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Preface

The book Piezoelectric Ceramics by B. Jaffe et al. (1971) has been a great book for this field for
over 40 years. However, the science and technology in this area are extremely progressing,
especially the materials research, measurement technique, theory and applications, and fur-
thermore, demanded to fit social technical requests such as environmental problems. While
they had been concentrated on piezoelectric ceramics composed of lead-containing composi-
tions, such as lead zirconate titanate (PZT) and lead titanate, at the beginning because of the
high piezoelectricity, recently lead water pollution by soluble PZT of our environment must
be considered. Therefore, different new compositions of lead-free ceramics in order to re-
place PZT are needed. Until now, there have been many studies on lead-free ceramics look-
ing for new morphotropic phase boundaries, ceramic microstructure control to realize high
ceramic density, including composites and texture developments, and applications to new
evaluation techniques to search for high piezoelectricity; as a result, the R&D has become
like same kind of “Fine Arts of Electronic Ceramics”. The purpose of this book is focused on
the latest reports in piezoelectric materials such as lead-free ceramics, single crystals, and
thin films from viewpoints of “piezoelectric materials”, “piezoelectric science” and “piezo-
electric applications”.

The contents of the chapters in the book are as follows:

Section 1 consists of major lead-free piezoelectric ceramics, such as alkali niobate and alkali
bismuth titanate and, furthermore, how high coupling factor can be realized in lead-free ce-
ramics. In addition, roles of domain and grain boundaries in single crystals and ceramics
evaluated by a new technique are described.

Section 2 consists of piezoelectric perovskites and other structures treated theoretically.

Section 3 consists of piezoelectric devices such as energy harvesting, sensor, and communi-
cation tool.

As the relationships between piezoelectric materials, evaluation, and device researches are
connected and progress each other, I hope the contents in the book contribute to your R&D
in Piezoelectric Materials. Finally, I would like to express my thanks to Ms. Ivona Lovric for
encouraging and supporting me to publish the book.

Prof. Toshio Ogawa, Ph.D.

Professional Engineer

Department of Electrical and Electronic Engineering
Shizuoka Institute of Science and Technology Japan
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Chapter 1

Piezoelectric Properties and Microstructure of
(K,Na)NbO,-KTiNbO. Composite Lead-Free
Piezoelectric Ceramic

Kazushige Ohbayashi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62869

Abstract

We developed a (K,Na)NbO;-based lead-free piezoelectric ceramic with a KTiNbO;
system, (K, Na,)ygsCagsLio,Nbg 5055~ KTiNbOs-BaZrO;-Co;0,~Fe,0,~ZnO (KNN-
NTK composite). This KNN-NTK composite exhibits a very dense microstructure,
and k, = 0.52, 3"/, = 1600, and ds; = 252 pC/N. We found that a portion of the
KTiNbO; converted into K,(Ti,Nb,Co,Zn),O,; and/or CoZnTiO,. We were able to
reproducibly prepare granulated powder of KNN-NTK in batches of 100 kg using a
spray-dryer. In addition, we performed a detailed investigation of the microstruc-
ture of KNN-NTK composite. The results show that a tetragonal and an orthorhom-
bic phase coexist in a main KNN phase over a wide range of 0.56 < x < 0.75. The
granular nanodomains of the orthorhombic phase dispersed within the tetragonal
matrix in the KNN phase. A maximum value of k, = 0.56 occurred for x = 0.56. The
Na fraction x corresponding to maximum k, was also the minimum x required to
generate the orthorhombic phase. We conclude that the KNN-NTK composite
exhibits excellent piezoelectric properties because of the two-phase coexisting state.
This gentle phase transition of KNN-NTK composite seems to be a relaxor, but the
diffuseness degree y = 1.07 suggests otherwise.

Keywords: (K,Na)NbO;, lead-free, microstructure, two-phase coexisting, coupling co-

efficient

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. [N



4 Piezoelectric Materials

1. Introduction

1.1. Improvement of microstructure of (K,Na)NbO;-based lead-free piezoelectric ceramic
with KTiNbO; phase

Recently, the development of lead-free piezoelectric ceramics as substitutes for lead zirconate
titanate (PZT) hasbecome animportantobjective. Alkalineniobate ceramics (K,Na)NbO;exhibit
particularly high piezoelectric characteristics and a relatively high Curie temperature (Tc).
However, the crystalline particles of these ceramics spontaneously form dice-like particles,
which tend to generate voids between particles. The presence of an excessive number of voids
in a sintered ceramic decreases its chemical stability and mechanical strength and facilitates
dielectric breakdown during polarization because the electric field concentrates at the voids.
Our research shows that these voids may degrade the piezoelectric properties of these materi-
als. If this problem can be resolved, alkaline niobate ceramics could see use in practical
applications; for example, in ultrasonic motors [1, 2], actuators [3], inkjet heads [4, 5], and
transducers [6].

The preparation of alkaline niobate ceramics with high piezoelectric properties has been
reported, the hot-press sintering method which decreases the crystal grain size, increases the
density of the ceramics from 4.25 to 4.46 g/cm?®, and doubles the piezoelectric constant ds; from
80 to 160 pC/N [7]. For KNN prepared using the reactive-templated grain growth method,
Saito et al. [8] reported a high piezoelectric constant of ds; = 416 pC/N, which is equivalent to
that of PZT.
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Figure 1. Crystal structure of KTiNbO; has a layered structure and is not piezoelectric material.
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Although KNN has been reported to exhibit attractive piezoelectric characteristics, problems
such as stability and productivity remain. Consequently, alkaline niobate ceramics are still
under development. To fill these voids, we focus on combining KNN with a dielectric material.
An example of such an approach was reported [9] that a glass phase (e.g., K;Nb;O5i,0,) was
added to KNN to improve the insulating characteristics of KNN by decreasing the particle
diameter and the number of voids.
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In our present study [10, 11], after due consideration of the dielectric constant, we combine
KNN with the KTiNbO; (NTK) phase, which has a layered structure as shown in Figure 1 and
is not piezoelectric material. With this approach, we prepared and densified a KNN-NTK
composite ceramic that exhibits enhanced piezoelectric properties; notably, a planar-mode
electromechanical coupling coefficient k, = 0.52, which is close to the highest value previously
reported for KNN-based composite lead-free piezoelectric ceramics [8, 12-15].

1.2. Tetragonal and orthorhombic two-phase coexisting state in KNN-NTK composite lead-
free piezoelectric ceramic

As described above, the KNN-NTK composite lead-free piezoelectric ceramic exhibits
excellent piezoelectric properties. However, the crystal structure of the main phase of this KNN
composite system has yet to be fully determined. Thus, the crystal structure must be elucidated
before the piezoelectric properties of this material can be exploited. The crystal structure of
KNN-based piezoelectric ceramics has been investigated by many groups [16-19]. For
example, Ahtee and Glazer [20], Ahtee and Hewat [21], and Baker et al. [22, 23] proposed phase
diagrams for undoped KNN for various values of Na fraction x, where x = Na/(K + Na). With
increasing temperature and for x < 0.5, the crystal system of an undoped KNN ceramic with a
perovskite-type structure is suggested to change from orthorhombic to tetragonal and then to
cubic.

Many reports exist stating that the crystal system of KNN can be controlled using additives.
The orthorhombic-tetragonal polymorphic phase transition temperature may even be lowered
below room temperature [24, 25]. Guo et al. [25] reported that the main phase of LiNbO;-doped
KNN ceramic is a tetragonal system at room temperature. Rubio-Marcos et al. [26, 27] reported
how KNN is affected by doping with the fourth-period transition metal oxides, MO (M = Nj,
Cu, Co, and Mn). Based on powder X-ray diffraction (XRD) studies, they concluded that the
P4mm tetragonal structure of KNN is stabilized in MO-doped KNN ceramics at room tem-
perature. They also suggest that the tetragonality aspect ratio c/a correlates with the piezo-
electric properties of the doped KNN system.

Optimizing the morphotropic phase boundary (MPB) composition is widely thought to
improve the properties of piezoelectric materials. Dai et al. [28] reported the dependence of
the crystal system and piezoelectric properties of an undoped K, ,Na,NbO; system in the
composition range for 0.48 < x < 0.54. They assumed that the MPB composition of undoped
KNN lies within this range of Na fraction and suggested that the MPB exists in the range x =
0.520-0.525 at room temperature, which separates monoclinic and orthorhombic phases. The
maximum piezoelectric constant d;; = 160 pC/N occurs at x = 0.52. Recently, Karaki et al.
reported that the slope of the MPB in the BaZrO;-KNN binary system is adjustable. Upon
increasing the (Bi,Na)TiO; content, the slope of the tetragonal-rhombohedral MPB slope of
BaZrO;-KNN changes from negative to positive [29].

In this work, we investigate the crystal structure, texture, and piezoelectric properties of a
series of KNN-based composite systems (K; Na,)CaLiNb-NbTiK-BaZr-CoFeZn, using
synchrotron powder XRD, high-resolution transmission electron microscopy (HR-TEM),
selected-area electron diffraction (SAD), while varying the K/Na ratio over the range 0.33 <x
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<0.75. The results clarify that the granular nanodomains of the orthorhombic phase dispersed
within the tetragonal matrix are in a KNN phase. Furthermore, we identify a relationship
between the piezoelectric properties and the two-phase coexisting state, which reads to the
conclusion that the KNN-NTK composite lead-free piezoelectric ceramic exhibits excellent
piezoelectric properties because of the two-phase coexisting state.

2. Experimental method

The samples were prepared by a conventional solid-state reaction method. The raw materials
were powders of K,CO;, Na,CO;, Li,CO,;, Nb,O;, CaCO;, TiO,, BaCO,, ZrO,, Co,0,, Fe,O;, and
ZnO with a purity of more than 99%. Here, K NaN, NTK, and BZ refer to (K.
Na,)osCap0slig2Nbg 5055 KogsTiggsNby 1505, and BaZrO;, respectively. At the outset, hygro-
scopic powders of K,CO;, Na,CO,, and Li,CO; were dried in an oven at 150°C for 2 h to ensure
accurate weighing. The masses of K, ,Na,N, NTK, and BZ corresponding to their respective
composition formulas were weighted out, after which the materials, were calcined at 930°C in
air for 4 h.

The calcined powders were again weighed assuming the chemical formula 0.92K;_ Na N-
0.047NTK-0.023BZ-0.0017C0,0,-0.002Fe,0;-0.005ZnO (x = 0.51) and 0.910K, ,NaN-
0.042NTK-0.036BZ-0.0016C0,0,-0.0025Fe,0,-0.0069Zn0O (x = 0.33, 0.42, 0.50, 0.56, 0.58, 0.61,
0.67,0.71, and 0.75).

The weighed powders were mixed with a ball mill for 15 h and then re-calcined at 930°C in air
for 4 h. The dispersant and binder were added to the calcined powder, and the mixture was
ball-milled for 15 h. The slurry was filtered through a 25 um mesh sieve and dried, and the
dried powder was classified with a 250 pm mesh sieve. The classified powders were pressed
into discs under a uniaxial pressure of 200 kg/cm?. The samples were sintered in air at 1150°C
for 4 h, following which they were polished and silver electrodes were painted onto both
surfaces of the samples. The samples used for electrical properties measurements were 35 mm
in diameter and 2 mm in thick for x = 0.51, and 15 mm in diameter and 1 mm in thick for x =
0.33,0.42,0.50, 0.56, 0.58, 0.61, 0.67, 0.71, and 0.75 for the planar and thickness vibration modes.
For the transverse-, longitudinal-, and shear-vibration mode, the samples dimensions were,
23 x 3 x 0.15 mm, 2.2 mm in diameter and 8 mm in thick, and 7 x 2 x 0.2 mm, respectively. The
samples were polarized for 30 min in silicone oil under an electric field of 6 kV/mm at 80°C.

The piezoelectric properties of 1-day-old samples were measured using the resonance-
antiresonance method with Hewlett-Packard 4194A impedance analyzer. The mechanical
characteristics of 3 x 4 x 40 mm were evaluated according to the Japan Industrial Standard R
1607.

XRD samples were prepared by grinding particles with a 10 pm initial diameter in a Si;N,
mortar. The resulting fine powder was sealed in a 0.3 mm diameter Lindemann glass capillary.
XRD measurements were done at the BL19B2 beam line of SPring-8 synchrotron, which is
equipped with a Debye-Scherrer camera. The incident X-ray wavelength was estimated to be
0.69948 A by calibration with a standard CeO, specimen. The crystal structure was analyzed
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by Rietveld refinement with the help of the RIETAN-2000 code [30]. The profile parameters
were refined using the split-type Pearson VII function [31], and partial profile relaxation was
applied to the diffraction peaks from the domain-wall planes. The values reported by Waas-
maier and Kirfel [32] were used to correct for dispersion.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) data were acquired using a PHI
TRIFT V nano TOF with a 30 keV Bi;" primary ion source in pulsed mode. For each spectrum,
the area analyzed is 50 x 50 um. The mass resolution (m/Am) typically exceeds 4000 for the (m/
z) 27 peaks in the positive ion spectra. Positive ion spectra were mass calibrated using CH,*,
C,Hs", and C;H," fragments.

For TEM analysis, the samples were cut into 3 mm in diameter discs, polished to a thickness
of approximately 50 um and dimpled to approximately 10 um thick at the disc center. The
specimens were prepared by ion milling with 2-4 keV Ar ions incident at an angle of 4° with
respect to the normal to the sample surface. High-resolution TEM observations were made
using a TOPCOM EM-002B TEM equipped with an energy dispersive X-ray spectrometer
(EDS) with a 200 keV accelerating voltage. To acquire the SAD patterns, we used a 200 nm
diameter aperture.

3. Results and discussions

3.1. KNN-NTK composite lead-free piezoelectric ceramic

3.1.1. Improvement of microstructure of KNN piezoelectric ceramic with NTK phase

Figure 2 shows SEM images of KNN-NTK composite lead-free piezoelectric ceramic and a Li-
doped KNN single-phase ceramic [10] for comparison. As shown in Figure 2a, many voids
approximately 10 pm in size appear in the Li-doped KNN ceramic. In contrast, such voids are
rare in the image of the KNN-NTK composite ceramic in Figure 2b. By comparing these
images, the effect of the NTK phase becomes clear; namely, the KNN-NTK composite lead-
free piezoelectric ceramic forms a very dense surface with few voids.

Figure 2. SEM images of polished surface of (a) Li-doped KNN prepared under common conditions and (b) KNN-
NTK composite lead-free piezoelectric ceramic. Scale bar = 10 pm.
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Figure 3. TEM-EDS elemental mapping, indicating the spatial distribution of K, Na, Nb, Ti, Co, and Zn in KNN-NTK
composite lead-free piezoelectric ceramic. Scale bar =1 pm.

Figure 3 shows TEM-EDS elemental mapping of the KNN-NTK composite ceramic. The Na
map shows dice-like particles; these correspond to the KNN phase. The low-intensity area of
the Na map seems to be voids. However, this area corresponds to the high-intensity area of
the Ti map, that is, the low-intensity area of the Na map is not voids but correspond to the
NTK phase. These results indicate that the voids are filled with the NTK phase. Furthermore,
the high-intensity areas of the Co and Zn maps correspond to those of the Ti map, and the
concentrations of the infinitesimal additives (e.g., Co and Zn) in the KNN phase are low.

Figure 4 shows an XRD pattern of the KNN-NTK composite ceramic. The small peaks marked
with triangles, open circles, and closed circles in the enlarged view shown in Figure 4b are
attributed to KTiNbO,; (PDF#04-010-2961), K,(Ti,Nb,Co,Zn)O,; (PDF#00-039-0822), and
CoZnTiO, (PDF#04-006-7279), respectively. The stoichiometric KTiNbO; is reported to be a
dielectric material [33]. However, KTi,_Nb,, ,Os, which contains oxygen defects, is reported to
exhibit semiconducting behavior [34]. The NTK used in the present work is not a simple
material; it was complexed with KNN and sintered under ambient atmosphere. Therefore, it
must represent the settled ratio that forms at thermal equilibrium during sintering.
K,(Ti,Nb,Co,Zn),O;; has a layered monoclinic structure C2/m, and CoZnTiO, has an inverse
spinel-type structure [35]. Thus, a portion of the NTK phase must have transformed into
K,(Ti,Nb,Co,Zn),0Oy; and/or CoZnTiO, by a reaction with Co and/or Zn solutes in the phase.
However, tungsten bronze-type Ba,KNb;O;5; appeared in the specimens sintered under
unsuitable conditions.
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Figure 4. (a) XRD pattern from KNN-NTK composite ceramic and (b) enlarged view of panel (a).
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Figure 5. Positive ion images of KNN-NTK composite lead-free piezoelectric ceramic obtained by ToF-SIMS. Scale bar
=10 pm.

Li appears frequently in the KNN system. Figure 5 shows positive ion images of the KNN-
NTK composite ceramic obtained by ToF-SIMS. The high-intensity area corresponds to high
element concentration. These images show that K and Nb have similar distributions, so the
high-intensity areas in these images must correspond to the KNN phase. However, the image
of Li is not the consistent with those of K and Nb, whereas the image of Li is similar to that of
Ti. In other words, Li probably exists in KTiNbOs, K,(Ti,Nb,Co,Zn),O;; and CoZnTiO,.
Therefore, at least for our materials, Li diffused out from the KNN phase, so less Li remains
in the KNN phase than was put in when we blended it to make the KNN phases.

Figure 6a shows an annular bright-field STEM image of the NTK phase. The NTK phase has
a layered structure; the K layer and the layer composed of Ti and Nb fall on a line. This
elemental alignment corresponds to that of the KTiNbOj structure (see Figure 1). Therefore,
we conclude that the NTK phase remains intact in KNN-NTK composite. Figure 6b shows a
Cs-STEM image of a KNN/NTK interface. In general, in a material that consists of two or more
phases, diffusion at the interface of the different phases directly deteriorates the electrical
properties of the materials and must therefore be avoided. However, no intermediate phase is
observed in the KNN/NTK interface region. Therefore, because of the difference between the
formation temperatures of the phases, the NTK phase must have crystallized via epitaxial-like
growth on the KNN crystal grain during sintering, so both phases are assumed to have
adhered. The plane direction of a KNN/NTK interface is (001) or (100) and (001); that is, the
NTK (001) plane grows on the KNN (001) or (100) plane.
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Figure 6. (a) STEM image of NTK phase, scale bar = 1 nm. (b) TEM image of NTK/KNN interface of KNN-NTK com-
posite ceramic. Scale bar =5 nm.
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As previously mentioned, the NTK phase contains the additives. Thus, the absorption of these
additives must have reacted with a portion of the NTK phase. The single phases of KTiNbO;
and CoZnTiO, were sintered at 1100 and 1050°C, respectively [33, 35]. Therefore, they
crystallized during cooling after the KNN phase was crystallized. This sintering reaction must
have proceeded through the liquid-phase sintering.

The resistivity of the Li-doped KNN ceramic is 6.0 x 107 Q) cm [10], whereas that of the KNN-
NTK composite ceramic is 3.6 x 10° Q cm. This KNN-NTK composite ceramic was polarized
under a high voltage of 6 kV/mm. Because the voids are filled with the NTK phase, the electric
field does not concentrate at the voids, resulting in improved polarizability.

