devices, optoelectronics, automotive
sensors and biosensors, etc., as these are efficient, compact, economical and provide the
advantage of tailoring the material properties as per the need of the application relative to
single crystal SAW device [1-5]. And with the advent of technology, SAW devices have be-
come an integral part of current LTE and 5G wireless devices [6]. These devices are increas-
ingly finding applications in the domain of life sciences and microfluidics (acoustofluidics),
producing ‘lab-on-a-chip’ (LOC) or micro total analysis systems (#TAS) [6,7]. The impor-
tant parameters that gauge the competence and use of SAW device are its phase velocity,
electromechanical coupling coefficient and temperature coefficient of delay [7]. Until now,
various SAW layered structures, like SiO,/LiNbOj3, LiNbOs3 /Sapphire, ZnO/Diamond,
etc., have been investigated for their potential as acoustic wave devices [8]. It is evident
from the available literature that for high frequency applications, temperature stable SAW
devices with appreciable SAW phase velocity and good electromechanical coupling coeffi-
cient are required [8]. Diamond based SAW devices are reported to provide the advantage
of high velocity. But these devices are expensive and one needs to compromise with cou-
pling coefficient [8]. On the other hand, widely used LiNbO3 based SAW devices have
reasonable SAW velocity and good coupling coefficients [8]. Efforts are still being made to
find an alternative that is suitable for high frequency applications. Beryllium Oxide (BeO)
single crystal is reported to be piezoelectric material with very high acoustic velocities for
bulk longitudinal and shear waves and is studied for its application in SAW device [9].
Although, there are various reports on the deposition of the crystalline BeO over layer on
crystal and amorphous substrates [10,11], yet no attempt to date has been made to study
the use of BeO thin films in SAW device applications. BeO is reported to have unique
mechanical and thermal properties, such as hardness, high melting point, high thermal
conductivity, and large elastic constants, making it suitable for large number of applications
in microwave and nano devices [11,12]. All these properties make BeO a sturdy material.
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So, in the present work, an attempt has been made to study the use of thin films of BeO in
acoustic wave devices. The SAW propagation properties of BeO/128° YX LiNbOj layered
structure have been found using the theoretical tool developed by Farnell and Alder [13,14].
The SAW software used in the present analysis has been exercised earlier by many workers,
like Zhou et al., Benetti et al., etc., to find the optimum values of thickness of various
layers used in the multilayered acoustic devices [15-17]. The theoretical results are in close
proximity with the experimentally obtained results [15-17]. Moreover, the experimental
realization of the proposed layered structure seems to be possible and supported by the
report on the growth of crystalline BeO thin films irrespective of the substrate type [10].
This suggests that BeO/128°YX LiNbOj layered structure can be experimentally realized
without lattice mismatch.

In the present study, the authors have considered widely used 128° YX LiNbO; SAW
substrate to investigate the effect of adding BeO and subsequently TeOj3 thin films on
it theoretically. The BeO over layer thickness is optimized and it is found that with the
integration of 0.08 A thick BeO over layer in BeO/128°YX LiNbOj layered structure, an
efficient SAW device with appreciable phase velocity (~4500 ms~!) along with a very
high electromechanical coupling coefficient (~10%) can be realized. The bilayer BeO
(0.08 A)/128°YX LiNbO3 SAW device is temperature unstable and has a high positive
value of temperature coefficient of delay (TCD ~ 66 ppm °C~!). The device can be made
temperature stable by integrating it with negative TCD over layer. TeOj3 films are reported
to exhibit negative temperature coefficient of delay [1,18-21] and, thus, can be used in
the present layered structure to make it temperature stable. The proposed BeO (0.08
A)/128°YX LiNbOs bilayer SAW structure is integrated with ~0.026 A thick TeO3 over layer
to realize a temperature stable device and moreover, the values of SAW phase velocity and
electromechanical coupling coefficient remain essentially untouched. Thus, the authors
present the first-ever optimized SAW device based on BeO thin film owing to its potential
use in acoustic wave device applications.

