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[IpuBoasTcs pe3yabTaThl TEOPETUYECKUX U HKCIIEPUMEHTANIBHBIX MCCIIeI0BaHU ycTpoiicTBa Ha [TAB ¢ ynpaBisieMoil 31eKTpo-
HMHIYIMPOBAHHOM cTpyKTypoii. [IpuHIMnuansHo HOBoe ycTpoicTBo Ha ITAB ObuTO mMpeanokeHO Ha OCHOBE MOHOKPHCTAILIA
LiTaO; ¢ 00beMHO-UHAYIIPOBAHHO yIPaBIsieMOil JOMEHHOU cTPYKTypoi. [TapamMeTphl HHAYIMPOBAaHHOM CTPYKTYPBEI, a TAKKe
CBOMCTBA B3aMMOJEHCTBUSI aKyCTHYECKUX BOJIH, UIMEIOT BO3MOXHOCTb YNpaBieHus. M3/10:%KeHbl TEOPETUUECKHUE U IKCIIEPUMEH-
TalbHbIC Pe3yIbTaThl B3auMozaeiicTBus IIAB B cerHeTodIeKTpUIECKOM BOJIHOBOJE C PA3INYHBIMU dICKTPOHHIYITHPOBAHHBIMU
MEPUOANICCKIMH CTPYKTYPaMH.

Knrouesvie cnosa: noséepxnHocmmole aKycmuveckue 60JiHbl (HAB), cecHemosjiekmpuiecKkue aO,MeHbl, d)OHOHHblG Kpucmaiisl,
aKycmuueckue memamamepuaisl.

The SAW device with the electroinduced controllable structure was investigated theoretically and experimentally. The innova-
tive SAW device on a LiTaOs single crystal with the volume existed and controllable domain structure was proposed. The pa-
rameters of the electroinduced structure as well as the acoustic wave interaction have ability to control. The theoretical and ex-
perimental results of the acoustic wave interaction in the ferroelectric waveguide with the electroinduced periodical structures

were discussed.
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Introduction

A surface acoustic wave (SAW) device with
novel acoustic metamaterials (AM) and phonic crys-
tal (PCs) structures are increasingly applied in ad-
vanced electronics as the broadband filter, negative
reflector, signal switcher and so forth [1]-[8]. Cur-
rent research interest prevails in the ultrasound ap-
plication area. The perspective effects of ultrasound
interaction with PCs and AM structures have been
investigated. Recently, the AM structures based on
the elementary “metaatoms”, which are character-
ized by optimal size and shape, opened widespread
effects of SAW interaction [9]-[14]. The wave in-
teraction properties are almost determined by the
element configuration, size and the array structure
[15]-[20]. However, the AMs or 2D analog as the
“metasurface” with established parameters and
properties do not allow the switching and controlling
functionality in real time. Especially, for electronics
applications, the controllable interaction of SAW
which is the input and output signals are required. In
recent years, some studies about the controllable
structures have already been discussed [21]-[24].
The controllable electroinduced periodical domain
structures on a LiNbO; were investigated as a kind
of the controllable structures [25]. The switchable

© Barsukou S.D., Khakhomov S.A., Kondoh Jun, 2018

domain structures were induced via the electrostatic
effect by applying different electric potentials [26].

In this research the SAW device with an elec-
troinduced controllable structure was theoretically
and experimentally studied. The innovative SAW
device on a LiTaO; single crystal with controllable,
electroinduced, and volume existed domain struc-
tures was proposed. The periodic domain structures
were implemented by the linear electrostatic effect
with different electric potentials applied to the sur-
face arranged electrodes. Different electroinduced
domain structures are achievable when the electrode
structures are crossed on the top and bottom surfaces
of the crystal. The parameters of the electroinduced
structure and features of the acoustic wave interac-
tion have ability to control. The electroinduced
structure is considered as the volume-existed peri-
odic acoustic impedance. The SAW device experi-
mental samples were fabricated, and the propagated
SAW influence due to the electroinduced structure
was experimentally observed. The theoretical and
experimental results of the acoustic wave interaction
in ferroelectric waveguide with electroinduced peri-
odical structures were discussed.
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1 Principle of the controllable SAW device
and theoretical investigations

The SAW device principle and structure are
shown in Figure 1.1 (a). The device was fabricated
on a 36°-rotated Y-cut, X-propagating LiTaO; single
crystal, which allows the shear horizontal (SH)
SAW propagation. The SH-SAW propagates as the
plate wave with the SH displacements. The reso-
nance frequency and wavelength of the SH-SAW
were 10 MHz and 421 um, respectively. The con-
trolled periodic domain structures were implemented
by applying different electric potentials to the sur-
face arranged electrodes of E1, E2, E3, and E4. The
electrode fingers arranged on the both surfaces were
mutually perpendicular. The applied electric field
was lower than the coercive, and the spontaneous
domain polarization was not changed. However, the
material parameters at the regions of the electric
field action are changed. This regime formation of
the periodical structure was applied in the current
research. Exited from the inter-digital transducer
(IDT1) the SH-SAW interacts at the electroinduced
structure region, and then the reflected and transmit-
ted waves were generated and registered using the
IDT1 and IDT2 simultaneously. At the measure-
ments, the reflected and transmitted SAWs were
studied.