3.1.2. Piezoelectric properties and productivity of KNN-NTK composite lead-free ceramic

KNN-NTK composite lead-free piezoelectric ceramic exhibits excellent piezoelectric proper-
ties, with the planar-mode electromechanical coupling coefficient k, = 0.52 and the dielectric
constant €55"/e,=1600. The value of ¢;;"/¢,is equivalent to that of PZT, implying that the KNN-
NTK composite ceramic is a suitable substitute for PZT. The piezoelectric properties of KNN-
NTK composite ceramic are summarized in Table 1.

KNN-NTK MT-18K
Dielectric constant ex1/ey 1600 1450
Coupling coefficient k, 0.52 0.60
k, 0.41 0.41
ks 0.57 0.72
ks 0.29 0.34
ks 0.48 0.54
Piezoelectric constant (pC/N) dys 240 340
dy 104 142
dis 312 300
Frequency constant (Hz m) N, 3170 2200
N, 2940 2150
N, 2210 1500
Ny 2220 1650
Nis 1420 1300
Elastic compliance coefficient (pm*N) S55F 12.0 15.7
Dielectric loss (%) tan 6 1.9 0.4
Mechanical quality factor Qm 88 1800
Density (g/cm®) p 4.54 7.60
Curie temperature (°C) Tc 290 300

Table 1. Piezoelectric properties of KNN-NTK composite lead-free piezoelectric ceramic and of MT-18K (Navy Type I
PZT, NGK Spark Plug Co., Ltd.).
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Figure 7 shows the planar-mode resonance characteristics of a KNN-NTK composite ceramic
disc. The maximum phase angle 6 is 86°, and sufficient phase inversion is observed. The elastic
compliance coefficient s;;* of 12 pm?/N is much smaller than that for conventional PZT. This
small elastic compliance coefficient causes the piezoelectric constant d;; of KNN-NTK
composite ceramic to be less than that of the conventional PZT.

However, the mechanical quality factor for KNN-NTK composite ceramic is Qm = 88, which
is almost the same as that of the conventional Navy Type Il PZT. Other characteristics of KNN-
NTK composite ceramic include the frequency constant N, of 3170 Hz m, which is about 50%
greater than that of conventional PZT, and the density, which is fairly less than that of
conventional PZT. These characteristics of KNN-based piezoelectric ceramic deserve attention.
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Figure 7. Planar-mode resonance characteristics of KNN-NTK lead-free piezoelectric ceramic disc of 35 mm in diame-
ter and 2 mm in thick. Impedance magnitude is drawn as a solid line, and phase angle is drawn as a dotted line.

Figure 8 shows the dielectric constant ¢3;"/¢, and the coupling coefficient k, as a function of
temperature between -50 and 350°C. The Curie temperature Tc of the KNN-NTK composite
ceramic is 290°C, which is equivalent to that of conventional PZT. For comparison, Figure 8
also shows the dielectric constant of MT-18K (Navy Type I PZT, NGK Spark Plug Co., Ltd.)
near room temperature. In the practical temperature range from 0 to 150°C, the rate of change
of the dielectric constant of MT-18K exceeds 80%, whereas that of the KNN-NTK composite
ceramic is less than 10%. The temperature dependence of the dielectric constant of KNN-NTK
composite ceramic is thus much weaker than that of Navy Type I PZT MT-18K. Consequently,
the thermal stability of KNN-NTK composite ceramic is confirmed, and its Tc is sufficiently
high to satisfy the requirements for in-vehicle applications. After 1000 temperature cycles
between —40 and 150°C, the rate of the piezoelectric constant ds; of KNN-NTK composite
ceramic decreased by less than 2%, which compares favorably with that of 10% for MT-18K.
Therefore, this KNN-NTK composite ceramic offers an advantage for sensor applications.
Furthermore, the dielectric constant of this KNN-NTK composite ceramic does not signifi-
cantly vary within the practical temperature range that is common in conventional KNN
piezoelectric ceramics.
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Figure 9 shows the aging properties of the coupling coefficient k, and the frequency constant
N, of KNN-NTK composite ceramic. The same parameters of Navy Type I PZT MT-18K are
also shown. To facilitate comparison, the initial values are normalized to unity. The rate of
deterioration in the coupling coefficient k, of MT-18K was approximately 7% after the sample
was aged by polarization for 1000 days, whereas k, of the KNN-NTK composite ceramic
decreases by approximately 4% under the same conditions. As found for these aging charac-
teristics, k, of KNN-NTK composite ceramic ages better than that of MT-18K. Similarly, the
frequency constant N, of MT-18K increases by approximately 2% upon similar aging, whereas
that of KNN-NTK composite ceramic remains unchanged, indicating that N, for KNN-NTK
composite ceramic is extremely stable.

060 | (D)

2500,
a > -
6000 7( )2000_ MI-18K (TYPEliZI).’

- e
- & 100 TR

1000

4000 0.40 —

500~

£237/Eg

o | L
0 50 100 150
Temperature (°C)

2000 0.20

| L 1 L | | | L |
0
0 100 200 300 0 100 200 300

Temperature (°C) Temperature (°C)

Figure 8. Temperature dependence of (a) dielectric constant &;5"/¢, and (b) planar-mode electromechanical coupling co-
efficient k, of KNN-NTK composite piezoelectric ceramic.
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Figure 9. Aging characteristics of (a) planar-mode electromechanical coupling coefficient k,, and (b) frequency constant
N, of KNN-NTK composite lead-free piezoelectric ceramic, comparing with Navy Type I PZT MT-18K.

Bending strength (MPa) 117
Vickers hardness (N/mm?) 518
Young's modulus (GPa) 100
Poisson’s ratio 0.36
Thermal conductivity (W/m K) 2.5

Table 2. Mechanical properties of KNN-NTK composite lead-free piezoelectric ceramic.
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The mechanical properties of KNN-NTK composite ceramic are summarized in Table 2. The
bending strength of KNN-NTK composite ceramic is 117 MPa, which exceeds that of MT-18K
of 100 MPa. All mechanical properties of KNN-NTK composite lead-free piezoelectric ceramic
are equal or exceed those of conventional PZT.

Mass production is also an important factor for commercialization. We scaled the manufac-
turing process to 100 kg per batch for granulated ceramic powder using a spray-drying
technique (Figure 10a). The calcination process is very important for obtaining high-quality
spray-drying powder. Piezoelectric elements in the form of 70 mm in diameter, 10 mm in thick
discs were prepared from these powders. Furthermore, we conducted durability tests of a
knocking sensor fabricated with this KNN-NTK composite lead-free piezoelectric ceramic
(Figure 10b). The results showed that the durability of the sensor fabricated with the KNN-
NTK composite was equal or superior to that of the sensor fabricated with PZT. Moreover, the
output level of KNN-NTK composite-based sensor almost approaches that the PZT-based
sensor. We confirmed that the resulting KNN-NTK composite lead-free piezoelectric ceramic
still had attractive piezoelectric properties.

Figure 10. (a) Granulated powder for KNN-NTK composite lead-free piezoelectric ceramic. (b) KNN-NTK composite
lead-free piezoelectric ceramic element for knocking sensor.

3.2. Improvement of KNN-NTK composite lead-free piezoelectric ceramic with two-phase
coexisting state

3.2.1. Tetragonal and orthorhombic two-phase coexisting state in the KNN-NTK composite lead-free
piezoelectric ceramic

To improve the piezoelectric properties, we analyze in detail the crystal structure and phase
transition. Figure 11 shows XRD patterns as a function of 20 from 14° to 22° for pulverized
samples of KNN-NTK composite lead-free piezoelectric ceramic and with a magnified
intensity scale. The strong peaks at 20 =14.2°, 17.4°, and 20.2° correspond to the Miller indices
of the KNN phase (110,,, 111, and 200,,, respectively) with perovskite-type structure. Here,
the subscript “pc” refers to the pseudo-cubic cell. Weak peaks marked by solid circles in Figure
11 are assigned to CoZnTiO,, which has an inverse spinel-type structure. The Miller indices
for these peaks are 311, 222, and 400, respectively. Throughout the range 0.33 < x < 0.75, the
intensities of the weak peaks are almost unchanged. We suggest that the formation of CoZn-
TiO, depends on the element and the amount of additives but is independent of the Na fraction.
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Figure 11. XRD patterns of K, ,Na,N-NTK composite lead-free piezoelectric ceramic in 20 range from 14° to 22°, dif-
fraction peaks of orthorhombic phase are can be seen only at x = 0.75.

All main diffraction peaks in the XRD patterns are attributed to the perovskite-type structure.
These peaks appear for 0.33 < x <0.67 and are attributed to the tetragonal KNN system, which
is known as the high temperatures stable structure of undoped KNN [20]. Assuming P4mm
symmetry, the Rietveld refinement fits significantly better compared with the results obtained
upon assuming the ideal cubic perovskite-type structure. The R-values of the Rietveld
refinements are R; = 3.6-4.8% and R; = 1.8-2.2% for the P4mm tetragonal model, whereas R, =
6.1-12.8% and Ry = 3.6-7.0% for the Pm—-3m cubic model. The results of the XRD analysis show
that KNN for 0.33 <x <0.67 is a single-phase tetragonal system and likely belongs to the P4mm
symmetry. Assuming that P4mm symmetry restricts the displacement of the atoms to be along
the ¢ axis, the NbO, octahedra permit no tilting, so the tilt system should be expressed by the
Glazer notation a’a’c [36].

The main features of the XRD pattern for x = 0.75 do not significantly change compared with
those for x < 0.67. However, the XRD pattern for x = 0.75 shows weak peaks that cannot be
assigned to the tetragonal system with a’a’c’. Ahtee and Glazer suggested that the crystallo-
graphic symmetry of undoped Na-rich (ca. 0.75<x<0.9) KNN ceramic at temperatures ranging
from 200 to 400°C belongs to the Imm?2 space group (a'b’c” system) [20, 21], whereas Baker et
al. [23] suggested that the symmetry belongs to the Amm2 space group (a'b’c’ system). We
hypothesize that Na-rich KNN has Imm2 symmetry with an a'b*c’ tilt system on the structure
refinement because the optimized lattice constants of the pseudo-cubic cell indicate that this
assignment is more appropriate. The weak peaks are attributed to the Imm?2 orthorhombic
phase, which has the tilting of the NbO, octahedra. The Miller indices for these peaks are {310},
{321}, and {330}. This orthorhombic structure has double lattice constants, which are repre-
sented by the 2 x 2 x 2 superlattice setting in the pseudo-cubic cell.

Assuming the combination of P4mm tetragonal and Imm?2 orthorhombic structures, the XRD
patterns for x =0.75 are fit by two-phase Rietveld refinement. The overall R-factor is estimated
to be Rp = 5.87% with the two-phase model, whereas at best Ry = 6.96% with the single-phase
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P4mm model. The lattice constants of the orthorhombic structure are estimated to be 1 =7.88875
A, b=7.93082 A, and ¢ =7.96895 A.

Figure 12. Structure model of Imm2 orthorhombic phase projected along the [100] direction for x = 0.75.

Figure 12 shows a structural model of Imm?2 projected along the [010] direction. This ortho-
rhombic structure has tilt ordering of the NbO, octahedra, where 2 x 2 x 2 Immm symmetry is
predicted without deformation of the NbOg octahedra. The NbO, octahedra are likely to be
simultaneously deformed and tilted in the Imm2 phase of this composite system. Note that
because Imm?2 is a noncentrosymmetric space group, it allows polarization; in contrast, because
Immm is a centrosymmetric space group, it forbids polarization. The structural details opti-
mized by the Rietveld refinement will be discussed in another presentation.

Figure 13 shows the cell volume and tetragonality ratio c/a of the primary tetragonal phase
calculated from the dimensions of the crystal unit cell. It also shows the dielectric polarization
P estimated from the point-charge model with the formal charges of the ions located at
positions optimized by the Rietveld refinements. The cell volume monotonically decreases
with increasing Na fraction x, which is caused by the decrease in effective ionic radius upon
replacing K* with Na*. However, the rate of decline increases in the range x > 0.56. At x =0.75,
the cell volume 62.01 A? of the primary tetragonal phase approaches that of the pseudo-cubic
cell of the secondary orthorhombic phase 62.32 A%. The tetragonality ratio of the tetragonal
phase is estimated to lie between 1.010 and 1.012 for 0.33 <x <0.67, and to be 1.006 for x = 0.75.
The value defined by 2¢/(a + b) for the secondary orthorhombic phase is estimated to be 1.007
for x=0.75, which is close to the tetragonality ratio c/a of the primary phase of this composition.
We hypothesize that the maximum value of the tetragonality ratio occurs around x = 0.50.
However, the estimated dielectric polarization P increases gradually for 0.33 < x < 0.50 and
drops sharply for 0.67 < x <0.75.

15
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Figure 13. Comparison of cell volume, tetragonality ratio ¢/, and dielectric polarization P of K, ,Na,N-NTK composite
lead-free piezoelectric ceramic as a function of Na fraction x. Sample for x = 0.75 gives the values of the primary tetrag-
onal phase.

The maximum value of 363 uC/cm? is about an order of magnitude larger than that of un-
doped KNN [37]. These results suggest that the dielectric polarization P cannot be correlated
with the tetragonality ratio. Note that the discrepancy between P and the tetragonality ratio
has also been reported, for a PZT system [38].

The structural information obtained from XRD is dominated by the structure averaged over
the macroscopic volume. In other words, it is not sensitive to identify the microstructure of
ceramic. In this study, TEM was used to investigate the KNN-NTK composite ceramic
microstructure.

Figure 14 shows SAD patterns obtained from a single grain of KNN in the KNN-NTK
composite ceramic. The top row shows [100],., and the bottom row shows [210],. zone-axis
SAD patterns. From left to right, the panels correspond to x = 0.33, 0.56, 0.58, 0.67, and 0.75,
respectively. The 001, 011, and 1-20,, reflections appear in all SAD patterns for 0.33 < x <
0.75. The SAD patterns for x = 0.33 consist only of these spots, which conforms to the single-
phase model that we derive from the Rietveld refinement. However, superlattice reflections
are observed for x = 0.56, 0.58, 0.67, and 0.75. The slanted and vertical arrows in Figure 14c, e—
j indicate the directions indexed by 011 and 1-21 based on the 2 x 2 x 2 superlattice unit cell.
However, the SAD patterns in Figure 14h, j exhibit very weak spots (sideways arrows) that
cannot be assigned to the 2 x 2 x 2 superlattice structure.
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Figure 14. SAD patterns of (a) [100],. and (b) [210],. zone-axis for x = 0.33, (c) [100],. and (d) [210],. zone-axis for x =
0.56, (e) [100],. and (f) [210],. zone-axis, (g) [100],. and (h) [210],, zone-axis for x = 0.67, (i) [100],. and (j) [210],,. zone-
axis for x = 0.75. The spots marked by slanted and vertical arrows are superlattice reflections based on the 2 x 2 x 2
superlattice unit cell.

Although the peaks of the 2 x 2 x 2 superlattice phase do not appear in the XRD patterns for x
=0.58 and 0.67, TEM analysis indicates that the superlattice phase of KNN does exist at these
Na fractions, in the same way as they do for x =0.75. The SAD pattern for x = 0.56 shows broad
and dim superlattice reflections, which suggest that a short coherent length for the structural
modulation. We believe that the KNN phase of the KNN-NTK composite lead-free piezoelec-
tric ceramic around x = 0.56 consists of a two-phase coexisting state. According to the Rietveld
refinement discussed above, the weight fraction of the superlattice phase is estimated to be
44.2 wt% for x = 0.75. In the K;_Na,N-NTK system, the tetragonal and orthorhombic phases
of KNN coexist for x = 0.56, with the volume fraction of the orthorhombic phase gradually
increases with increasing Na fraction x.

If the secondary superlattice phase of KNN that exists for x = 0.56, 0.58, 0.67, and 0.75 has the
tilt-ordered structure, the weak spots can naturally be assigned to the 1/2{hh0},. (h: 0dd) planes,
whereas such spots are not observed for the primary P4mm tetragonal phase. We calculated
the Fourier transforms (FT) of the HR-TEM images (i.e., extracted the 1/2{110},. spots) and
synthesized the dark-field images using the inverse FT of the extracted peaks.

Figure 15a—c show the results of the inverse FT treatment of the HR-TEM images of samples
forx=0.58,0.67, and 0.75. In the images, the brighter areas correspond to the superlattice phase.
We also applied EDS to the dark and bright areas to confirm that the contrast is not caused by
the compositional segregation within the local area. The probe has a diameter of approximately
1.0 nm. The contrast shown in the inverse FT-treated images suggests that the tilt ordering of
the superlattice phase is confined within the granular nanodomains dispersed in the tetragonal
matrix. The granular nanodomains gradually increase with x for 0.58 < x <0.67, and an abrupt
increase and agglomeration is observed at x = 0.75. The formation of the superlattice structure
with the tilting of the NbO, octahedra is probably caused by the reduction in cell volume with
increasing of the smaller Na* radius in the large x region. Considering the XRD, SAD, and FT-
treated HR-TEM results, the primary phase of the KNN belongs to 1 x 1 x 1 tetragonal structure,
whereas the secondary phase belongs to a 2 x 2 x 2 orthorhombic structure with the tilt ordering
of the NbO, octahedra.

17
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Figure 15. Inverse FT-treated HR-TEM images for (a) x = 0.58, (b) x = 0.67, and (c) x = 0.75, where the brighter area
corresponds to the 2 x 2 x 2 Imm2 orthorhombic phase and the darkness areas correspond to the tetragonal phase ma-
trix. Scale bar = 5 nm.

3.2.2. Phase transition and piezoelectric properties of KNN-NTK composite lead-free piezoelectric
ceramic

Figure 16 shows the dielectric constant ¢;,"/¢, and the coupling coefficient k, as a function of
the Na fraction x. The &3;'/¢, is almost constant for 0.33 < x < 0.56, then increases slightly for
0.56 < x <0.67, and finally drops sharply to lower values for 0.67 < x < 0.75. The behavior of
€33'/€, is similar to that of the dielectric polarization P (see Figure 13).

The enhanced piezoelectric properties of PZT near the MPB composition are suggested to
mainly originate from the polarization rotation rather than from the formation of nanodomains
[28]. However, the coexistence in a PZT system of the tetragonal structure with <001> polari-
zation and the rhombohedral structure with <111> polarization can still be correlated with
easier rotation of the polarization direction, because it indicates the similar free energies of the
two phases and a lower energy barrier for polarization rotation. In our KNN-NTK composite
lead-free piezoelectric ceramic, we observe the coexistence of orthorhombic nanodomains
dispersed in the tetragonal matrix over a wide range of Na fraction for 0.56 < x < 0.67. This
result suggests a reduction in the energy barrier when the structure transforms from tetragonal
to orthorhombic, and vice versa, and easier rotation of the polarization from [001] to [010],
which may be assisted by the formation of the intermediate orthorhombic structure with small
polarization in this compositional range.
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Figure 16. Phase transition and piezoelectric properties of K, Na,N-NTK composite lead-free piezoelectric ceramic as
a function of Na fraction x.
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The dielectric polarization P, calculated from the atomic positions optimized for the ortho-
rhombic phase at x =0.75, is 1.28 uC/cm?. The decrease in the dielectric constant &3,"/¢, around
x =0.75 is partly related to the decrease in the tetragonal phase that results from the increase
in the orthorhombic phase. The P of the orthorhombic phase is more than two orders of
magnitude lower than that of the tetragonal phase.