2. Materials and Methods

In the present study, the SAW propagation characteristics of proposed multi-layered
structure are calculated using the SAW Analysis software (MSDOS (version 2 or later), IEEE,
Montreal, QC, Canada) developed by Farnell and Adler [13,14]. The structure consists of
BeO thin film integrated over 128° YX LiNbOj single crystal and TeO3 over layer placed
on BeO thin film. The multi-layered structure and the coordinate system are presented
in Figure 1.

128° YX LiNbO;

Figure 1. Illustration of TeO3 /Beryllium Oxide (BeO)/128° YX LiNbO3 multilayer surface acoustic
wave (SAW) structure and the coordinate system.

The Cartesian coordinate system is chosen in such a way that Rayleigh wave propa-
gates along x;—axis in which its amplitude vanishes as x3 tends to negative infinity, and
xp—axis is parallel to the direction of particle polarization.
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The electric potential ¢ and particle displacements Uy (k =1, 2, 3) in a piezoelectric
medium are governed by the following elastic wave equations [1,13]:

¢ U U
%ij Gxrox: P R — Cijui PR 1
02U, 2
: A =0; ijk1=1,23...... , )

e]kl axiaxl B S]k axiaxk N
where Cjjy is the mechanical stiffness tensor, ¢j is the dielectric permittivity tensor, ey;;
is the piezoelectric tensor, and p is the density of the medium. The material parameters,
like density, elastic constant, piezoelectric constant, and dielectric constants at a given
temperature of TeO3, Wurtzite BeO thin films, and 128° YX LiNbOj single crystal used
in present study to estimate the SAW phase velocity of the layered structure, are taken
from earlier reported data by Dewan et al., Duman et al., Cline et al., and Kovacs et al,,
respectively [12,18,22,23], and are presented in Table 1.

Table 1. Material constants and temperature coefficients used in simulations.

Material Constants Materials Temperature Coefficients (°C—1)
TEO3 BeO LiNbO3 TEO3 BeO LiNbO3
[18] [12,22] [23] [18] [24] [25]
Elastic Constants(1011 N/m?) x 10~%

C1p 0.14 4.606 1.98 0.06 —2.63 —1.74

Css 4916 2.279 —1.34 —1.53

Ces 1.670 0.728 —1.98 —1.43

Cyq 0.265 1.477 0.5965  0.0646  —0.95 —2.04

Ciz 1.265 0.5472 —4.27 —2.52

Ci3 0.8848 0.6513 —39.8 —1.59

Cua 0.0788 —2.14

Piezoelectric constant (C/m?2)

es3 0.0364 1.77 8.87

€31 —0.0735 0.30 2.21

€15 3.69 147

en 242 0.79

Dielectric constant (10~ F/m)
€11 23.7 3.06 45.6 1.6 3.23
€33 3.13 26.3 6.27
Density (Kg/m?)
0 4578 3010 4628

2.1. Electromechanical Coupling Coefficient (K?)

The effective coupling of inter digital transducer to the surface-wave is measured in
terms of the electromechanical coupling coefficient, K> given by [1,26,27]

2 ol
K%)= 2007 §)
v
where v and v/ are the SAW phase velocities for electric free and short circuit

conditions, respectively.

2.2. Temperature Coefficient of Delay (TCD)

The temperature dependence of SAW device is expressed in terms of TCD given
by [1,26,27]
V35 — Vis

TCD =TCD, — 20 X Vas ’

4)
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where TCD, is the coefficient of thermal expansion of base layer, and Va5, Vs, and V5
are the SAW velocities of the layered structure at respective temperatures. The TCD is
measured in the units of ppm °C~ 1.

Using the material parameters listed in Table 1, the authors obtained the SAW
phase velocity for the multi-layered structure through the software. The coupling co-
efficient and TCD were consequently calculated using the SAW velocity so obtained in
Equations (3) and (4).