In Ref. [26], the domain formation process for
different electrode configurations and ferroelectric
substrate thicknesses was discussed. In this research,
the finite elements method (FEM) with the full 3D
model was applied for the theoretical investigation.
The full model of the controllable SAW device was
theoretically investigated in two steps in the time
domain. The FEM model for the device structure
considered is shown in Figure 1.1 (b). In the model
the classical descriptions of the electric and relative
particle displacements were used. The quasi-static
approximation was applied to describe the electric
field of the SAW and mechanical stress. All bounda-
ries correspond to the electrical and mechanical
potentials absence, and the lateral boundaries
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correspond to the low reflection condition. The FEM
model includes the IDTs and the electrode structures
(ES). The numbers of the electrode fingers of the
IDT was 20. The ES consists of 10 electrode fingers
on the top and 60 on the bottom surfaces. The dis-
tance Lg between the IDT and ES was 10 wave-
lengths. The SH-SAW propagated in the X-direction
from IDT1 to IDT2. The thickness of the crystal was
50 um. The total dimension of the calculated struc-
ture is 2000x1000x50 um?. The electrical potentials
of 200 V and 0 V were periodically applied to each
pair of the electrode finger of ES. The parameters of
the displacements and the electric potential were
calculated for the time of 10 ps.

Based on the full model discussed the periodi-
cal acoustic impedance structure formation was in-
vestigated without the SH-SAW action. This allows
discussing the features of formation of induced
structure. The results are listed in Figures 1.2 (a) and
1.2 (b). In this model, the domain structure was in-
duced by applying of the opposite DC potentials to
the top and bottom ESs simultaneously. When the
DC is applied to the ES, the short SH-SAWs are
generated and propagated in the opposite form the
ES directions. The Figure 1.2 (a) shows the total
displacement distribution measured for the time of 1
and 10 ps. The shown displacements correspond to
the SAW was induced when the DC is applied. We
characterized the periodical structure formation by
analyzing spectra of the registered SAW. After the
domain structure stabilizes the wave process attenu-
ates. The black curve in Figure 1.2 (b) shows the
signal registered by IDT. The short wave packet
from 1 to 3 ps corresponds to the domain structure
formation signal, and the lower amplitude packet
between 4 and 7 ps is the result of the between lat-
eral boundaries and the IDTs reflection. The regis-
tered signal spectra are illustrated in Figure 1.2 (b).
At least two maximums of 9.6 MHz and 12.8 MHz
were observed. The first maximum corresponds to
the resonance frequency of the similarity to the IDT
structure. The second one relates to the domain
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Figure 1.1 — (a) Device structure and principle of the SH-SAW interaction; (b) configuration of FEM model
of the controllable SAW device (The INC., REFL., and TRANSM. are the incident, reflected, and transmitted
waves, respectively. The E1, E2, E3, and E4 are the conductive electrodes arranged on the surface
of the acoustic waveguide)
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Figure 1.2 — Results of the theoretical investigations: (a) and (b) the periodical structure formation, (¢) and (d)
the SH-SAW interaction processes. (a) Field of the total displacement distribution measured for the time of 1
and 10 ps, (b) the registered of the domain formation signal (the black curve) and spectra (the red curve),
(c) the total displacement distribution measured for the time of 1 and 10 ps in the case of the SH-SAW
interaction, and (d) spectra of the input signal (the red curve) and output signal (the black curve)

formation process, where the displacement was pro-
duced in the volume of the crystal.