In contrast, the coupling coefficient k, gradually increases with increasing x for 0.33 < x < 0.56,
reaches a maximum of 0.56 near x = 0.56, and then decreases with increasing x for x > 0.67. This
behavior differs from that of the dielectric constant e3;'/¢, or the dielectric polarization P, but
resembles the behavior of the tetragonality ratio. The deterioration of k,, for x > 0.56 is naturally
related to the smaller tetragonality ratio in this region.

The point x = 0.56 at which the maximum coupling coefficient k, occurs corresponds to the
minimum value of x at which the orthorhombic phase is generated. However, the highest
dielectric constant occurs near x =0.60, where the two-phase coexists progressed state. We thus
conclude that this KNN-NTK composite lead-free piezoelectric ceramic exhibits excellent
piezoelectric properties because of the two-phase coexisting state.

The phase transition of the KNN-NTK composite piezoelectric ceramic occurs gently, and the
orthorhombic and tetragonal phases coexist in the KNN for a wide range of x > 0.56. In this
way, this phase transition differs from the drastic phase transition at the MPB in PZT. This
gentle transition is similar to the behavior of a relaxor. To verify the relaxation degree, we
estimated the relaxor ferroelectricity of the KNN-NTK composite lead-free piezoelectric
ceramic in the two-phase coexisting state.
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Figure 17. (a) Temperature dependences of dielectric constant of K, ,Na,N-NTK composite lead-free piezoelectric ce-
ramic at 1 kHz (solid line), 10 kHz (dashed line), and 100 kHz (dotted line) for x = 0.67. (b) Behavior of inverse dielec-
tric constant (1/¢ - 1/¢,,) as a function of (T - T,,)".

Figure 17a shows the dielectric constant of K;_,Na,N-NTK composite lead-free piezoelectric
ceramic as a function of temperature around Tc at frequency of 1, 10, and 100 kHz for x = 0.67.
The dielectric constant hardly decreases with increasing frequency. Relatively sharp peaks
corresponding to Tc appear around 280°C, but Tc does not shift as a function of frequency.

The diffuseness can be described by a modified Curie-Weiss law [39],
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where v is the diffusivity of dielectric relaxation, ranging from 1 for a normal ferroelectric to
2 for arelaxor ferroelectric. Cis Curie constant, and T, is the temperature at which the dielectric
constant reaches its maximum ¢ . Figure 17b shows the inverse dielectric constant as a function
of temperature at 100 kHz using K;_Na,N-NTK composite ceramic for x = 0.67, at which the
highest dielectric constant is obtained. The diffusivity constant y estimated by a linear fit is
1.07. Asy approaches unity, the KNN-NTK composite ceramic exhibits normal ferroelectricity.
These results indicate that the KNN-NTK composite lead-free piezoelectric ceramic is not a
relaxor.

4. Conclusions

We developed K;_,Na,N-NTK composite lead-free piezoelectric ceramic composed of the two
primary phases KNN and NTK. The NTK phase is a dielectric substance with a layered
structure and is not piezoelectric. This phase fills the voids between KNN crystalline particles,
and a portion of this phase transforms into K,(Ti,Nb,Co,Zn)O,; and/or CoZnTiO,. Conse-
quently, a densely sintered ceramic is obtained. This KNN-NTK composite lead-free piezo-
electric ceramic exhibits enhanced piezoelectric characteristics, such as a planar-mode
electromechanical coupling coefficient k, = 0.52, a dielectric constant ¢33/, = 1600, N,, = 3170
Hz m, and a high thermal durability.

In this system, KNN forms the single tetragonal phase for x < 0.56. However, near x = 0.56
appears a two-phase coexisting state containing both the P4mm tetragonal phase and the
Imm2 orthorhombic phase, and the fraction of the orthorhombic phase increases with x. No
XRD peaks corresponding to the Imm2 orthorhombic phase are observed for the initial
coexisting state; however, superlattice reflections appear in the SAD patterns. This K;_,Na,N-
NTK composite lead-free piezoelectric ceramic, with granular Imm?2 orthorhombic nanodo-
mains dispersed in a P4mm tetragonal matrix, has excellent piezoelectric properties, with a
planar-mode electromechanical coupling coefficient k, = 0.56 at the onset of the two-phase
coexisting state. The phase transition of K, ,Na,N-NTK composite lead-free piezoelectric
ceramic occurs gently, which distinguishes it from the drastic phase transition of the MPB of
PZT. However, the diffusivity y of K, Na,N-NTK shows that K;_Na,N-NTK composite lead-
free piezoelectric ceramic is close to a ferroelectric but is not a relaxor.
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Abstract

Piezoelectric ceramics have applications in various electronic devices such as sensors,
actuators, energy harvesters, and so on. Most of these devices are manufactured from
lead-containing materials because of their excellent electromechanical performance and
low cost. However, lead-containing materials are considered as serious threat to the
environment and facing restrictions from legislative agencies across the globe. Since last
decade, much research efforts have been devoted to produce high-performance lead-
free ceramics for industrial applications. Among lead-free candidate materials, bismuth-
based perovskite ceramics such as sodium bismuth titanate (BiysNaysTiO;, BNT) are
considered potential substitute for lead-based materials because of the Bi** and Pb*? same
6s*lone pairelectronic configuration. This chapter describes the synthesis of BNT particles
by different techniques; conventional mixed oxide (CMO) route along with topochemi-
cal microcrystal conversion (TMC) methods followed by fabrication of BaZrO;-modi-
fied BNT ceramics withachemical composition of 0.994Bi, sNa, s TiO,-0.006BaZrO, (BNT-
BZ) by a conventional solid-state reaction method, its texture development by reactive
templated grain growth method using BNT templates, and comparison of the structur-
al and electromechanical properties of the textured and non-textured counterparts.

Keywords: Perovskite, Piezoelectric, BNT-BZ, Grain orientation, Texture

1. Introduction

Piezoelectricity is a coupling between a material’s mechanical and electrical response. In the
simple term, when pressure is applied to a piezoelectric material, an electric charge collects on
its surface. On the other hand, when field is applied to a piezoelectric material, it mechanical-
ly deforms [1]. This behavior of piezoelectric materials is widely utilized in optics, astronomy,
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fluid control, and precision machining due to their high generative force, accurate displace-
ment, and rapid response [2, 3].

To date, most of the commonly used piezoelectric materials are lead-based, such as lead
zirconate titanate (PZT) and its solid solutions. Lead-containing materials display high
piezoelectric coefficients, especially near the morphotrophic phase boundary (MPB) and have
dominated the market of piezoelectric industry [1, 4, 5]. However, the hazardous lead content
present within these materials raise serious environmental problems. Therefore, environmen-
tal issues such as regulations and policies against lead-based materials have been increasingly
enacted throughout the world [6-8]. In order to circumvent the drawback of lead toxicity,
extensive research is focused on the quest for alternate piezoelectric materials. Numerous
research efforts have been devoted to the candidate lead-free piezoelectric materials such as
BaTiO; (BT), KysNaysNbO; (KNN), and Bi;;Na,sTiO; (BNT) because of their interesting
electromechanical properties. The BT-based ceramics are interesting from the view point of
their good ferroelectricity, chemical, and mechanical stability along with easy processing in
polycrystalline form [9, 10]; however, they are inadequate for device applications due to their
low Curie temperature (T, ~120°C) [11, 12]. Alternatively, The KNbO;-NaNbO; solid solution
or the (K,Na)NbO; (KNN)-based material exhibits good piezoelectric properties as well as high
T.=420°C and have been studied as substitutes for PZT-based ceramics [13-16]. Nevertheless,
alkali metal elements present in KNN-based ceramics easily evaporate at high temperatures.
Moreover, KNN ceramics are not only hygroscopic but also make transition between ortho-
rhombic and tetragonal structure (T, ;) around 200°C, and this transition temperature shifts
toward room temperature (RT) with change in composition through doping or substituting
other element, which hinders KNN-based ceramics from practical applications [17, 18]. As one
of the most feasible lead-free candidates, BNT-based solid solutions have good piezoelectric
properties, excellent reproducibility, and high maximum dielectric constant temperature (T,
300°C) [19-22]. However, poling of pure BNT ceramics is difficult due to their large coercive
field (E. ~ 73 kV/cm), which is overcome by certain amount through compositional modifica-
tion and texture development [22-25].

In the recent years, extraordinarily large strain has been reported in compositionally designed
BNT-based ceramics [20, 21, 26, 27], which seems to be alternative for PZT in specific actuator
applications. Beside, compositional design, texture engineering of polycrystalline ceramics is
inimitable and vibrant approach to enhance the piezoelectric properties of ceramics without
any major change in the base compositions. Several texture development techniques, such as
templated grain growth (TGG) [28], reactive TGG (RTGG) [18], oriented consolidation of
anisometric particles [29], screen printing [30], multilayer grain growth [31], and directional
solidification technology [32], have been employed to improve the electromechanical proper-
ties of piezoelectric ceramics. Among all these techniques, RTGG is more suitable for the
texture development of perovskite-type materials [33, 34]. In this process, the plate-like
template particles that have specific microstructure and crystallographic characteristics are
oriented in a matrix ceramic powder through a tape-casting process, and then the consequent
heat treatment results in the nucleation and growth of desired crystals on aligned template
particles to bring into being textured ceramics [35]. Because of the grain orientation effect
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induced by templates particles through RTGG process, textured ceramic samples can be more
easily poled and thus deliver much higher dielectric and piezoelectric response in comparison
with non-textured counterparts prepared by a conventional mixed oxide (CMO) routes [18,
33, 34].

For texture development of BNT-based ceramics, simple BNT templates are considered the
most promising because of their large size and plate-like nature. Nevertheless, BNT templates
prepared by CMO route have equiaxial morphology which cannot satisfy the requirement as
seed in the RTGG process. An alternative convenient approach is to synthesize plate-like
perovskite templates by a topochemical microcrystal conversion (TMC) process. This process
involves substitution or modification of the interlayer cations, however, retaining the struc-
tural and morphological features of plate-like layered-perovskite precursors by ion exchange
and intercalation reactions at low temperatures [36, 37]. Considering the importance of BNT-
based ceramics, this chapter describes the synthesis of BNT particles by different techniques;
CMO route along with TMC methods followed by fabrication of BaZrOs;-modified BNT
ceramics with a chemical composition of 0.994Bi;;Na,;TiO;-0.006BaZrO; (BNT-BZ) by a
conventional solid-state reaction method, its texture development by RTGG method using
BNT templates, and comparison of the structural and electromechanical properties of the
textured and non-textured BNT-BZ ceramics.

2. Experimental

Reagent-grade metal oxide powders of Bi,O,, TiO,, and Na,CO; (purity >99.9%) were used as
starting materials to produce plate-like Bi,sNa,5T1,0;5 (BNT4) precursors by molten salt
synthesis (MSS) [38]. The stoichiometric amount of the raw BNT4 powder mixture was first
mixed with NaCl (99.95%) in a weight ratio of 1:1.5 and then ball milled in polyethylene jar
for 24 h. Consequently, the balls were removed and the slurry was dried and then brought to
a firmly covered Al,O; crucible for heat treatment at 1100°C for 4 h. The reaction was assumed
complete in accordance with the chemical Eq. (1); the NaCl salt was washed away from the as-
synthesized product thorough hot de-ionized water. BNT4 platelets, Na,CO;, and TiO, were
then further weighed to provide a total BNT composition in accordance with the chemical Eq.
(2). NaCl salt was again added to the powder mixture with 1:1.5 weight ratios, and then milling
was carried out in the presence of ethanol through a magnetic stirrer for 5 h. Subsequently, the
slurry was dried and a heat treatment at 950°C for 4 h was performed in a firmly covered
ALO; crucible. Finally, NaCl salt was removed through hot de-ionized water from the product
and HCl was utilized to remove the bismuth oxide (Bi,O;) by-products. For comparison, BNT
particles were also produced by CMO route [39].

2.25Bi,0, + 0.25Na,CO, + 4TiO, - Bi,Na,.Ti,0,, + 0.5CO, 1)

Bi,Na,.Ti,0,,+ 2Na,CO,+ 5TiO, - 9Bi,,Na,,TiO,+2CO, 2)
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Grain-oriented ceramics with a composition of 0.994Bi,;Na,;1i0;-0.006BaZrO, (BNT-BZ)
were fabricated through RTGG process utilizing the as-synthesized BNT templates [38].
Commercially accessible carbonate powders such as: Na,CO; and BaCO; (99.95%, Sigma
Aldrich) along with metal oxide powders such as: Bi,O;, TiO,, and ZrO, (99.9% Junsei Co.,
Limited) were first weighed according to the stoichiometric formula of BNT-BZ and then
mixed by ball milling for 24 h at 250 rpm. The slurry was dried and then calcined at 850°C for
2 h to form a perovskite phase. The as-prepared calcined powders of BNT-BZ were mixed
thoroughly with a solvent (60 vol.% ethanol and 40 vol.% methyl-ethyl-ketone, MEK) and
triethyl phosphate (dispersant) in a ball mill for 24 h. Subsequently, polyvinyl butyral (binder)
and polyethylene glycol/diethyl-ophthalate (plasticizer) were added to the mixtures and the
milling was continued again for another 24 h. BNT templates of 15 wt% were then added to
the mixture and ball milled with a slow rotation for another 12 h to form a slurry for tape
casting. The viscous slurry was tape cast to form a green sheet with a thickness of ~100 #gm on
a S5i0,-coated polyethylene film by a doctor blade apparatus. Afterward drying, a single layer
sheet was cut, laminated, and hot-pressed at a temperature of 45°C and a pressure of 50 MPa
for 2 min to form a 2-mm-thick green compact. The compacts were further cut into small
samples of about 1 x 1 cm? and then heated at 600°C for 12 h with intermediated steps of 250
and 350°C for 6 and 8 h and to remove organic substances prior to sintering. The samples were
sintered at 1150°C for 15 h in air atmosphere and were then brought to room temperature at
cooling rate of 5°C/min. For comparison, non-textured BNT-BZ ceramics were also prepared
through conventional solid-state reaction [38].

Crystalline phase and purity information of the as-synthesized BNT particles and BNT-BZ
ceramics were checked by X-ray diffraction machine (XRD, RAD III, Rigaku, Japan) using
CuKa radiation (A = 1.541 A) at room temperature. The XRD patterns were collected in the
Braggs-Brentano configuration operated at 10 mA and 20 kV with a step size of 0.02°. The
particle size and shape was observed through field emission scanning electron microscope
(FE-SEM, JP/JSM 5200, Japan). At room temperature, Raman scattering investigation was
performed using a dispersive Raman spectrometer (ALMEGA, Nicelot, USA). Selected area
electron diffraction (SAED) pattern and high-resolution transmission electron microscopy
(HRTEM) images were obtained by transmission electron microscope (TEM) using a FE-TEM
(JEOL/JEM-2100F version) operated at 200 kV. Both surfaces of the samples were polished and
coated with a silver—palladium paste to form electrodes for electrical properties measurements.
The dielectric constant and loss response were measured through an impedance analyzer
(HP4194A, Agilent Technologies, Palo Alto, CA). The ferroelectric hysteresis loops were
measured using a Precision Premier II device (Radiant Technology, Inc.) at 50 Hz. Field-
induced strain response was measured using a contact-type displacement sensor (Model 1240;
Mahr GmbH, Gottingen, Germany) at 50 mHz.

3. Results and discussion

Plate-like particles play a crucial role in the texture engineering. For texture development of
BNT-BZ ceramics, plate-like BNT templates were first produced by a topochemical reaction
from bismuth layered-structure ferroelectric (BLSF) BNT4 precursor through molten salt



Grain-Oriented BiysNa, s TiO;—BaZrO, Piezoelectric Ceramics
http://dx.doi.org/10.5772/62688

process. Figure 1 shows the crystalline phase and FE-SEM micrograph of BNT4 precursor
particles synthesized by molten salt process. The X-ray diffraction pattern of the BNT4
precursor (Figure 1a) reveals the development of a single phase with no traces of secondary
or parasite phases. All diffraction peaks inherit the characteristics features of the typical
layered-perovskite structure. All diffraction peaks matches with the JCPDS card no. 74-1316
of the BLSF. Maximum number of peaks, for instance (006), (008), (0010), (0018), and (0020),
were observed to possess higher intensities than the other peaks, signifying that the surface of
BNT#4 particles is parallel to the (001) plane and suggesting that the BNT4 particles have high
degree of preferred grain orientation. The FE-SEM micrograph of the BNT4 particles
(Figure 1b) shows a plate-like morphology with size ranging from 15 to 20 ygm. Some small
grains of size less than one micron can be also observed that might be the broken pieces of
BNT4 crystals. BNT4 has the characteristics anisotropic BLSF materials, in which the growth
along the a and b axis is much higher than that of the c-axis. Thus, it is reasonable for them to
adopt a plate-like morphology. The as-synthesized BNT4 particles produce in this work were
used as a precursor materials for the TMC process [38].

(a)

Intensity (arb. unit)
{006)

20 pm

Figure 1. Crystal structure and FE-SEM micrograph of Bi,;Na,sTi,O,5 precursor particles synthesized by molten salt
synthesis at 1150°C for 4 h (a) X-ray diffraction, (b) FE-SEM micrograph.

A schematic diagram showing the conversion of the layered perovskite into a simple perov-
skite structure by a topochemical conversion is illustrated in Figure 2. Bismuth layered-
structure materials have a chemical formulation Bi,O,(A,,.;B,Os,..1) (Where A-sites is occupied
by Bi** and Na*, while B-sites by Ti*, m is an integer with a certain value). For m =4, the formula
takes the form of Bi,O,(Na,sBi,5)Ti,O,; and this formula unit has the intergrowths of pseudo-
perovskite blocks that are sandwiched between bismuth oxide layers. The BO; octahedron
have a covalent linkage of [Bi,O,]** among two-dimensional pseudo-perovskite layers. BNT4
belongs to the bismuth layered-structure compounds family, where Na* ions partially occupy
the A-site. Na* could replace the [Bi,O,]* slabs and the A-site (Bi** ions) during the topochemical
reaction, where Bi,O,; forms and the weak covalent linkage of [Bi,O,]** layer disappears.
Furthermore, Na* ions substitute the Bi** ions in the A-site of the perovskite structure. More-
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over, the tetragonal BNT4 transforms into a cubic BNT that preserves the morphological
topographies of the precursor BNT4 [38].