3. Results and Discussion

The SAW phase velocity (Vp), electromechanical coupling coefficient (K?) and tem-
perature coefficient of delay (TCD) of bilayer BeO/128° YX LiNbO3; SAW structure were
first calculated as a function of normalized thickness (hp,0/A) of BeO over layer, where
hpeo is the BeO over layer thickness, and A is the acoustic wavelength.

The change in SAW phase velocity (Vp) and electromechanical coupling coefficient
(K?) with the normalized thickness of BeO over layer is shown in Figure 2. It is found that
the SAW phase velocity increases from 3800 ms~! (SAW velocity of bare 128° YX LiNbO;
single crystal) to 4476 ms~! with increase in the BeO over layer thickness from 0 to 0.08 A.
The enhanced SAW velocity is principally due to the higher velocity (7800 ms™!) of BeO
film in comparison to LiNbOj3, and with the increasing over layer thickness of BeO, SAW
energy is assembled more into BeO [9].

4700

4600
4500
4400

4300

4200

Phase velocity V (ms™)
(%) M

i Vp= 4476.767 ms”
4100'_ K® = 9.66% _'4
4000 i i
5900 0.60 ' 0.64 008 0.|12 | 0.I16 ?
h,.o/A

Figure 2. Variation of SAW phase velocity (Vp) and electromechanical coupling coefficient (K2) with
normalized thickness of BeO over layer in BeO/128° YX LINBO3 SAW layered structure.

Figure 2 shows the rise in the value of electromechanical coupling coefficient (K?) for
BeO/128° YX LiNbOj3 bilayer structure. The value of K2 increases nearly twofold, i.e., from
~5% (K? of bare 128° YX LiNbOj single crystal) to ~9.66% with the change in BeO over
layer thickness from 0 to 0.08 A. And with further increase in the BeO over layer thickness
(beyond 0.08 A), its value decreases. The significant rise in the value of coupling coefficient
with the integration of a BeO over layer (in the range 0 to 0.08 A) on the top of LiNbOj single
crystal is accounted to the stiffening effect produced by the over layer [28]. The stiffened
layer escalates the stress and raises the potential at the interface [29]. Thus, in addition
to the piezoelectric coefficients, stress also makes a noteworthy contribution in raising
the electric potential and thereby augments the coupling coefficient. With the increase in
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the over layer thickness from 0.08 A to 0.15 A, the value of K? reduces to ~8% from 9.7%
because, at greater thickness, the impact of mass loading influences the propagation [28].

The temperature coefficient of delay for the BeO/128° YX LiNbOj3 bilayer structure is
calculated using Equation (4), and its dispersion with normalized BeO over layer thickness
is shown in the Figure 3. It is found to reduce a little from 76 to ~66 ppm °C~! with an
increase in the BeO over thickness from 0 A to 0.08 A. The small reduction in the value of
TCD is credited to the fact that BeO film has comparatively lower but positive TCD value
than for LiNbOj crystal [24]. And with the addition of greater BeO over layer thickness, the
SAW energy is more accumulated in BeO; hence, it exhibits the reduced value of TCD for
BeO/128° YX LiNbQj bilayer structure. It can be inferred from Figure 3 that the BeO/128°
YX LiNbOj; bilayer structure is thermally unstable as both LiNbO3; and BeO are positive
TCD materials. The positive TCD BeO/128° YX LiNbOj3 bilayer structure can be made
temperature stable by integrating it with an over layer (i.e., SiO, and TeO3) possessing
negative TCD [21,29-31]. Previously reported results show that in comparison to SiO,,
TeO; thin films possess high value of negative TCD [18,20,21,30,31]. So, with the integration
of relatively less thick TeOs over layer, a positive TCD device can be made temperature
stable [18,19].

80 T L T X T . T ' T

78] i
76-— _
al | |
b ]
of - .'

68 | i

TCD (ppm °C™)

i ,‘,.7. S ]

4 | " 1 " 1 L
0.00 0.04 0.08 0.12 0.16
hg /A of BeO over layer

Figure 3. Variation of temperature coefficient of delay (TCD) with normalized thickness of BeO over
layer in BeO/128° YX LiNBO3 SAW layered structure.