The acoustic wave interaction includes the SH-
SAW transmission, the domain structure formation,
and the interaction processes, simultancously. The
SH-SAW interaction was calculated for the time
span from 0 tol0 ps with results in Figures 1.2 (¢)
and 1.2 (d). The propagated SH-SAW interacts with
the induced periodical structure, and results calcu-
lated for the time of 1 and 10 ps were plotted in Fig-
ure 1.2 (c). Analyzing the displacement distribution
in Figure 1.2 (c), the SH-SAW acoustic energy re-
distribution occurs in the volume of the crystal.
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Need to note, that in case of the not matched interac-
tion conditions, the propagation losses will increase.
To analyze the acoustic wave interaction, the regis-
tered signal spectra (the black curves) and applied
signal spectra (the red curve) were compared in Fig-
ure 1.2 (d). The resonances of both signals are lo-
cated at 10 MHz, and related to the SH-SAW propa-
gation. The single minimum of the output signal was
found at 12.8 MHz. This result corresponds to the
acoustic band gap caused due to SH-SAW interac-
tion with the electroinduced periodical structure.
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2 Experimental investigations of SAW inter-
action

Two types of SAW devices with different pa-
rameters of the ES were fabricated using a conven-
tional lithography technique. The pitches between
the electrode fingers of ES were of 1.0 and 0.5
wavelength. The thickness of the ferroelectric
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waveguide was 250 um. Electrode fingers material
for both the IDT and ES was aluminum with thick-
ness about 100 nm. Number of finger pairs for the
IDT was 32, and the ES consists of 20 electrode fin-
gers on the top and 116 on the bottom surfaces. The
distance between IDT and ES was 32 wavelengths and
corresponds to the matched interaction conditions.
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Figure 2.1 — Measured time response and the domain structure region (the dotted curve) and the fabricated
sample photograph. (a)The ES with pitch of half wavelength, and (b) the ES with pitch of one wavelength
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Figure 2.2 — Experimental results of the magnitude relative and phase absolute deviations of the reflected
SH-SAW. (a) The domain structure with four codirected domains in the single domain unit and ES pitch of half
wavelength, (b) the domain structure with four codirected domains in the domain unit and ES pitch of one
wavelength, (c) the domain structure with two opposite directed domains in the domain unit and ES pitch of half
wavelength, and (d) the domain structure with two opposite directed domains in the unit and ES pitch
of one wavelength
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The time response of the reflected signals for
the both SH-SAW devices was measured, and the
domain induced regions were concluded for both
SAW devices. Figures 2.1 (a) and 2.1 (b) shows the
measured reflected signals for SH-SAW devices
with the pitch of half and one wavelength, respec-
tively. The dashed region shows the location of the
induced structure at the timeline scale. Here, the
photographs of the fabricated SH-SAW devices with
different ES are also shown.

The results of relative magnitude and absolute
phase deviation for both studied SAW devices are
plotted in Figure 2.2. Here, the results for the peri-
odical structure, which represents the four codirected
domains induced in a structural unit, are shown in
Figures 2.2 (a) and 2.2 (b). The results obtained for
the structure with two opposite directed domains are
shown in Figures 2.2 (b) and 2.2 (d). Figures 2.2 (a)
and 2.2 (c¢) describe the results measured for the ES
pitch of 0.5, and Figures 2.2 (b) and 2.2 (d) of 1.0
wavelength. The positive +DC (the red curve), and
negative —DC (the black curve) polarities of 200 V
were applied. The measurement was carried out by
the network analyzer (Agilent Technologies,
E5070B) in frequency and time domains. To reduce
the influence of the “0” level, it was measured for all
domain configurations and DC polarities and nor-
malized. During measurements, the ES was
“shorted” for AC using the four high voltage capaci-
tance of 0.1 mF connected in “bridge”. That allows
reducing the influence occurred during switching of
the domain structures. From Figire 2.2 the SH-SAW
interaction dependence at the domain induced region
on a DC polarity was observed for different domain
configurations. Moreover, was found, that the differ-
ent ESs are provide the different distribution and
time shift of the reflected signal. For the ES pitch of
one wavelength (Figures 2.2 (b) and 2.2 (d)), the
wider region of interaction with different features
was observed. However, for the discussed SH-SAW
device structure, due to the effects of SH-SAW at-
tenuation and acoustic wave reflection, the matched
interaction properties are difficult. The registered
signal represents the complex signal from the differ-
ent acoustic modes which are propagates simultane-
ously.

In conclusion, the possibilities of the controlla-
ble interaction of the SH-SAW with the electoin-
duced periodical structures were shown theoretically
and experimentally. The proposed SAW device
structure and discussed interaction features show a
good opportunity for advanced electronic applica-
tions, such as the controllable filter, delay line, as
well as the complex multifunctional device for sig-
nal processing. The switchable induced structures
allow controlling of the acoustic wave interaction.
To achieve the matched conditions of interaction,
the SAW device structure improvement is required.
The regime of matched interaction allows increasing
the SH-SAW parameters and new scattering effects
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are reachable. As the way to improve of the domain
formation and interaction parameters is the device
based on the thin film structure, as well as the ap-
propriate the ferroelectric substrates consideration
are required.
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