Topochemical
Pseudo-perovskite reaction . QQL
block il N - E:
/

(Bi,0,)*" layer

Na
Bi

¢ TiO; octahedron |
Nay, sBig 5

Figure 2. Schematic diagram of the conversion of layered-structure perovskite Bi,;Na,5Ti,O;5 into a simple perovskite
Bij5Na,;TiO; by a topochemical microcrystal conversion. Reprinted with permission from Hussain et al. [38] with a
copyright from Elsevier 2015.

Figure 3 presents the X-ray diffractogram of the BNT particles produced through TMC
(Figure 3a) and CMO (Figure 3b) methods, respectively. BNT particles produced through both
methods exhibit a single-phase perovskite structure and both match well with the JCPDS card
No. 36-0340 of the Bi,;Na,;TiO;. Because of the small rhombohedral distortion, all diffraction
peaks were indexed on the basis of the pseudocubic perovskite unit cell. A significant differ-
ence in the peak intensities can be observed in BNT particles synthesized by two different
routes. BNT particles synthesized by TMC shown in Figure 3a exhibit strong (100) and (200)
diffraction peaks while that synthesized by CMO have (110) as major peak (shown in
Figure 3b). This diffraction profile clearly indicate that the layered structure of BNT4 particles
completely transformed into perovskite BNT templates after the TMC process (Figure 3a).
Furthermore, the perovskite BNT preserves the plate-like morphology BNT4. Analogous to
BNT4 templates, most of the large and plate-like BNT particles laid down with the c-axis
aligned along the vertical direction during the sample preparation for the XRD analysis.
Accordingly, they show strong diffraction peaks of (100) and (200). BNT4 belongs to the BLSFs
family that possess (Bi,sNa,5Ti,015)* (pseudo-perovskite layers) enclosed in (Bi,O,)*" fluorite
layers where the A-site is co-occupied by Na* as well as Bi** in a Na/Bi ratio of 0.2. This
conversion from the layered structure into a simple perovskite is composed of two stages:
firstly, the transmission of Na* and Bi** through the perovskite layers; secondly, the transfigu-
ration of (Bi,O,)*" fluorite layers into the perovskite phase. It has been also reported that this
transformation implies a change from a lamellar phase to a perovskite phase [36]; nevertheless,
the process involving the change of the (Bi,O,)* layers to perovskite structure still needs further
detailed investigations [38].
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Figure 3. XRD diffraction of BiysNa,sTiO; particles synthesized by different methods (a) topochemical microcrystal
conversion, (b) conventional mixed oxide route.

Figure 4 provides the FE-SEM micrographs of the BNT templates produced from the BNT4
precursor by TMC process along with the BNT particles prepared viaa CMO route. Similar to
BNT#4 particles, most of the BNT templates have large grains of plate-like morphology. Such
kind of large and plate-like particles are reasonably more suitable for the preparation textured
ceramics by tape-casting process. Beside this, the BNT particles prepared by CMO possess
small- and spherical-type grains. This kind of spherical grains is not appropriate to use as
templates in development textured ceramics by RTGG technique. The EDS spectra of the BNT
particles produced by TMC and CMO processes are displayed in Figure 5. This spectra clearly
show the presence of Bi*, Na’, Ti*, and O* ions in the particles, recommending successful
synthesis of BNT particles through both processes. Additionally, the ratio of
Mg, My, My Moy~ is close to the stoichiometric amount of the receptive BNT composition

[38] in both cases.

2 pm
e

Figure 4. FE-SEM micrograph of Bi,sNa,;TiO; particles synthesized by different methods (a) topochemical microcrys-
tal conversion, (b) conventional mixed oxide route. Reprinted with permission from Hussain et al. [38] with a copy-

right from Elsevier 2015.
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Figure 5. EDS spectrum of Bi,sNa,;TiO; particles synthesized by different methods (a) topochemical microcrystal con-
version, (b) conventional mixed oxide route [38].

Figure 6 provides the Raman scattering spectra (in range 100-1000 cm™) of the polished surface
of NBT particles measured at room temperature. The different vibration modes observed in
Raman spectra of both sample is consistent with previously reported NBT-based ceramics [40-
44]. The Raman-active mode (A,) positioned around 150 cm™ is associated with the A-site
cations vibrations of the perovskite structure, which could be due to cations distortion or
clusters of octahedral [BiO4] and [NaO,]. The peak around 270 cm™ is attributed to the Ti-O
vibrations, and the wavenumber in the range of 450-700 cm™ often known as host modes is
related to the TiO, octahedra vibrations, while high-frequency range over 700 cm™ is due to
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Figure 6. Raman scattering spectra of Bi,;Na,5TiO; particles synthesized by different methods (a) topochemical micro-
crystal conversion, (b) conventional mixed oxide route.
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overlapping of A, (longitudinal optical) and E (longitudinal optical) bands. The NBT particles
produced by TMC method show broadened and diffuse peaks around 270 cm™ (Ti-O) and
450-700 cm™ (TiOq) vibration modes. It can be noted that the two individual TiO, octahedra
vibration modes tend to diffuse, where the later mode centered around 550 cm™ of the TMC-
synthesized BNT sample exhibits weakening in intensity, which indicates the softening
behavior in modes. Such phonon behavior suggests higher asymmetry in structure.

Figure 7 presents the TEM pictures of the BNT particles synthesized by TMC and CMO
methods, respectively. The SEAD pattern of the BNT particles synthesized by TMC method
shows dot pattern (Figure 7a), suggesting its single-crystal-type behavior, while that synthe-
sized by CMO exhibits a ring-type configuration (Figure 7b) indicating a polycrystalline
nature. The lattice spacing calculated from the HRTEM image (Figure 7c) of the TMC-
synthesized BNT particles is 0.389 nm, which is consistent with the lattice spacing of the cubic
(100) plane. This calculation suggests that TMC-synthesized BNT particles have a single-
crystal nature and preferentially grow along the [100] direction which is further confirmed by
the SAED pattern provided in (Figure 7a). Beside this, the lattice spacing of the CMO-
synthesized BNT particles calculated from the HRTEM image (Figure 7b) is 0.275 nm; this
value is consistent with the (110) plane lattice spacing of the BNT composition signifying a
grain orientation of particles along [110] direction. These findings verify the XRD analysis of
BNT particles synthesized by different routes. Therefore, the variation in microstructure along
with the difference in lattice spacing of the CMO- and TMC-synthesized BNT particles
indicates their successful fabrication [38].

Figure 7. TEM images of Bi,sNa,;TiO; particles synthesized by different techniques (a) SAED pattern of Bi,sNa,5TiO;
particles synthesized by topochemical microcrystal conversion method, (b) SAED pattern of BiysNa,sTiO; particles
synthesized by conventional mixed oxide route, (c) HRTEM image of Bi,sNa,5TiO; particles synthesized by topochem-
ical microcrystal conversion method, (d) HRTEM image of BiysNa,;TiO; particles synthesized by conventional mixed
oxide route Reproduced from reference [38] with a copyright from Elsevier 2015.
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The BNT particles synthesized by TMC method were further utilized as templates for texture
development of BNT-BZ ceramics. Figure 8 shows a schematic diagram for the development
of textured BNT-BZ ceramics by tape-casting method. A green sheet of a thickness about 100
pum was formed on SiO,-coated polyethylene film through a doctor blade technique, and 25
different green sheets were laminated and hot-pressed to develop a thick green compact of
about 2 mm. The green compacts were then sintered to measure their structural and electro-
mechanical properties.
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Figure 8. Schematic diagram of the textured BNT-BZ ceramics produced by RTGG method.

Figure 9a, b provides a comparison of the XRD pattern of the textured and non-textured BNT-
BZ ceramics. For texture development of BNT-BZ ceramics, 15 wt% BNT templates were used
as seed particles. The diffraction pattern of both samples display a single-phase perovskite
structure. Textured sample (Figure 9a) produced by RTGG process shows (100) and (200) peaks
much higher than that of the corresponding non-texture sample, suggesting a preferred grain
orientation. The non-textured ceramic (Figure 9b) produced by conventional method shows
a strong (110) diffraction peak indicating a random orientation. The overall comparison shows
that the textured ceramics exhibit [100] diffraction peak dominant, indicating that a large
fraction of grains are aligned with their a-axis normal to the sample surface. The degree of
grain orientation was estimated by the Lotgering factor (F), which is given by

Where
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Figure 9. XRD pattern of the BNT-BZ ceramics (a) textured sample, (b) non-textured sample.

where ] and I, are the relative intensity of the diffraction peaks of the textured and non-textured
ceramics, respectively, and (h00) and (hkl) are their miller indices. The degree of grain
orientation obtained by the method is not very accurate due to the intensity of the diffraction
peaks from which the slightly misaligned grains are not counted in the measurement of I,
and Iy, However, the F values are used in this work because of their convenience in the
measurements. The F values vary from zero for a randomly oriented sample, to one, for a
completely oriented sample. The F values were calculated from the diffraction peaks lies in
the 20 range from 20° to 70°. A high Lotgering factor F about 0.83 was obtained for the textured
BNT-BZ sample, signifying a high degree of preferred grain orientation. This result also
indicates that the plate-like BNT templates are proficient in prompting grain orientation in the
BNT-BZ ceramics. Previously, Tam et al. [45] utilized (20 wt%) BNT templates for
BijsNag 35Ky Lig g5 [10; (BNKLT) ceramics and reported a Lotgering factor of 0.6. The results
obtained in this work indicate that the present high-quality BNT template by TMC process has
the potential to develop oriented ceramics with enhanced grain orientation factor in regular
perovskite-type ceramics. Moreover, high grain orientation factor of the textured BNT-BZ
ceramics usually improves the piezoelectric properties in comparison with the non-textured
sample of the same material [38].

The temperature dependence of the dielectric constant (¢) and loss (tand) of the textured and
non-textured BNT-BZ ceramics measured at different frequencies (1, 10, and 100 kHz) is
shown in Figure 10. Both samples show increase in dielectric constant with increase in
temperature up to certain value and then decrease with further increase in temperature. At all
measured frequencies, textured sample exhibits two visible diffuse dielectric anomalies,
termed as a depolarization temperature (T,) appeared at 140°C along with a permittivity
maximum temperature (T,,) around 280°C. Nevertheless, the T, anomaly is not visible in the
dielectric curves of the non-textured specimen and its T,, values are lower than that of the
textured sample. The fading of Ty anomaly in the non-textured specimen signifies the weak-
ening of the ferroelectric phase and formation of the relaxor phase as reported previously for
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BNT-BZ system [44]. The dielectric constant measured at room temperature increased from
1200 for the non-texture sample to 1500 for the textured sample. Furthermore, the dielectric
loss of the textured sample is slightly higher than that of non-textured sample, probably due
toitslower density and defects/impurities introduced into the green laminates during the tape-
casting process.
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Figure 10. Dielectric constant and loss of BNT-BZ ceramics (a) textured sample, (b) non-textured sample.

Figure 11a, b shows the room temperature P-E hysteresis loops of the textured and non-
textured BNT-BZ ceramics measured at 50 Hz. The textured sample (Figure 11a) exhibits a
pinch-type P-E loop, while the non-textured sample (Figure 11b) exhibits a slim at an applied
field of 70 kV/cm. Moreover, texture development improved the ferroelectric response of the
BNT-BZ ceramics. The remnant and maximum polarization at an electric field of 70 kV/cm,
respectively, increased from 5 and 26 pm/cm? for non-textured sample to 11 and 35 pm/cm?
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Figure 11. Ferroelectric response of BNT-BZ ceramics (a) textured sample, (b) non-textured sample.
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for it textured counterpart. The coercive field (E.) increased from 13 kV/cm for the non-textured
sample to 18 kV/cm for the textured sample. This enhancement in the polarization can be
associated with the crystallographic grain orientation of the textured sample.
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Figure 12. Unipolar field-induced strain response of BNT-BZ ceramics (a) textured sample, (b) non-textured sample.
Reproduced from reference [38] with a copyright from Elsevier 2015.

Relative density € Strain d'y
Textured 93% 1500 0.30% 428 pm/V
Non-textured 96% 1200 0.15% 214 pm/V
Increase - 25% 100% 100%

Reprinted with permission from Hussain et al. [38] with a copyright from elsewhere 2015.

Table 1. Dielectric and piezoelectric properties of textured and non-textured BNT-BZ ceramics.

The field-induced unipolar strain of the textured and non-textured BNT-BZ ceramics was
examined at an applied electric field of 70 kV/em and is shown in Figure 12. The overall field-
induced strain response of textured specimen (Figure 12a) is higher than that of the non-
textured sample (Figure 12b). The unipolar field-induced strain level raised from 0.15% for
the non-textured sample to 0.30% for the textured sample. The corresponding normalized
strain (d"33= S/ Emax) Obtained for these specimens are 214 and 428 pm/V, respectively. Table 1
provides the density, dielectric, and piezoelectric response of the textured and non-textured
BNT-BZ samples at room temperature. The comparison of both specimens clearly shows that
textured ceramics have a better electromechanical properties than non-textured counterparts.
The dielectric constant measured at room temperature increased from 1200 to 1500, while the
unipolar field-induced strain level enhanced from 0.15 to 0.30% for the non-textured and
textured samples, respectively. This is almost 25 and 100% enhancement after texturing
process. This increase in dielectric and field-induced strain response can be attributed to the
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(100) preferred orientation developed by plate-like BNT templates. The results obtained from
the BNT-BZ ceramics evidently show that texture development significantly improve the
electromechanical properties of the BNT-BZ ceramics and enable them as promising lead-free
candidates in piezoelectric industry.

4. Summary

For texture development of BaZrO;-modified Bij;Na,;TiO; (BNT-BZ) ceramics, plate-like
BiysNay5Ti0; (BNT) template was first synthesized from bismuth layer-structured ferroelectric
Bi, sNay511,0,5 (BNT4) precursor through a TMC method. The BNT template produced by TMC
method presented high aspect ratio plate-like grains that inherit the morphology of the BNT4
precursor particles and are different from the CMO-synthesized BNT particles that exhibit
round-type grains of submicron size. The TMC-synthesized BNT particles show strong (h00)
intensity peaks signifying (100) preferred grain orientation; however, the CMO-synthesized
particles exhibit (110) intense peak, revealing a random orientation. The structural character-
istics observed in XRD analysis further inveterate the TEM analysis, verifying the grain growth
along (100) plane for TMC process and along (110) plane for the same BNT composition
produced through CMO route. The BNT templates produced by TMC process are very
effective in the texture engineering of BNT-BZ ceramics. A high Lotgering factor (F = 83%)
was observed in BNT-BZ ceramics textured with 15 wt% of BNT templates. Furthermore, room
temperature dielectric constant increased by 25%, maximum polarization 34%, and field-
induced strain response by 100%. The results obtained in this work shows that BNT templates
play an important role in the texture engineering of BNT-BZ ceramics and improving the
dielectric, ferroelectric, and field-induced strain properties.
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Abstract

Sound velocities were measured inrelaxor single-crystal platesand piezoelectric ceramics
including lead free using an ultrasonic precision thickness gauge with high-frequency
pulse generation. Estimating the difference in the sound velocities and elastic constants
in the single crystals and ceramics, it was possible to evaluate effects of domain and grain
boundaries on elastic constants. Existence of domain boundaries in single crystal affected
the decrease in Young’s modulus, rigidity, Poisson’s ratio, and bulk modulus. While
existence of grain boundaries affected the decrease in Young’'s modulus and rigidity,
Poisson’s ratio and bulk modulus increased. It was thought these phenomena come from
domain alignment by DC poling and both the boundaries act as to absorb mechanical
stress by defects due to the boundaries. In addition, the origin of piezoelectricity in single
crystals is caused by low bulk modulus and Poisson’s ratio, and high Young’s modulus
and rigidity in comparison with ceramics. On the contrary, the origin of piezoelectricity
in ceramics is caused by high Poisson’s ratio by high bulk modulus, and furthermore, low
Young’'s modulus and rigidity due to domain alignment.

Keywords: relaxor single crystals, sound velocities, elastic constants, domain boun-
dary, grain boundary, piezoelectric ceramics

1. Introduction

1.1. What are relaxor materials?

Relaxor materials are one of the ferroelectric materials and show that temperatures to realize
the maximum dielectric constants shift to higher temperature, and furthermore, the maxi-
mum values decrease with increasing frequency [1]. These phenomena are called “dielectric
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relaxation”. The relaxors are composed of lead-containing complex perovskite structures such
as Pb(Zn,;sNb,;)O;—PbTiO; (PZNT) and Pb(Mg;,sNb,,;)O;~PbTiO; (PMNT). The applications of
relaxor had been focused on materials for multilayer ceramic capacitors (MLCC) because of
high dielectric constants and lower firing temperature for producing MLCC [2]. Moreover, since
relaxors are composed of without PbZrO,, which is easy to decompose at high temperatures,
they were suitable to produce piezoelectric single crystals in comparison with in the case of well-
known PbTiO5-PbZrO; (PZT) compositions [3].

1.2. Why do single crystals possess high performance of piezoelectricity?

Piezoelectric ceramic compositions were improved to realize higher electromechanical
coupling factor from one-component system such as BaTiO; (BT) to binary system of PZT and
three-component (PZT 3) system as shown in Figure 1[4, 5]. Since high piezoelectricity closely
relates to ferroelectric domain alignment by DC poling, a research for piezoelectric single
crystals without (with no existence of) grain boundary becomes important. In 1982, Kuwata
et al. [6] discovered high coupling factor of thickness vibration mode of ks; around 90% in
PZNT single-crystal rod. The reason to obtain higher coupling factor due to domain alignments
through DC poling illustrates in Figure 2 from difference between single crystals (oriented
domains) and ceramics (multidomains). In DC poling process, ferroelectric domains in single
crystals become from multi-domains to oriented domains, and finally single (mono) domain
in a crystal bulk, the dimensions of which more than several millimeter, while random-
orientated ceramics become practical single domain in a ceramic grain, the dimensions of
which around several microns. As the result, high coupling factors due to high domain
alignment (high domain anisotropy) are realized in the crystal bulk without grain boundaries
in comparison with oriented ceramic grains connected with each other by grain boundaries.
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Figure 1. Improvement of electromechanical coupling factor on thickness vibration mode of kj; from piezoelectric ce-
ramics to single crystals since 1942 discovered BaTiO; [4].
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Figure 2. Difference in domain alignments between single crystals and ceramics.