Therefore, in the present study, the result of adding TeO3 over layer over BeO/128°
YX LiNbOj bilayer structure on its SAW propagation characteristics have been investigated
further. In TeO3/BeO/128° YX LiNbO3 multi- layered SAW structure, the thickness of
BeO layer is fixed at 0.08 A because it is observed in Figure 2 that, at this BeO over layer
thickness, the BeO/128° YX LiNbOj bilayer structure has maximum value of K?(~9.66%)
and appreciable phase velocity (~4467 ms™1).

Figure 4 presents the TCD variation of TeO3/BeO (0.08 A)/128° YX LiNbO3; multi-
layered SAW structure as a function of normalized thickness (hTeo3 / )L) of TeO3 over
layer, where hteo, is the TeO3 over layer thickness. The TCD of TeO3/BeO(0.08 A)/128°
YX LiNbOj3 layered structure reduces to 0 from 66 ppm °C~! with an increase in the
(negative TCD) TeOj3 over layer thickness from 0 to 0.026 A. Thus, a temperature stable
TeO3/BeO(0.08 A)/128° YX LiNbO3; multi-layered SAW device can be achieved with the
integration of 0.026 A thick TeOj3 over layer.
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Figure 4. (a): Variation of TCD of TeO3,BeO(0.08 A)/128° YX LiNbO3 SAW structure with normalized
thickness of TeO3 over layer. (b) Variation of phase velocity and K2 for TeOj ,BeO(0.08 A)/128° YX
LiNbO3 SAW structure with normalized thickness of TeO3 over layer.

The effect of integrating TeO3 over layer is examined on SAW phase velocity and
K2, as well. The inset in Figure 4b shows the change of K> and SAW phase velocity for
TeO3/BeO (0.08 A)/128° YX LiNbO3 with the normalized thickness of TeO3 over layer. It
may be seen that the value of SAW phase velocity declines faintly from 4467 to 4266 ms !
with an increase in the TeO3 over layer thickness from 0 to 0.026 A owing to the point that
TeOs3 has lower SAW phase velocity in comparison to BeO(0.08 A)/128° YX LiNbOs5 bilayer
structure. Moreover, with the rise in the TeO3 over layer thickness from 0 to 0.026 A, the
value of K? increases further from 9.66% to ~9.85%. This is because the thickness of TeO3
over layer is much less than the acoustic wavelength leading to the stiffening and further
increase in the potential and hence electromechanical coupling coefficient [21,28]. It may be
noted that the introduction of 0.026 A thick TeO5 over layer in BeO (0.08 A) /128°YX LiNbOs3
bilayer structure not only marginally increases the value of K? (from 9.70% to 9.85%) but
also makes the device temperature stable. With the further increase in the TeO3 over layer
thickness, the TCD of TeO3/BeO (0.08 A)/128° YX LiNbO3; multi-layered SAW structure
becomes negative, making the device temperature unstable again. Hence the optimum
thickness of TeOs3 over layer is taken to be 0.026 A. Therefore, a temperature stable TeO3
(0.026 A)/BeO(0.08 A) /128° YX LiNbO3 multi-layered SAW structure with high value of
K? (~9.85%) and the phase velocity (~4266 ms~!) is proposed, which is suitable for its
applications in narrow band filters in GHz range.

4. Conclusions

In the present work the SAW propagation properties of TeOs/BeO/128° YX LiNbOs
multi-layered SAW structure have been investigated theoretically. The optimized thickness
values of TeO3; and BeO thin films are obtained. It is established that with the integration
of (0.026 A) TeO3 and (0.08 A) BeO layer on 128° YX LiNbOj single crystal, an efficient,
temperature stable, high velocity (~4266 ms~!) multi-layered SAW structure can be made.
Because the proposed device is based upon sturdy wurtzite BeO layer, it can work ef-
ficiently in the severe environment conditions. The proposed temperature stable SAW
structure can be conceived effortlessly for possible applications in both high, as well as low,
frequency regions.
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