1.3. High electromechanical coupling factor in relaxor single crystals

While relaxor single-crystal rods processed high coupling factor of k;; mode as mentioned
previously, single-crystal plates were studied in cases of other vibration modes [7]. Figure 3
shows single-crystal rod and plate composed of relaxor single crystal and the relationships
between the dimensions and electromechanical coupling factors of ks; (thickness vibration
mode), k;; (length vibration mode), and ks, (width vibration mode). The DC poling direction
is the thickness direction of both the rod and the plate. In the case of the single-crystal plates,
it can be expected higher domain alignment in the plates to obtain higher coupling factors of
ks and ki, modes. Table 1 shows crystal plane dependence of coupling factors (ks;, k,, ks,),
piezoelectric strain constants (ds,, ds;), remanent polarization (Pr), coercive field (Ec), and time
aging for k;;, respectively. We discovered giant k;; over 80% and d; over 1300 pC/N in
(100)0.91Pb(Zn, 5Nb,;3)O;~0.09PbTiO;  [(100)PZNT91/09] and (110)0.74Pb(Mg;;sNb,;)-
0.26PbTiO; [(110)PMNT74/26] single-crystal plates [8]. The reason to obtain high ks, and dj; is
due to achieve single (mono) domain alignment in the plates. Since PMNT compositions were
preferred to produce single crystal in comparison with PZNT compositions because a pyro-
chlore phase is easily formed in PZNT together with perovskite phase, PMNT single crystal is
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| DC poling direction

Figure 3. Vibration modes and coupling factors of single-crystal rod and plate in relaxor single crystal.
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focused on to fabricate by flux Bridgman method [9]. While the quality of PMNT single crystal
was improved through the mass production by trial and error, plate-shaped piezoelectric
transducers for medical use were replaced PZT ceramic plate by PMNT single-crystal plate
because of high k, and high frequency of around 5 MHz (Figure 4) [5, 9].

Crystal plane  Single crystal kj (%) -ds; (pC/N) Kk, (%) ds (pC/N) ks, (%) Pr(uC/ecm?) Ec (V/mm) Aging

(100) PZNT 86 2100 55 2400 42 35 600 Good
(100) PMNT 65 1030 60 2420 22 300 NG
(110) PZNT 30-60  300-720 40  530-1030 NG
(110) PMNT 87 1320 48 970 69 30 200

(111) PZNT 20 ~170 50 190-560 Good
(111) PMNT Small piezoelectricity

Table 1. Crystal plane dependence of coupling factors (kj;, k,, ky,), piezoelectric strain constants (d;;, d;;), remanent
polarization (Pr), coercive field (Ec), and time aging for k;; in PZNT and PMNT single-crystal plates.

1ezo trgnsducer

Figure 4. Plate-shaped piezoelectric transducers utilizing relaxor single crystal for medical uses in cases of (a) and (b):
abdominal (stomach etc.) use, and (c): circulatory organ (heart) use [5].

2. Characterization of relaxor single-crystal plates

2.1. Measurement of sound velocities in relaxor single-crystal plates

Sound velocities were measured in relaxor single-crystal plates (dimensions of 20.7 mm length,
14.0 mm width and 0.39 mm thickness) of (100)PMNT70/30 supplied by JFE Mineral Co., Ltd.
using an ultrasonic precision thickness gauge (Olympus Model 35DL) with high-frequency
(longitudinal wave: 30 and 20 MHz, and transverse wave: 20 and 5 MHz) pulse generation
(Figure 5) [10, 11]. The measurement positions of Nos. (D—® of sound velocities in the plate
are shown in this figure. The directions of DC poling field and sound wave propagation are
parallel to the thickness. The elastic constants in PMNT70/30 single-crystal plates calculated
by the sound velocities were compared with the elastic constants in piezoelectric ceramic disks
(dimensions of 14-20 mm diameter and 0.5-1.5 mm thickness) composed of PMNT70/30, PZT,
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lead titanate, and lead free utilizing the equations as shown in Figure 6 [11]. On the measure-
ment of sound velocities in single-crystal plates, there are one longitudinal wave velocity (V),
and two transverse wave velocities (Vs and Vs,y) in the directions of length and width in plate
due to the anisotropy of the single-crystal plate (Figure 7) which are different from in the case
of piezoelectric ceramics. However, the Vg, is almost same as the Vg, because of the same
crystal anisotropy in the crystal plane of (100)PMNT70/30 as mentioned the following
experimental results.

Olympus
“Precision thickness gauge” Model 3501

| Transducer
Longitudinal wave:
30 MHz
Transverse wave:
20 MHz
® @ @
.@) @ @ .w:u-u

Lmies Plate

Figure 5. Equipment of sound velocity measurement and measurement positions of O-® in single-crystal plate.

Young's modulus Poisson’s ratio
¥ (N/m?) a-)
4,
| 1 1
Y =30V, 3 ="y
V,_E—V\' L
Vs
Modulus of rigidity Bulk modulus
G (N/m?) K (N/m?)
2 : 4.2
G:ﬂﬂ K=D[V;_ —§V¢]

p : Density (kg/m*) , V| : Longitudinal wave velocity (m/s) ,
Wy : Transverse wave velocity (m/s)

Figure 6. Elastic constants calculated by sound velocities using the equations.
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Figure 7. Propagation and amplitude directions of longitudinal and transverse waves in ceramics and single-crystal
plate.

2.2. Piezoelectric and elastic constants

Table 2 shows the dielectric and piezoelectric constants for six samples (Nos. 1-6) of
PMNT70/30 single-crystal plates. Dielectric and piezoelectric constants were measured using
an LCR meter (HP4263A), an impedance/gain phase analyzer (HP4194A) and a dj; meter
(Academia Sinia: ZJ-3D). The piezoelectric strain constant ds; is an average value measured at
six positions in the plate as mentioned previously. The d;; and relative dielectric constant (,)
are considerably high of 1710-1870 pC/N and 5810-6740 due to the high domain alignment in
single-crystal plate. In addition, k, is also rather high value of 63.1% suitable to a plate
transducer with thickness mode.

Nos. ds; (pC/N) & () Ky (%) ks, (%) k, (%) fc;; (Hz m) fc;, (Hz m) fc, (Hz m)
1 1750 5888 30.5 74.5 63.3 736 838 2299
2 1712 5814 30.8 74.3 63.1 737 836 2293
3 1697 5796 30.1 74.3 63.1 743 837 2290
4 1810 6334 30.4 74.6 63.4 709 814 2291
5 1873 6569 27.6 69.0 62.6 700 823 2306
6 1837 6740 29.8 72.4 63.1 700 818 2293

Table 2. Dielectric and piezoelectric constants for six samples (Nos. 1-6) of PMNT?70/30 single-crystal plates; fc;;, fcs,
and fc, mean frequency constants (a half of sound velocities) in ks, ks, and k, modes.

Figure 8 shows V,, Vg, and Vg, at each measuring position of Nos. D—® in the plates (Nos.
1-6). The V, is almost same as the V. in all the plates of Nos. 1-6 because of the same crystal
anisotropy of the crystal plane of (100)PMNT70/30. While the fluctuation [the difference in
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maximum and minimum values (A)] of V|, Vg, and Vg, in No. 2 is 3, 5, and 3 m/s, the
fluctuation in No. 5 is considerably large values of AV; =47 m/s, AVs; =182 m/s and Vg, =152
m/s even though the k/'s are almost same (Table 2). The fluctuation of V|, Vg, , and Vy in Nos.
5 and 6 corresponds to lager values of ds; and &, in comparison with the ones in Nos. 1-4
(Table 2). Therefore, it was clarified that the measurement of sound velocities is effective tool
to precisely evaluate local domain alignments in single-crystal plates.
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Figure 8. Distributions of longitudinal wave velocity (V) and transverse wave velocities (Vg and V) in PMNT70/30
single-crystal plates.

Figures 9 and 10 show distributions of Y (in this case also Y, =Yy) and o (o = oy), and further,
G (GL=Gy) and K (K| = Ky) in the plates of Nos. 1-6. Although the fluctuation of Y, o, G, and
K (AY, Ao, AG and AK) in Nos. 1-4 is much smaller than the AY, Ao, AG, and AK in Nos. 5
and 6. Figure 11 shows distributions of ds; in the plates of Nos. 1-6, the schematic domain
alignments in the case of Nos. 2 and 5, and contribution of ¢, (e, of a-axis direction) and «_ (e,
of c-axis direction) to €. The reason higher d;; was obtained in the plates of Nos. 5 and 6
composed of oriented domain alignment is due to higher ¢, affected by ¢, (¢, > ¢.) under the
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Figure 9. Distributions of Young’s modulus (Y and Yy) and Poisson’s ratio (o; and oy) in PMNT70/30 single-crystal
plates.
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condition of same k/s. On the contrary, the plates of Nos. 1-4 consist of single domain
alignment, the ¢, of which practically depends on ¢. These domain configurations between
the plates of Nos. 1-4 and Nos. 5, 6 will be described in the Sections 2.3-2.5.
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Figure 10. Distributions of modulus of rigidity (G, and Gy) and bulk modulus (K, and Ky,) in PMNT70/30 single-crys-
tal plates.
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Figure 11. Distributions of ds; in the plates, the schematic domain alignments in the case of Nos. 2 and 5, and contribu-
tion of ¢, (¢, of a-axis direction) and ¢ (g, of c-axis direction) to &,.

2.3. Effect of domain boundaries on elastic constants

Figure 12 shows relationships between elastic constants (Y, 0, G, and K) and d;; in the plates
of Nos. 1-6. There are two groups such as single domain alignment (low Y, G and high o, K
of Nos. 1-4) and oriented domain alignment (high Y, G and low o, K of Nos. 5 and 6).
Comparing the two groups, while the domain configurations change from oriented domain
alignment (plates of Nos. 5 and 6) to single domain alignment (plates of Nos. 1-4), the Y and
G decrease, and o and K increase. Here, the plates with oriented domain alignment mean the
plates possess domain boundaries just like grain boundaries as mentioned later. It was thought
that the existence of domain boundaries like grain boundaries acts as the increase in Y, G and
the decrease in 0 and K as same as in the case of ceramics.
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Figure 12. Relationships between elastic constants and d; in plates.

2.4. Frequency responses in single-crystal plates

http://dx.doi.org/10.5772/62711
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Frequency responses of impedance in the plates were measured to investigate the vibration
modes. There are k, fundamental and the overtones of 3rd, 5th, and 7th without any spurious
responses in range from 1 to 50 MHz (Figure 13). Calculating from the impedance responses
of k, fundamental, the average k, and the standard deviation are 63.1% and o =0.25% (n=6

pcs.).
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Figure 13. Frequency responses of impedance in single-crystal plates in range of from 1 to 50 MHz.

While frequency responses in range of 1-150 kHz were measured for analyzing ks and ks,
modes, there are simple responses in Nos. 1-4; however, there are complicated responses with
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spurious responses in Nos. 5 and 6 (Figure 14). Since the complicated responses were related
to ks, ks, modes and their overtones [12], it was evident that different domain configurations
exist in the plates of Nos. 5 and 6 as well as the investigation on measuring sound velocities.
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Figure 14. Frequency responses of impedance in single-crystal plates in range of from 1 to 150 kHz.

2.5. Observation of ferroelectric domains by transmission optical microscope

Single-crystal plates removed electrodes for DC poling use, after DC poling and after depola-
rization at 200°C, were investigated by a transmission type optical microscope under cross
nicol to directly observe the domain configurations. Figure 15 shows photos of the plates of
Nos. 2 and 5 after DC poling (a) and after depolarization (b), and schematic pictures of domain
alignments of the plates (Nos. 2 and 5) after depolarization. Although the photo of No. 2(a)
indicates uniform color, the photo of No. 5(a) consists of two different color regions after DC
poling. As the subtle difference in colors indicates the difference in domain alignment of the
crystal bulk itself [12], it is thought that the plate of No. 5(a) is composed of more than two
kinds of domain configuration (oriented domain alignment, moreover, there are domain
boundaries just like grain boundaries), and on the other hand, the plate of No. 2(a) becomes
uniformity (single domain alignment). The observations of the plates of Nos. 2(b) and 5(b) after
depolarization more clearly show these domain configurations as described in the schematic
pictures. Comparing the photos of Nos. 5(a) and (b), it can be concluded that the domain
alignments have already existed in as-grown single-crystal plate such as grain boundaries in
ceramics (it means domain boundaries just like grain boundaries). It was thought that these
boundaries come from some kinds of mechanical stress because single-crystal plates are quite
uniform from the viewpoints the investigation of the chemical compositions and the physical
properties analyzed by XRD in the plates [9].
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Figure 15. Observation of domain alignments in single-crystal plates by transmission optical microscope under cross
nicol and schematic pictures of domain alignments of plates. Nos. O-® in this figure [No. 5(a)] correspond to meas-
urement positions of sound velocities.

3. Elastic constant of PMNT70/30 single-crystal plates and ceramics

PMNT70/30 ceramics were fabricated to compare the two bodies, single-crystal plates, and
ceramics. Evaluating elastic constants calculated by sound veracities, it was thought that effects
of domain and grain boundaries on elastic constants can be clarified in both the cases.

3.1. Piezoelectric properties and elastic constant in PMNT?70/30 single-crystal plates and
ceramics

Table 3 shows dielectric and piezoelectric properties in PMNT70/30 single-crystal plates and
ceramics. PMNT ceramics possessed the properties as follows: one-quarter of d;;, a half of €,
and two-third of k, in comparison with the vales of PMNT single-crystal plates. Table 4 shows
elastic constants in PMNT70/30 single-crystal plates and ceramics after DC poling. PMNT
single-crystal plates possessed the properties as follows: almost same V|, however, extremely
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large Vs (+1000 m/s), as the result, small o in comparison with the o of PMNT ceramics. It is
thought that the differences in the both are due mainly to grain boundaries as discussing later.

Single crystal di; (pC/N) & () ki (%) Ky (%) k(%) fo; (Hz m) fc;, (Hz m) fc, (Hz m)

Av. 1780 6190 29.9 73.2 63.1 721 828 2295

g 65 377 1.1 2.0 0.3 18 10 6

PMNT?70/30 single-crystal plate (dimensions; 20.7 mm", 14.0 mm", 1.00 mm?), n =6 pcs.

Table 3. Dielectric and piezoelectric properties in PMNT70/30 single-crystal plates and ceramics after DC poling.

Ceramics  dy; (pC/N) & () k, (%) ky (%) k; (%) k(%) fc,(Hzm) fc;," (Hzm) fc,” (Hzm)  fe, (Hz m)
Av. 420 3045 50.6 20.9 41.6 419 2167 1554 1703 2227

o 7.5 60 1.0 - - 0.5 7.7 - - 44

PMNT70/30 ceramic disk (dimensions; 20.0 mm®, 1.00 mm?), n =10 pcs.
* PMNT?70/30 ceramic plate (dimensions; 15.6 mm", 10.9 mm", 1.00 mm”), n=1 pc.
PMNT70/30 manufacturing processes; Firing: 1200°C, 2h/ DC poling: 2 kV/mm, 30 min at RT.

Table 3. Continued.

Material Elastic constants Density (g/cm®)  V_ (m/s) Vg (m/s) Vg (m/s) Y, Yy (x10° N/m?)
Single crystal Av. 8.10 4565 2897 2895 15.8 15.8
o 0.01 12 41 32 0.2 0.2
Ceramics Av. 7.89 4466 1862 7.61
o 0.02 12 12 0.09

Table 4. Elastic constants in PMNT70/30 single-crystal plates and ceramics after DC poling.

Material Elastic constants Oy Owe G, Gy (x10"° N/m? K, Ky (x10' N/m?)
Single crystal Av. 0.16 0.16 6.80 6.79 7.82 7.82
o 0.01 0.01 0.19 0.15 0.19 0.14
Ceramics Av. 0.395 2.73 12.1
o 0.002 0.03 0.01

Table 4. Continued.

3.2. Effect of DC poling and grain boundaries on elastic constants

Figure 16 shows the effect of DC poling on elastic constants in PMNT70/30 single-crystal plates;
elastic constants vs. d,; after DC poling and after depolarizing together with lead-containing
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(PMNT, soft and hard PZT, lead titanate and PMNT) and lead-free (barium titanate, alkali
niobate, and alkali bismuth titanate) ceramics. PMNT70/30 single-crystal plates after DC poling
become mechanical hard because Y, G, o, and K increase, while Y and G decrease and o and
K increase all kinds of ceramics [see the directions of each arrow (—)]. It was thought since
single crystal was improved mechanical hardness after DC poling, domain boundaries in
PMNT70/30 single-crystal plate act as to absorb mechanical stress generated by defects due to
the boundaries.
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Figure 16. Effect of DC poling on elastic constants in PMNT70/30 single-crystal plates.

Figure 17 shows the effect of grain boundary between PMNT single-crystal plates and PMNT
ceramics; elastic constants vs. various kinds of coupling factors (k) such as k, (planer coupling
factor in ceramic disk), ks, ks, and k, in the single-crystal plates. Introducing grain boundary,
in PMNT ceramics Y and G become smaller and o and K become larger in comparison with
the ones in single crystal [see the directions of each arrow (—)]. Grain boundaries also act as
to absorb mechanical stress by the defects due to the boundaries. Furthermore, increasing k
(ksy, ksp, and k) in single crystal, Y and G decrease, and o and K increase as same as the ones
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of piezoelectric ceramics. It was thought that these counter phenomena (Y and G decrease, and
o and K increase) for increasing k between PMNT single-crystal plates and PMNT ceramics
are due to domain alignment by DC poling field [11].
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Figure 17. Effect of grain boundary between PMNT70/30 single-crystal plates and ceramics.

3.3. Relationships between sound velocities, Poisson’s ratio, and bulk modulus

Figure 18 shows the relationships between ratio of V to V;; V¢/V}, 0, and K in PMNT single-
crystal plates and piezoelectric ceramics including PMNT ceramics. Since decreasing V¢/V
increasing coupling factor (k) from a result of our previous study [11], k increases with
increasing o and K in both the cases of single crystal and ceramic. However, the o and K in
single crystal are extremely small in comparison with the ones in ceramics; especially the o in
single crystal after depolarizing is zero. While the o in ceramics distributes from 0.38 to 0.43
(soft PZT), from 0.36 to 0.40 (PMNT), and from 0.22 to 0.27 (PbTiO;), the o in PMNT single
crystal distribute from 0.0 to 0.16 before and after DC poling, respectively. The reason o’s
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become smaller from PZT, PMNT, PbTiO; ceramics to PMNT single crystal depends on degree
of the crystal anisotropy of the materials as shown in the ranges of o (the longitudinal axis).
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Figure 18. Relationships between ratio of Vs to V;; V¢/V;, 0 and K in PMNT70/30 single-crystal plates and piezoelectric
ceramics including PMNT70/30 ceramics.

4. Origin of piezoelectricity in single-crystal plates and ceramics

From the viewpoints of elastic constants in single crystal and ceramics, the origin of piezo-
electricity of both was proposed from viewpoints of elastic constants. In single crystal, low K
accompanied with high Y and G and low o is significant to realize high k because single crystal
exhibits one grain (no grain boundary) with single domain (Figure 17). On the contrary, in
ceramics high o caused by high K accompanied with low Y and G is significant to realize high
k because same charges introduced by domain alignment in each grain repulse each other after
DC poling [11]. The repulsion of oriented domains in grains acts as increasing o with increasing
K and decreasing Y and G, as the results, high k can be achieve in ceramics with multi grains
(practical single domain in one grain). Therefore, the origin of piezoelectricity in ceramics is
said that the existence of grain boundaries; furthermore, the grain orientation accompanied
with domain alignment between ceramic grains is the key. Figure 19 is summarized the
relationships between domain alignment, size dimensions, origin of piezoelectricity, and effect
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of DC poling on elastic constants in single crystal and ceramics through our investigation of
the measurement on sound velocities. From this figure, it is clearly understand between single
and oriented domains in single crystal, and the relationships between size dimensions, domain
and grain alignments, and the effect of DC poling on elastic constants in piezoelectric materials.

Single domain ?11.: ;_i ~1 dumain"zmiu
s ‘,f .
! N 11/7) x DC poling
- T T ,.,._ — direction
Domain bound: l* Grain-tdundar i
| Size dimensions < severdl mm el

=1

—_— [rom—
| Piezoelectricity Domain “I'E""“w“' |

Effect of uu ﬂum

DC poling | e v N AP

Grain alignment

Figure 19. Relationships between domain alignment, size dimensions, piezoelectricity, and effect of DC poling on elas-
tic constants in single crystal and ceramics.

5. Summary

Roles of domain and grain boundaries in relaxor single-crystal plates and ceramics were
clarified by measuring sound velocities. Effect of domain boundaries on elastic constants was
evaluated by the effect of DC poling on elastic constants in (100)0.70Pb(Mg;;;Nb,;)O5—
0.30PbTiO; relaxor single-crystal plates. Effect of grain boundary on elastic constants was
evaluated by comparing elastic constant in the relaxor single crystals and the ceramics. Finally,
the different origins of piezoelectricity in single crystals and ceramics were proposed through
our investigation of the measurement on sound velocities.
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Abstract

In this chapter, we show the procedures we have been used to theoretically investi-
gate the piezoelectric effects in perovskites. The construction of extended basis sets
using the generator coordinate Hartree-Fock (GCHF) method is shown, as well as the
strategies used to contract extended basis sets and to evaluate their quality in molecu-
lar calculations. Besides, we show adequate procedures to choice polarization and
diffuse functions to best represent the studied crystal. In addition, we also discuss
conditions under which GCHF basis sets and standard basis sets from literature can be
used to theoretical investigation of piezoelectricity in perovskites. We finalize the
chapter presenting and discussing the results for investigations of piezoelectricity with
standard basis sets for barium and lanthanum titanates. To conclude, we present
evidences that BaTiO; and LaTiO; may have piezoelectric properties caused by
electrostatic interactions.

Keywords: basis sets, theoretical methods, quantum mechanical approaches, piezo-
electricity, perovskites
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1. Introduction

The worldwide growing demand for energy has led to increasing dependence on fossil fuels
from few and unstable regions of the globe. Oppositely, clamors for more restrictive environ-
mental regulation have pointed out the development of cleaner power supplies that meet the
increasing demand for electricity.

The use of natural gas or their liquid fuels, the first and second generation of biofuel, and, even,
hydrogen has been pointed as “clean” power supplies for the growing demand. Other classic
solutions cover hydropower, solar, wind, and nuclear supplies which have enforcement power
and limitations described by literature.

Piezoelectricity is a good alternative for clean and environmental power supply. It does not
generate waste or pollutants because it does not need fuels or additives. Some revolutionary
applications of this type of energy can be enumerated: piezoelectric plates in shoe soles can
generate energy for charging portable electronic devices; piezoelectric plates in floors can be
an alternative for lighting squares or dance clubs; and, even in a futuristic vision, piezoelectric
materials can be used in pavements of highways or streets to generate inexpensive energy.
This type of power supply can bring benefits to society and to environment because it can be
obtained sustainably and be capable to replace other power supplies.

The piezoelectric effects were discovered in 1880 by brothers Pierre and Jacques Currie in
quartz crystals. Ever since, piezoelectricity has been leading numerous researches in devel-
opment of electronic transducer systems. The effect consists basically in conversion of
mechanical energy to electrical energy (from Greek term “piezo” for pressure). In 1881,
Lippman, using the thermodynamic analysis, predicted the existence of inverse piezoelectric
effect, which consists in appearance of material deformation submitted to an electric field.

Two conditions must be presented simultaneously in a crystal to have piezoelectric property.
First, it is the presence of uncentersymmetric characteristic in the crystalline structure of the
material. Second, it is the existence of a material polarization when submitted under mechan-
ical stress.

The piezoelectric effect is a reversible process for materials which present direct (internal
generation of electric charge resulting from applied mechanical stress) and reverse (internal
generation of mechanical stress resulting from applied electric field) effects. For example, lead
zirconate titanate crystals generate measurable piezoelectricity when static structure is
deformed by 0.1% from initial dimension. Oppositely, these same crystals change 0.1% of their
static dimensions submitted to an external electric field.

Oxides as perovskites have a general formula ABO,, where A is a large cation-like alkaline
metals, earth metals, and rare earth metals and B is a small cation-like transition metals. Most
common perovskites are those where A is a cation of rare earth metal with oxidation state +3
and B is a transition metal with the same valence state [1].

The perovskite structure is the most important piezoelectric crystalline ceramic. This structure
is a network of cornered linked oxygen octahedral holes with a large cation filling the dodec-
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ahedral holes. The piezoelectric properties in perovskite structure result from uncentersym-
metric characteristic, since this physical property is originated from crystal anisotropy.

The first perovskite structure developed was barium titanate (BaTiO;). The polymorphous
forms of BaTiO; have been likened displacing the central Ti* ion within its oxygen octahedron
toward one, two, and, then, three of the six adjacent oxygen ions as the temperature is lowered.
This is a simplification of the actual atomic displacements, but it is a useful first approximation
for structure understanding. For a revision about the role of the perovskite structure in ceramic
science and technology, see literature [2].

The pragmatic application of theory in science follows two strategies: (i) there is readiness of
experimental information of the interested system’s properties (the application’s results for
the theory in study of those properties can be confronted to experimental data which will serve
as guide to corroborate the applied concepts or to suggest changes) and (ii) experimental data
are not available (the resulting forecasts of the application of theory can be used by experi-
mentalists as guide to facilitate the rational money application and the time reduction for the
system under investigation).

In last decade, we have been reported in literature a series of articles about theoretical studies
of perovskites. Basically, our purpose is to investigate the possible existence of piezoelectric
properties in those materials, using developed basis sets for the appropriate environment of
their crystals. In our approaches, different theoretical methods have been used and the results
suggest or not this property.

In this chapter, we show that the strategies have been used to study piezoelectricity in ceramic
materials as perovskites using basis sets obtained by our research group. To obtain extended
basis sets, we will show computer details using generator coordinate Hartree-Fock (GCHF)
method [3] and the procedures used to contract extended basis sets as well as the strategy used
to evaluate their quality in molecular environment. In addition, we will show the supplement
of polarization and diffuse functions to best represent the studied crystal environment and the
theoretical methods used in our articles in literature. We will also discuss conditions how our
obtained basis sets and standard basis sets from packages in literature can be used to develop
studies of piezoelectricity in perovskites.

Finally, we will present and discuss the obtained results for investigation of piezoelectricity
with standard basis sets for barium and lanthanum titanates and last considerations related to
this chapter.

2. The generator coordinate Hartree-Fock method and the construction of
basis sets

In this section, we provide a brief history of the scientific scene that gave rise to the GCHF
method and the atmosphere in which it has developed. We will also make a presentation of
the GCHF method as strategy for building extended and contracted basis sets as well as the
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procedure used to evaluate their quality and the selection of polarization and diffuse functions
used in calculations of perovskites.

2.1. Brief history of scientific scene and atmosphere for the development of GCHF
method

In 1957, the generator coordinate (GC) method for the nuclear bound state [4] was introduced
in literature. According to this method, the variational trial function is written as an integral
transform over a nucleonic wave function and a weight function depending on a parameter
(GQ), i.e., fla). In this way, the common variational principle, 5E/d6a=0 (where E is the total
energy of system and a is the GC), a priori, was made more powerful with the requirement
OE/ofa, leading to an integral equation. Most applications in nuclear physics relied on the
Gaussian overlap approximation (GOA). Although there were some attempts in numerical
solution [5], the discussion of the GC method against the background of the Fredholm theory
of linear integral equations was reported in literature [6, 7]. Probably the first application of
GC to electrons in a molecular system (hydrogen molecule) was reported in literature in the
second half of the 1970s [8]. After, the GC method was applied to several model problems,
including the He atom, with special emphasis on various aspects of the discretization technique
[9]. Besides, further developments in discretization techniques were reported in literature [10,
11].

On the other hand, in the late 1960s, the integral method for atomic and molecular systems
was introduced in the literature, closely related to GC [12, 13]. In these applications, explicit
forms were chosen for f() (as the delta function) leading to a variational treatment for the
integration limits. Extensive bibliography on this method was found in literature [14].

The GCHF method was introduced in 1986 [3], and one of the first applications was in the
generation of Gaussian- and Slater-type orbitals (GTO and STO) universal basis sets [15-17].
The GCHF method was used to build contracted GTF (Gaussian Type-Function) basis sets for
the first- and second-row atoms which were applied in calculations of various properties at
the HF, CISD (configuration interaction with single and double excitations), and MP2 (Mdller-
Plesset perturbation theory to second order) levels for a group of neutral and charged diatomic
species [18, 19]. Also in the 1990s, efforts were concentrated on the development of GCHF
formalism for molecular systems and the first applications have been focused on building basis
for H,, N,, and Li, [20] and LiH, CO, and BF [21]. Applying GCHF basis sets for calculation of
properties of polyatomic systems with the first application being concerned with the study of
electronic properties and IR spectrum of high tridymite began in the second half of the 1990s
[22]. First-principles (ab initio) calculations of electron affinities of enolates were also per-
formed [23]. Theoretical interpretation of IR spectrum of hexaaquachromium (III) ion,
tetraoxochromium (IV) ion, and tetraoxochromium (VI) ion [24] and theoretical interpretation
of the Raman spectrum [25] and the vibrational structure of hexaaquaaluminum (III) ion [26]
were also conducted with GCHF basis. Process of adsorption of sulfur on platinum (2 0 0)
surface [27], infrared spectrum of isonicotinamide [28], and transition metal complexes [29-
32] were also studied with GCHF basis sets.
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2.2. Construction of extended and contracted basis sets for calculations in perovskites

The GCHF approach is based in choosing the one-electron functions as the continuous
superposition:

o,()=ly.(1, 0)f,(a) dai=1,2,3,..n (1)

where U are the generator functions (GTOs for the case of perovskites) and f; are the weight
functions (WFs) and 1 is the GC.

The @, are then employed to build a Slater determinant for the multi-electronic wave function
and minimizing the total energy with respect to f,(at), which arrives to the HE-Griffin-Wheeler
(HFGW) equations:

I [F(o, B) - &S(o, BYIf(B)IB =0 i=1,2, @
3,

........ m

where {i; are the HF eigenvalues and the Fock kernels, F(a,) and S(a,3) are defined in Refs.
[3, 16].

The HFGW equations are integrated numerically through discretization with a technique that
preserves the integral character of the GCHF method, i.e., integral discretization (ID). The ID
technique is implemented with a relabeling of the GC space [15], i.e.,

Q=Ina/A A>1 3)

with A is a scaling parameter numerically determined. For perovskites A = 6.0.

The new GC Q space is discretized, by symmetry, in an equally space mesh formed by ii values
so that

Q=0 +(KkDAQ k=123,...N )

In Eq. (4), N corresponds to the number of discretization points defining the basis set size,

min

is the initial point, and A(Q is the increment.

The values of Q;, (lowest value) and the highest value Q. =Q,;.+(N — 1)AQ are chosen in
order to adequately encompass the integration range of (). This is visualized by drawing the
WFEFs from preliminary calculations with arbitrary discretization parameters. To illustrate the
application of the GCHF method in the choice of basis sets for perovskites, we refer to our
publication that investigates the piezoelectricity in LaFeO, [33]. Figure 1 shows the respective
2s, 3p, and 5d weight functions for O (°P), Fe (°F), and La (*D) atoms.
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Figure 1. 2s, 3p, and 5d WFs for O (°P), Fe (°D), and La (*D) atoms obtained with (20s14p), (30s19p13d), and
(31s23p18d0 Gaussian) basis sets, respectively. Reproduction authorized by authors [33].

In the solution of the discretization of Eq. (2), the (22s14p), (30s19p13d), and (32s24p117d)
GTOs basis sets were used to O (°P), Fe (°D), and La (°D) atoms, respectively, as defined by the
mesh of Eq. (3). The values of Q_;, and Q
integration range of each WF atom. In Table 1, the discretization parameters (which define the

min nax Were selected in order to satisfy the relevant

exponents) for the built basis sets are shown.

Symmetry o Fe La
Qmin AQ N Qmin AQ N Qmin AQ N
s -0.3969 0122 22 -0.5998 0.114 30 -0.6304 0115 32
-0.4387 0119 14 -0.2758 0110 19 -0.3938 0.104 24
- - - -0.3771 0117 13 -0.4532 0113 17

“The scaling parameter used for s, p, and d symmetries for all atoms studied is equal to A = 6.0. Reproduction
authorized by authors [33].

Table 1. Discretization parameters (which define the exponents) for O (°P), Fe(°D), and La(°D) atoms®.

For perovskite calculations, a basis set is usually developed in three stages: (1) construction of
the extended basis set in atomic calculations, (2) construction of the contracted basis set using
a segmented or general scheme (at this stage, due to increased availability of software access,
we use the segmented contraction scheme), and (3) addition of supplementary functions of
diffuse and polarization character. The first stage is usually a straightforward task. To illustrate
the second step, we consider the segmented contraction [31] of basis sets to O (°F), Fe (°D), and
La (°D) atoms in LaFeO; [33]. The 20s14p basis set to O atom was contracted to 7s6p as follows:
16,1,1,1,1/9, 1, 1, 1. For Fe atom, the 30s19p13d GTO basis set was contracted to 13s8p6d
according to 14, 3,2,2,1,1,1,1,1,1,1/12,1,1,1,1, 1,1, 1/8,1, 1, 1, 1, 1. For La atom, the
32s24p17d GTO basis set was contracted according to 13,2,1,1,1,1,2,1,1,1,1,1,1,1, 1, 1,
1/10,2,1,1,1,1,1,2,1,1,1,1,1/10,2,1,1, 1, 1, 1.
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2.3. Quality evaluation of the basis sets in perovskite calculations

In order to evaluate the quality of the contracted GTO basis sets in perovskite studies, the
calculations of total energy, the highest occupied molecular orbital (HOMO) energy and
the one level below to highest occupied molecular orbital (HOMO-1) energies for perov-
skites fragments at the HF level [35], are performed and the results are compared with
those obtained from the extended GTOs basis sets. For LaFeO;, the 2FeO*! and 'LaO*! frag-
ments were studied. Comparison of the calculated values with the contracted and extended
GTOs basis sets, respectively, shows differences of 0.2534 and 0.2827 hartree for the total
energy and 8.8 x 10 and 1.26 x 107 hartree for the energy orbital. These values show a
very good quality of the contracted GTOs basis sets for the study of properties of perov-
skite LaFeO; [33].

2.4. Supplementation of the basis sets with polarization and diffuse functions for
calculations in perovskites

In order to better describe the properties of perovskite systems in the implementation of ab
initio calculations, the inclusion of polarization functions in GTO basis sets is necessary. A
methodology that has been a good strategy in the choice of polarization function for con-
tracted GTOs bases sets is to extract the polarization function from the own Gaussian prim-
itive basis set using successive calculations for the [ABO;], fragment for different primitive
functions, taking into account the minimum energy criterion. For the [LaFeOj;], fragment,
the polarization function was included in the contracted GTO basis set for the O atom, i.e.,
ay =0.30029 [33].

The role of the basis set is a crucial point in ab initio calculations of systems containing
transition metals, since the description of the metal atom’s configuration in complex is different
from neutral state. In our studies with perovskites, the adequate diffuse functions for supple-
mentation of contracted GTOs basis sets have been selected via one of the following methods:
(1) the exponents of the basis sets are ranked according to magnitude and plotted on a
logarithmic scale with equally spaced abscissas. Then the extrapolation of curve was done to
smaller values of exponents, thereby obtaining exponents for a diffuse function [36] and (2)
using the total energy optimization of the ground-state anions of the metals present in
perovskite structure [37].

For LaFeO,, the adequate diffuse functions were chosen using the first methodology described,
i.e., for the contracted GTO basis set of Fe and La atoms, the diffuse functions are, respectively,
a, = 0.0138038, a, = 0.1000000, and oy = 0.054954; o, = 0.0125892, a, = 0.0446683, and
ag=0.0112201.

The results obtained in the study of the perovskite LaFeO, with contracted GTO ba-
sis sets constructed with GCHF method strategy are well documented in literature
[33].
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3. Revision of basis sets and theoretical methods used to study the
piezoelectric effect in perovskites

The literature reports different methods and basis sets built by GCHF method for investigation
of perovskites’ piezoelectric effects. The RHF (Restricted Hartree-Fock) method together with
the 17s11p7d/11s6p6d/5s3pld GTOs basis was used for investigation of perovskites” piezo-
electricity of lanthanum manganite [38]. Besides, the ROHF (Restricted Open-shell Hartree-
Fock) method and the 14s7p7d/11s7p7d/9s7pld GTOs basis set allowed the calculations of
electronic structure of yttrium manganite [39]. After, studies of piezoelectric effects were done
in praseodymium manganite using ROHF method and 18s12p5d3f/9s6p4d/9s5p1d GTOs basis
set [40], in BaTiO; using HF/16s9p5d/10s5p4d/6s4p1ld GTOs method/basis set [41], as well as
in lanthanum ferrite using HF/19s14p8d/14s9p7d/7s6p1d GTOs approximation/basis set [33].
Calculations for theoretical investigation of piezoelectric effect in samarium titanate and in
yttrium ferrite were developed using DKH level (Douglas-Kroll-Hess second-order scalar
relativistic) with 17s12p8d4£/10s6p3d/5s4pld GTOs [42] and 14s9p8d/14s8p6d/6s4pld [37]
basis sets, respectively. On the other hand, quantum chemical studies for piezoelectricity of
yttrium titanate and gadolinium niquelate using DKH approximation were been reported in
literature. For the yttrium titanate, the 16s10p7d/11s6p5d/6s5p1d GTOs basis set was used [43],
while, for gadolinium niquelate, the used basis set was 20s14p10d6£/13s8p7d/6s4pld GTOs
[44].

In the developed studies for piezoelectricity investigation, standard basis sets from literature
mostly showed inefficient for theoretical description of studied perovskites, and, therefore, the
electronic structure description of these materials is inadequate for a satisfactory interpretation
of this effect. For this reason, we recommend the use of GCHF method strategy; even standard
basis sets are inappropriate to describe the geometric parameters of studied perovskites under
the piezoelectric effect perspective. Furthermore, using GCHF method basis sets allows
choosing the ideal basis set to better describe the studied polyatomic environment.

4. Investigation of piezoelectricity in perovskites using standard basis sets
in barium titanate (BaTiO;) and lanthanum titanate (LaTiO,)

In this section, we investigate the piezoelectricity in BaTiO, and LaTiO; perovskites. Initially,
we apply the methodology for the BaTiO; to verify if the results show the piezoelectricity
property, once it is known this perovskite has it. After, we apply the same methodology for
LaTiO; and the results are analyzed to check the property. Figure 2 shows crystallographic
units of studied perovskites.

4.1. Computational

The calculations were done using the basis set of Lan2DZ (Los Alamos National Laboratory
dupla zeta) [45-47] at the density functional theory (DFT) level. In the DFT calculations, we
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have employed the Becke’s 1988 functional [48] using the LYP (Lee-Yang-Parr) correlation
functional [49] as implemented in the Gaussian 98 program [50].

For the study of the crystalline 3D periodic BaTiO; [51] and LaTiO; [52] systems (Figure 2), it
is necessary to choose a fragment (or a molecular model), which represents adequately a
physical property of the crystalline system as a whole.

Figure 2. Crystallographic units BaTiO; (a), features seen, O atoms (red), Ti atoms (white), and Ba atoms (brown) and
LaTiO; (b), features seen, O atoms (red), Ti atoms (white), and La atoms (blue), from which the fragments were extract-
ed for study.

Figure 3 shows the molecular models used to simulate the necessary conditions of the existence
of piezoelectricity in BaTiO; [51] and LaTiO; [52] as full solids. The [BaTiOs], and [LaTiO;]
fragments were chosen because, after its optimization, the obtained structural parameters
(interatomic distances) were close to experimental values with very good precision. For the
two systems, the Ti is located in the center of the octahedron being wrapped up for six O atoms,
disposed in the reticular plane (2 0 0), and two Ba or La atoms arranged in the reticular plane
(100).

In this study, the following strategy was used: (i) initially, it was made the geometry optimi-
zation of the [BaTiO;], and [LaTiOs], fragments in the C, symmetry and 1A' electronic state;
(if) at last, with the geometry optimized according to the descriptions presented in Figure 3,
single-point calculations were developed.

In Figure 3, (a) represents the [BaTiOs], fragment with the Ti atom fixed in the space and Ti
atom being moved 0.003 A in the direction to O,, O,, O,, O,, O,, and O, atoms and Ba atom and
all O atoms are fixed; (b) represents the [BaTiO;], fragment with the bond lengths Ti—O,,
Ti—O, shortened from 0.003 A; (c) represents the [LaTiO;], fragment with the Ti atom fixed in
the space and Ti atom being moved 0.005 A in the direction to O,, O,, O,, O,, O, and O, atoms
and La atom and all O atoms are fixed; and (d) represents the [LaTiO;], fragment with the bond
lengths Ti—O,, Ti—Oy shortened from 0.005 A.
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Figure 3. (a) represents the [BaTiO;], fragment with the Ti atom fixed in the space and Ti atom being moved 0.003 Ain
the direction to O;, O,, O;, O,, Os, and O atoms and Ba atom and all O atoms are fixed; (b) represents the [BaTiO;],
fragment with the bond lengths Ti—O, and Ti—O, shortened from 0.003 A; (0) represents the [LaTiO;], fragment with
the Ti atom fixed in the space and Ti atom being moved 0.003 A in the direction to O,, O,, O,, O,, Os, and O, atoms and
La atom and all O atoms are fixed; and (d) represents the [LaTiO;], fragment with the bond lengths Ti—O; and Ti—Oq
shortened from 0.003 A.

4.2. Results and discussion

Table 2 shows the theoretical (calculated) bond lengths and the experimental values from
literature [51] for BaTiO;. The theoretical values are closer to the experimental data. The
deviations between the theoretical and literature values are 6.32 x 102 and 6.39 x 102 A for
Ti—O, and Ba—O0,, respectively.

Bond length (A) Theoretical (this work) Experimental [51] A
T—0, 1.93431 1.99750 6.32 x 10
Ba—O, 2.77480 2.83871 6.39 x 1072

A = |Theoretical - experimental |

Table 2. Experimental and theoretical geometric parameters obtained for BaTiO, by [BaTiO;], fragment optimization.
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Table 3 presents the total energy of [BaTiO;], fragment. As it mentioned previously, the cal-
culations are at atomic positions: Ti is fixed in space, Ti is moved toward the O, atom and Ba
atom and the O other atoms are fixed, Ti is moved toward the O, atom and Ba atom and the
O other atoms are fixed, and so on. The results in Table 3 show that when the Ti atom is
displaced relative to the fixed position, the fragment is 4.32 x 10° 8.20 x 10, 1.08 x 10,
8.38 x 10, 8.54 x 10, 7.39 x 10™* hartree more stable, indicating the Ti* central ion is not
centersymmetric. Also we can see that decreasing the Ti—O, and Ti—O, bond lengths (me-
chanical stress), the energy calculation shows less stable fragment compared to the system
without mechanical stress (Ti fixed in space).

Ti atom position TE (hartree)

Ti is fixed in space -534.259022802
Tiis moved toward the O, atom; Ba and O atoms are fixed -534.259066114
Ti is moved toward the O, atom; Ba and O atoms are fixed —-534.259104826
Ti is moved toward the O, atom; Ba and O atoms are fixed —-534.259130429
Ti is moved toward the O, atom; Ba and O atoms are fixed -534.259860527
Ti is moved toward the O; atom; Ba and O atoms are fixed —-534.259877355
Ti is moved toward the O, atom; Ba and O atoms are fixed —-534.259762234
Bond lengths Ti—O, and Ti—Oj are shortened (mechanical stress) -534.257326207

Table 3. Total energy of [BaTiO;], fragment.

Ti atom position

Atom Ti is fixed in space Bond lengths Ti—O, and Ti—Oy are shortened (mechanical stress)
Ti +0.885 +0.887
Ba +1.837 +1.841
0, -0.636 -0.633
0, -0.564 -0.563
0, -0.664 -0.663
0, -0.291 -0.295
Os -0.296 -0.300
Oy -0.271 -0.274
Dipole moment (Debye)

. 23.28 -23.51
K, -0.3622 0.1374
W, -2.0703 0.0585
u 23.38 23.51

Table 4. Total atomic charges and dipole moment of the [BaTiO;], fragment.
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Table 4 shows the values of the total charges of the atoms for Ti atom fixed in space and for
the fragment under the influence of mechanical stress and the dipole moments, respectively.
Also, it shows the rearrangement of the charges in all atoms caused by a mechanical stress
comparing with the Ti position fixed in space. As well as we can notice the change in the dipole
moment resulting from this mechanical stress. The rearrangement of the charges and the
variation of the dipole moment can lead us to suppose that the decrease of Ti—O, and
Ti—Og chemical bond lengths provokes a polarization of the [BaTiO;], fragment, indicating
the nature of Ti—O and Ba—O chemical bonds was changed.

For the [BaTiO;], fragment with Ti atom fixed in space, the HOMO (Highest Occupied
Molecular Orbital) and the LUMO (Lowest Unoccupied Molecular Orbital)are represented,
respectively, by

HOMO =0.63(2p,) O(1)— 0.46 (2p, ) O(2) +0.15(2p,) O(3) +0.16(2p, )
0(4)+0.57(2p,) O(5)~0.21(2p,) O(6)

LUMO =+0.17(2p, ) O(1)+0.33(2p, ) O(1)+0.12(2p, ) O(1) +0.42(2p, ) O(2) + 0.41(2p, )
0(3)+0.34(2px) O(4) +0.36 (2p, ) O(5) +0.56 (2p, ) O(6)

For the fragment [BaTiO;], under mechanical stress, the HOMO and the LUMO are written as

HOMO =+0.64(2p, ) O(1) - 0.44(2p,) O(2) +0.352p,0(3) - 0.12(2p, ) O(3) +0.18(2p, )
0(4)-0.35(2p,) O(4)+0.16(2p, ) O(5)+0.44(2p, ) O(5) - 0.34(2p, ) O(6)

LUMO =+0.18(2p, ) O(1)~0.31(2p,) O(1) +0.41(2p, ) O(2) + 0.42 (2p,)
0(3)+0.38(2p, ) O(5)+0.56(2p, ) O(6)

The analysis of the HOMO and the LUMO of the [BaTiO;], fragment shows the mechanical
stress does not cause appearance of chemical bonds with contributions of barium atom’s 4d
orbitals. This fact together with the changing of the nature of Ti—O and Ba—O chemical bonds
leads us to suggest that electrostatic interactions are very important in electronic structure of
[BaTiO;], fragment. This is consistent because the repulsive effect of d electrons in both high-
spin and low-spin octahedral species of ML complexes (M = Metal and L = Ligand), all d
electron density will repel the bonding electron density [53]. This shows that the piezoelec-
tricity in BaTiO; can be caused by electrostatic interactions.

The experimental [52] and theoretical geometric parameters for LaTiO; are shown in Table 5.
According to Table 5, the theoretical results are 2.02413 and 2.58928 A for Ti—O, and La—O,,
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respectively, while the experimental values are 2.01556 and 2.59918 A. The differences between
the theoretical and experimental values are 8.57 x 10 and 9.99 x 103 A.

Bond length (A) Theoretical (this work) Experimental [52] A
T—0, 2.02413 2.01556 8.57 x 107
La—0, 2.58928 2.59918 9.99 x 107

A = | Theoretical - experimental |

Table 5. Experimental and theoretical geometric parameters obtained for LaTiO, by [LaTiOs], fragment optimization.

Table 6 presents the total energy from [LaTiO;], fragment. As mentioned previously, the
calculations are at atomic positions: Ti is fixed in space, Ti is moved toward the O, atom and
La atom and the O other atoms are fixed, Ti is moved toward the O, atom and La atom and
the O other atoms are fixed, and so on. According to Table 6, the fragment is stable
8.16 x 1072, 3.36 x 1072, 5.70 x 1072, 7.04 x 1072, 1.72 x 1072, and 2.87 x 1072 hartree to the titanium
atom moving to the positions O;, O,, O;, O,, Os, and Oy, respectively, when fixed in space. Also,
for the [LaTiOs], fragment, we can note that, with the shortening of Ti—O, and Ti—O, chemical
bonding (mechanical stress), the system becomes less stable.

Ti atom position TE (hartree)

Ti is fixed in space -540.247808392
Ti is moved toward the O, atom; La and O atoms are fixed -540.329458501
Ti is moved toward the O, atom; La and O atoms are fixed -540.281387651
Ti is moved toward the O, atom; La and O atoms are fixed -540.304861376
Ti is moved toward the O, atom; La and O atoms are fixed -540.318198767
Ti is moved toward the O; atom; La and O atoms are fixed —-540.265005660
Ti is moved toward the Oy atom; La and O atoms are fixed -540.276475167
Bond lengths Ti—O, and Ti—Oj are shortened (mechanical stress) -532.224697936

Table 6. Total energy of [LaTiO;], fragment.

Table 7 shows the total atomic charges and the dipole moment values for the [LaTiOs], when
the Ti atom is fixed in space and under mechanical stress. In Table 7, we can see, when the Ti
atom is fixed in space, the La atom presents positive charge as expected. However, with
mechanical compression, the La atom receives electrons, presenting negative charge. It can be
characterized by appearance of a pair of free electrons in its 5d orbitals. We can also notice a
wide variation of charges in oxygen atoms. Therefore, as BaTiO, LaTiO; also presents
piezoelectric property due to electrostatic effects with strong variation of the dipole moment
as shown in Table 7.
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Ti atom position

Atom Ti is fixed in space Bond lengths Ti—O, and Ti—O, are shortened (mechanical stress)
Ti +0.967 +2.229
La +1.451 -0.212
O, -0.492 -0.691
0, -0.010 +4.16
0O, -0.553 -0.527
0, -0.267 -1.803
O -0.297 -1.766
O -0.799 -1.390
Dipole moment (Debye)

. 25.71 34.67
Ky 2.806 40.92
W 0.716 25.24
u 25.87 59.29

Table 7. Total atomic charges and dipole moment of the [LaTiO;], fragment.

For the LaTiO;, the HOMO and the LUMO, when the Ti atom is fixed in space, are, respectively,

HOMO =+0.102p,0 (3)+0.212p,0(4) +0.42 2p,0(4) +0.14 2p,0(4) +0.112p O(5)
+0.602p,0(5) +0.39 2p,0(6) - 0.34 2p,0(6)

LUMO =+0.142p 0(2) ~0.38 2p,0(2) — 0.132p,0(3) + 0.20 2p,0(4) — 0.18 2p,0(4)
+0.622p,0(4) - 0.152p,0(5) +0.152p 0(5) +0.53 2p,0(5) — 0.14 2p 09(6)

For the LaTiO, fragment under mechanical stress, the HOMO and the LUMO are

HOMO =+0.78(6s) La +0.35(5p, ) La—0.12(5p, ) La - 0.25 (5d,’)
La-0.18(5d,,)La +0.41(5d,,) La—0.40(5d, ) La

LUMO =+0.37(2p, ) O(1)-0.27(6s) La - 0.17 (5p, ) La +0.12(5p, )
La+0.83(5d,,)La+049(5d,,)La
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Analyzing the HOMO and the LUMO of LaTiO, fragment, with Ti atom fixed in space and
under compression, we can notice that, initially, the system does not present contributions of
5d orbital of La atom for the HOMO and the LUMO. Nevertheless, the mechanical stress has
led to the appearance of contributions of this orbital (5d) in the HOMO and the LUMO of the
fragment. This confirms that these orbitals work as a pair of free electrons causing the
appearance of negative charge in lanthanum atom as shown in Table 7.

5. Concluding remarks

We present a methodology we developed using the GCHF to build basis sets and to study
piezoelectric effects in ceramic materials as perovskite. The GCHF method is a legitimate
alternative for the standard basis sets available in packages for polyatomic system calculations.
Even for cases where standard basis sets do not present computational problems, the GCHF
method is still a good alternative due to the possibility of building basis sets from the own
polyatomic system environment. Besides, the availability of basis sets built by GCHF method
or other variant methodologies is rich documented in literature. Therefore, it is possible,
having components of the atomic basis sets for perovskite systems, to apply portion of the
presented methodology to obtain contracted basis sets with well-supplemented and repre-
sentative polarization and diffuse functions to study piezoelectric properties of this type in
ceramic material. We also demonstrated the use of different possibilities of theoretical
approximations for calculation of these properties, which embrace approximations with more
or less inclusion of electronic correlation energy as well as approximations with relativistic
correction effect for better description of the studied property.

To conclude this chapter, we presented our strategy to investigate the piezoelectric effect of
two perovskite (barium and lanthanum titanates) using standard basis set and the DFT. Thus,
the presented methodology is a legitimate alternative to investigate theoretically piezoelectric
properties in ceramic materials as perovskites.
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Abstract

The SbSI crystals are investigated in the paraelectric and ferroelectric phases. The
calculations have been performed to find the symmetry and normal coordinates of
vibrational modes. We have observed that potential energy with double well create the
soft mode of B,, symmetry in the microwave range and semisoft modes in the IR range.
The A, and B, symmetry, top electronic levels of the highest valence band, are
degenerate in the paraelectric phase. It is shown that the Jahn-Teller effect is caused by
A, symmetry normal mode interacting with the degenerate A, symmetry electronic
states in the valence band top. The pseudo-Jahn-Teller effect is induced due to the same
mode interacting with A, symmetry electronic states in the valence band and B,
symmetry states in the conduction band bottom. Concerning these two effects, the
normal mode force constant K decreases and vibrational constants undergo changes
during the phase transition. The theoretical deformation along the crystallographic—
x(a), y(b), and z(c) —axes were studied for Sb atoms. The major change of piezoelectric
modulus takes place in the ferroelectric phase near the phase transition temperature. At
lower temperatures piezoelectric modulus changes become slow. The value as well as
anomalous temperature dependence of piezoelectric modulus and Az(T) is influenced
by the change of mean potential energy v p(z) of Sb atoms in soft mode.

Keywords: SbSI crystals, potential energy, pseudo-Jahn-Teller effect, normal vibra-
tional modes, piezoelectric modulus
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1. Potential energy of normal vibrational modes

1.1. Introduction

SbSI has a classical ferroelectric phase (FEF) transition at the temperature T =295 K [1, 2]. This
crystal has large interest to the fundamental physical properties as well as for the promising
application possibilities. It is known that it has large temperature and electric field depend-
ence of the optical characteristics [3], electronic structure [4, 5], and other features. Petzelt [6]
observed in the IR reflectivity spectra a strong temperature dependence of the lowest-frequen-
cy dielectric constant. Sugawara et al. [7] has determined strong temperature dependence of
reflectivity for El | ¢ in the range of 0-70 cm™. According to the author [7, 8], the frequencies of
thesoftmodeare4.0and 6.5 cm™ at temperatures 298 and 318 Kin the IR range of SbSI spectrum.
Although some authors [9] demonstrate result n (+90%) of the frequency = 9 cm™ to the static
dielectric constant#(0) at the room temperature, others claim the soft mode with frequency 10 cm
' to be insignificant [10]. The soft mode consisting of two components has been found in the
SbSI [11], SbSI-SbSel [12], SbSI-BiSI [13], and SbSI-SbSBr systems [14] in the microwave range.
The first component is a soft microwave mode bringing the major contribution in £(0), and the
second is a semisoft mode in the IR range and contributes to €(0), which is less than 10% [15].

2. Symmetrical and normal coordinates

In [16] we have described the symmetrical and normal coordinates which were used to
calculate electronic potential. As known, in the adiabatic approximation the vibration energy
E =T+ V of a system of atoms can be expressed via normal coordinates Q as follows:

1 do, ’ 1 2
== 2 =V ==NA10, 1
24 ( dt J 24 @
The force constants A, are solution of the characteristic equation

[Aa, -6, =0 @
where a; and b; are factors of the energy expression in orthogonal symmetry coordinates F;:

1 dFd
T==
2

Zb FF,. 3)

i

Symmetry coordinates are defined as particular combinations of Cartesian components x;, y;,
and z; of displacements [17]. Similarly to the vibrations of Sb,S;, the ones of SbSI belong to the
same irreducible representations T',, since the space groups of both crystals are D, in the
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paraelectric phase and C,, in the ferroelectric phase. Symmetry operations of the space group
D, are 51+58 [18, 19]. Some of them, such as S;, S;, Sy, and Sg, are connected with the space
group C,,. The effect of these symmetry operations is the same in the unit cell that consists of
four molecules (SbSI), as in the Sb,S; unit cell [20] (Table 1).

Atoms Number D21h6
Rao [19] Balkanski [18] S1 52 S3 S4 S5 S6 S7 S8
Sb,S, SbSI SbSI S1 S3 S6 S8
Cs)

2 1 Sb2 Sb2  Sb4  Sbl Sb3  Sbl Sb3  Sb2  Sb4
3 2 S2 S2 S4 S1 S3 S1 S3 S2 S4
5 3 14 14 12 13 I 13 n 14 12
7 4 Sb4 Sb4  Sb2  Sb3 Sbl Sb3  Sbl Sb4  Sb2
8 5 54 54 52 S3 S1 S3 S1 54 52
10 6 12 12 14 n I3 1 13 2 14
12 7 Sb1 Sbl  Sb3  Sb2 Sb4 Sb2  Sb4 Sbl  Sb3
13 8 S1 S1 S3 S2 S4 S2 S4 S1 S3
15 9 3 13 1 14 12 14 12 3 In
17 10 Sb3 Sb3  Sbl  Sb4 Sb2 Sb4  Sb2 Sb3  Sbl
18 11 S3 S3 S1 S4 S2 S4 S2 S3 S1
20 12 In In 13 12 14 12 14 1 13
Table 1. Symmetry operations of the space groups D21h6 and ngvi n SbSI crystals.
The operator of projection is

& =%Zkfa(3k),-j S,. 4)

The Cartesian components K, = X4,, Ya, Za, Of atom displacements for all their linear
combinations have certain symmetry properties with respect to operations of groups D, and
Cy:

ij (ra) = zmaanAn' (5)

Here A=Sb,S,;n=1,2,3,4;a,,=+1l. These combinations of K,, are basis functions of T,.

85



86 Piezoelectric Materials

Group D, has irreducible representations A,,, B;,. Here, the capital letters denote coordi-

ig(u)y “ig(u)*

nates symmetric (A) or antisymmetric (B) with respect to all rotation C5, Cy, and C;', Table 2
[21]. Subscripts denote the coordinates symmetric (g), or antisymmetric (1) with respect to
inversion I. The coordinates symmetric with respect to separate rotations around x, y, and z
axes differ from each other by index i=1, 2, 3. The obtained K,, combinations are also the basic

functions of irreducible representations A, B; of the space group C, .

DZIhG S1 S2 S3 S4 S5 S6 S7 S8
E Czy sz sz I o, o, o8 o

C291/ S1 S3 S6 S8

rl Aqg rl Al 1 1 1 1 1 1 1 1

r2 Ay, r2 A2 1 1 1 1 -1 -1 -1 -1

r3 B,, r3 Bl 1 -1 1 -1 1 -1 1 -1

r4 By, r4 B2 1 -1 1 -1 -1 1 -1 1

r5 B, r2 A2 1 1 -1 -1 1 1 -1 -1

ré6 By, rl Al 1 1 -1 -1 -1 -1 1 1

r7 B, r4 B2 1 -1 -1 1 1 -1 -1 1

r8 Bs, r3 Bl 1 -1 -1 1 -1 1 1 -1

Table 2. Group characters of irreducible representations of space groups Dzlhé and ngv [21].

Orthogonal symmetry coordinates of the entire unit cell can be formed of K ;,(I’,) by solving
equations of orthonormality and are uniform with respect to A. Their expressions are as
follows:

F(KT,)=N,Yyc, Ki(r,) ©)
A m

Normalization factors N, and coefficients C, are presented in z direction and x, y directions in
Table 3 [22]. The group theoretical analysis reveals that they are the unit cell of D, point group
with 12 atoms per cell and contains 33 optical modes and 3 acoustic modes. Among the optical
modes, there are 18 Raman-active modes with the symmetries 6A, + 6B,, + 3B,, + 3B,,, 3 silent
modes belong to the A, irreducible representation, as well as 12 infrared active modes that
have symmetries 2B,, + 5B,, + 5B;,. In z direction, only 2B,, modes are infrared active in the
paraelectric phase (Table 3), whereas in the same direction, the modes 2A; + 3A, + 3B, + 3B,
are Raman active in the ferroelectric phase. Note that 24, + 3B, + 3B, are also infrared active
among these modes.



Electronic Structure and Piezoelectric Properties of SbSI Crystals 87
http://dx.doi.org/10.5772/64223

Taking into account the fact that SbSI crystal is made of two double chains with a weak
interaction between them at T =0 K (20-30 times weaker than within a chain; see Figure 1), the
formation of dynamical matrix 3 becomes easier.

T, S Ny Sb, Sb, Sb, Sb, s. S, S S L I, I, 1,
16 1 1 +1 -1 -1 +1 +  +1 +1 +1 +1 +1 +1 +1
By, (Dzh ) Wivi
9 2 1 +1 +1 +1 +1 -1 -1 -1 -1 0 0 0 0
Ay (sz) E
3 1 +1 +1 +1 +1 +1 +1 +1 +1 2 2 2 =2
24
16 4 1 -1 +1 +1 -1 -1+ +1 -1 +1 -1 -1 +1
BZg (D 2h ) E
9 5 1 -1 +1 +1 -1 +1 -1 -1 +1 0 0 0 0
B, (sz) ﬁ
6 1 -1 +1 +1 -1 -1+ +1 -1 -2 +2 +2 =2
24
16 7 1 -1 +1 -1 +1 -1+ -1 +1 -1 +1 -1 +1
B3g (D 2h ) E
9 8 1 -1 +1 -1 +1 +1 -1 +1 -1 0 0 0 0
B, (sz) ﬁ
9 1 -1 +1 -1 +1 -1+ -1 +1 42 -2 +2 2
24
16 10 1 +1 +1 -1 -1 +1 +1 -1 -1 -1 -1 +1 +1
A, (Dzh ) Wivi
9 11 1 +1 +1 -1 -1 -1 -1 +1 +1 0 0 0 0
A, (sz) %
12 1 +1 +1 -1 -1 +1 +1 -1 -1 +2 +2 -2 =2
24

Table 3. Symmetry coordinates of normal modes of SbSI crystals in z(c) direction.

In our research, force constants for a long chain of strongly bound atoms in the direction of
z(c)-axis were defined by composing five simplified unit cells (30 atoms). The GAMESS
program in the basis sets of atomic functions 3G, 3G +d, 21G, 21G + d were used to calculate
force constants.

When atoms are vibrating, interaction between double chains strengthens. Therefore, follow-
ing Furman et al. [23], we calculated normal models employing the Born-von Karman model
and the elementary cell of four pseudomolecules SbSI (12 atoms). The binding constants and
ionic charges, 0.19 (Sb), -0.01 (S), -0.18 (I), were also calculated. It appeared that covalent
interactions prevailed in the SbSI crystal.
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>

Figure 1. Locations of atoms in the unit cell of SbSI in the x-y plane. Dotted lines restrict the simplified unit cell, as
formed by the central group of atoms Sb3, Sb4, S3, 54, I1, and 12.

3. The lattice anharmonism on the vibrational spectrum along the z(c)
direction

In [24] we have proposed the method for calculating the total potential energy. The potential
energy (PE) is defined as follows:

V(r) :%énsrz f.(s)exp[-i(r+R,+Q,)-s |exp[-M,(s)], "

where () stands for the volume of the unit cell, Q represents the normal coordinate, R, denotes
the radius-vector of the atom position in the unit cell, s means the reciprocal lattice vector, a
represents the number and kind of the atom in the unit cell, and exp[-M,(s)] represents the
Debye-Valler factor that is determined by the mean square amplitudes of atomic displacements
(i.e., by the crystal temperature).

In fact, Eq. (7) at a certain point in the unit cell is the PE in terms of normal coordinates (or
symmetrized plane waves). The atomic scattering form factor is
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f.(s)= anm|exp[ i(r- s)]nlm|,

nlm (8)

where nlm represents a set of quantum numbers for the atom a. It is noteworthy that the
functions < nlm of all electronic states of an atom was used for calculating the form factors f,
(s) by Eq. (8). About 5000 vectors s were used for the sum in Eq. (7).

For SbSI, we studied the dependence of potential energy V(z) in the paraelectric phase at
T = 420 K on the normal coordinates of all D,° symmetry normal modes that formed by
displacements of the atoms along the z direction (along the polar axis c; Figure 2). This
dependence was calculated by Egs. (7) and (8). We determined that the curves V(z) can be
described by the equation

V(z) =V, +az +b22 +d2 + ¢zt
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Figure 2. Dependence of the potential energy V(z) (T =415 K) upon the normal coordinates in the z(c) direction for Dzlhé
symmetry By,(2), B1,(3), Byy(4), Byy(5), Byg(6), Bay(7), Bsy(8), Bs(9), A,(10), A,(11), and A,(12) normal modes.

where the coefficients 2 = d = 0 in the paraelectric phase. The displacements have been chosen
in regard to the equilibrium positions of atoms. The curves V(z) of symmetry B,,(3), B,,(4, 5),
B;,(7), and A,(10) are correspondent to coefficients b <0 and ¢ > 0. These curves V(z) have two
side minima at distances of 0.3 a.u. from the equilibrium position. A potential barrier AV = b%
4c separates the minima. Conversely, the curves V(z) of symmetry By, (2), Byy(6), B3,(8), B5,(9),
A,(11), and A, (12) have a single minima and the coefficients b > 0. The coefficient is b = Mw?,
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where M represents the reduced mass of the normal mode atoms, and w denotes the vibration
frequency of the normal mode. The frequency of a normal mode with a double-well V(z) is
dependent on the height of the potential barrier AV. Temperature, electric field, pressure, and
fluctuations of atoms in the x—y plane influence this potential barrier [15]. In all the three phases,
V(x) and V(y) appear to be single-well with the coefficients b > 0 in Eq. (9). In the paraelectric
phase, a =d =0, whereas in the antiferro- and ferroelectric phases, a # 0 and d # 0. Single-well
PE turns out to be weakly anharmonic and the frequencies of the R(k) peak should only slightly
depend on the temperature.

The experimental results of IR reflectivity R(k) spectrum of SbSI crystals in the paraelectric
(T = 415 K) and ferroelectric (T = 273 K) phases for Ellc are presented in Figure 3. The
reflectivity measurements of SbSI crystals have been repeated by Dr. Markus Goeppert in
Germany in Karlsruhe University using the Bruker Fourier spectrometer.

0.1+

0.0 T T ¥ T s T ' i 4 '
50 100 150 200 250 300

k(em™)

Figure 3. The reflectivity spectra of SbSI for Ell¢ in the paraelectric phase (T = 415 K) and in the ferroelectric phase
(T =273 K). Inset: the reflectivity spectra in range 50-95 cm™.

In the reflectivity spectrum for E| | ¢ in the range of k = 10-100 cm™, the number of peaks R(k)
is equal for the paraelectric and ferroelectric phases. However, in the range of k = 100-200 cm
1, the number of peaks R(k) differs in both phases. Anharmonic modes with double-well V(z)
are highly sensitive to dislocations, impurities, and fluctuations of chains in the x—y plane.

Figure 2 demonstrates that modes B,,(3), B,,(4), B5(5), and Bs,(7) with a double-well V(z) are
strongly anharmonic, whereas modes B;,(2), B,y (6), Bs,(8), and B,(9) with a single-well V(z)
appear to be weakly anharmonic. The vibration frequencies of the former modes are lower
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compared to the latter ones. Therefore, the R(k) peaks are created by strongly anharmonic
modes By,(3) — Ay, By(4) — By, By(5) — By, and B, (7) — B, in the range of k = 10100 cm™ of
the IR spectrum. In the range of k = 100400 cm™, the R(k) peaks are created by weakly
anharmonic modes. Following the optical selection rules, one R(k) peak in the paraelectric
phase is created by the mode B,,(2), while the peaks in the ferroelectric phase are created by
modes B,,(2) — Ay, By(6) = By, B3,(8) — B,, and B;(9) — B,. In the paraelectric phase, there are
three silent modes of A, symmetry: A,(10), A,(11), and A,(12) (Table 3). Two of them, A,(11)
and A,(12), comply with the out-of-phase motion of the infrared-active modes. It is expected
that the anharmonic mode A,(10) has a low frequency. This mode can be optically active and
may cause a weak peak in the k <10 cm™ IR range.

4. The piezoelectricity phenomena

4.1. Introduction

SbSI is a piezoelectric crystal that has a high-volume piezoelectric modulus d, =10 x 10™"° C/N
and electromechanical coupling coefficient k; = 0.87 [25]. The relation among polarization P,
piezoelectric modulus e, d, deformation r = Al/l, and elastic compliance coefficient is as follows:

AP=er,AP = qAz,
(10)

d =es.

(11)

where g is the atom'’s ionic charge, s is the elastic compliance coefficient, Az = z -z, z, is the
atomic equilibrium position, when crystal is not deformed (r = 0), and z is the atomic equili-
brium position, when crystal is deformed (r # 0). It is handy to calculate the piezoelectric
modulus d along z(c)-axis for needle-like crystal deforming it along the crystallographic axes
x(a), y(b), and z(c) when r = Aa/a = Ab/b = Ac/c... Having e it is possible to calculate 4 according
to Eq. (11). The dependence of elastic compliance coefficients on temperature in SbSI crystal
is shown in [26]. From work [27], piezoelectric module d;; along z(c)-axis and d,, (the so-called
“hydrostatic piezoelectric modulus”) were known. As d, has been found to be of the same
magnitude as d;, it has been concluded that d, is nearly equal to d;, and opposite in sign. Both
quantities dj, and d;; are smaller than d;. In [28] it is found that d;; is of the same order of
magnitude as d;;. The d, coefficient is of nearly the same value as d5, but opposite in sign. The
high values of d,, = dy; + ds, + d5, indicate that d;; and ds, are relatively small or of opposite in
sign.
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5. Potential energy of Sb atoms in anharmonic soft mode

In [29] we described the method for calculating the potential energy at point r of the unit cell.
The potential energy at the point r is given in Eq. (7). The average value of the potential energy
of Sb atoms of unit cell in the normal mode of SbSI crystal may be written as follows:

=_V (Rop) +V,(Rp2) +V, (Ras) + 7, (Rsys)
- 4 ’ (12)

]

where Rg,; = Rysp1 + Qspr; Repo = Rospr + Qspor Rops = Rosps + Qspas and Ry = R gps + Qs

Also, the coordinates of all S and I atoms changes according to the equations: R, =R, , + Q,,
a=S5y; Sy Sy Sy Iy I; I;; 1,. For numerical evaluation of Eq. (12), we need to vary all Q, =z, by
small steps from -Q,(max) to +Q,(max). The atomic form factor is

£,(s)=pim|exp[ i(r -s) |[nim,

nlm (13)
where nlm is a set of quantum numbers for the atom a.

6. Antimony atoms’ equilibrium positions

For theoretical investigations, we used the most sensitive to temperature and deformations
soft mode’s V p(z) dependence on normal coordinates [29]. It is handy to expand % p(z) using

polynomial:

I7ll(z)=V0+a*z+b*zz+d*z3+c*z4,

(14)

where a*, b¥, d¥, and c* are polynomial expansion coefficients.

The V ,(z) dependence on normal coordinates along z(c)-axis in paraelectric phase (PEF) at
T =300 K is shown in Figure 4 while deforming along x(a), y(b), and z(c) axes. The V p(z) in

PEF has a shape of double-well (b* <0, c*>0). The barrier height when crystal is not deformed
is AU = kT, where k is the Boltzmann constant. As seen from Figure 4, in paraelectric phase
Az are equal to zero, because 1% p(z) of Sb atomic soft mode is symmetrical and double-well. In

paraelectric phase, Sb atoms vibrate between two minima of double-well potential Vp(z),
provided deformation r # 0 and r = 0.
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ShSIT = 300 K

Iia.w.)

Figure 4. The SbSI mean potential energy dependence on soft mode normal coordinates at the Sb atoms sites in para-
electric phase (T =300 K), when deformation r = 0.03 along x(a), y(b), and z(c) axes and r =0. Az=1 a.u.=0.53 A.

Due to the decrease in the temperature in ferroelectric phase, double-well V/ »(2) gradually

changes its form (see Figure 2) from double-well to single-well (a* # 0, b*<0, d*#0, ¢* > 0).

We calculated SbSI crystal’s Sb atom potential energy’s dependence on soft mode’s normal
coordinates in FEF at T =289 K, when crystal is deformed along x(a), y(b), and z(c) axes, and
when crystal is not deformed (r = 0; Figure 5). z, is the equilibrium position of Sb atom when
r=0and zis the Sb atom’s equilibrium position when r # 0. Calculated temperature dependence
ofz, Az=z—2z, and V p(z) scanning coefficients a*, b* d*, and c* are shown in Tables 4 and 5.
Temperature dependence of equilibrium position z, of Sb atoms in ferroelectric phase (when

r=0) is calculated using Eq. (8):

2,=0.24988+0.002217 —3.13691E ~5T* +1.42721E~7T° - 2.37137E -10T* (A),

Figure 5. The SbSI mean potential energy dependence on soft mode normal coordinates at the Sb atoms sites in ferro-
electric phase (T =289 K), when deformation r = 0.03 along x(a), y(b), and z(c) axis and r=0. Az=1 a.u. = 0.53 A.
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T, K a* b* c* d* r
300 0 -0.058422 0.237293 0 0
0 -0.078223 0.260437 0 Ac/c
0 -0.021201 0.188036 0 Ab/b
0 -0.068322 0.248865 0 Aa/a
292 -0.015845 -0.049218 0.221618 0.034324 0
-0.016505 -0.069437 0.245634 0.035488 Aaja
-0.014301 0.013858 0.179530 0.030567 Ab/b
-0.030185 0.051400 0.226095 0.031457 Ac/e
289 -0.044289 -0.030932 0.207956 0.094969 0
-0.046523 -0.049664 0.228457 0.099234 Aafa
-0.039959 0.004717 0.164141 0.084533 Ab/b
-0.05896 -0.033813 0.210681 0.093388 Ac/e

Table 4. Scanning coefficients a*, b* c* and d* at different temperatures in SbSI crystal when crystal is not deformed
(r=0) and deformed along x(a), y(b), and z(c) axes, when r = Aa/a = Ab/b = Ac/c = 0.03.

T,K Az, a.u. Az, a.u. Az, au.
300 0 0 0

292 0.0759 -0.068310 0.097
289 0.0487 -0.04383 0.0694
274 0.0329 -0.02961 0.0384
250 0.0228 -0.02052 0.0284
225 0.0173 -0.01557 0.0219
195 0.0142 -0.01278 0.019
170 0.0141 -0.01269 0.0158
150 0.0124 -0.01116 0.0152
130 0.0107 -0.00963 0.0137

Table 5. Temperature dependence of Sb atom’s equilibrium positions displacements’ Azy;, Az, and Az, along x(a),
y(b), and z(c) axes when deformation is r = Aa/a = Ab/b = Ac/c = 0.03, respectively. Az=1 a.u.=0.53 A.

where T < T, is the temperature of the SbSI crystal in ferroelectric phase.

Since e=g and r = const., then e = AP = Az. Consequently, using the data from Table 5 we
present Az dependence on temperature, when crystal is being deformed equally along three
axes: r = Aaja = Ab/b = Ac/c (Figure 6).
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Figure 6. Temperature dependence of Sb atom’s equilibrium position’s displacements’ Az;;, Az, and Az;; along x(a),
y(b), and z(c) axes when deformation of SbSI crystal is r = Aa/a = Ab/b = Ac/c = 0.03, respectively, Az=1 a.u.

Figures 4 and 6 show that close to T, potential energy of Sb atoms Vp(z) and Sb atom’s
equilibrium position’s displacements Az, Azs,, and Azs; are very sensitive to the temperature
changes and deformation of SbSI crystal. In temperature range T < 250 K, the sensitivity of
1% p(z) and Azz; ~ ey, Azs, ~ e, Azy; ~ €33 to their temperature changes and deformation directly
decreased.

In Figure 7, we compared theoretical results of Sb atoms Az,; ~ e3; from Table 5 with experi-
mental piezoelectric modulus e;; = ds3/s from [2, 11] dependence on temperature when crystal
is deformed in direction of z(c)-axis.
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Figure 7. Temperature dependence of Sb atom’s equilibrium position’s displacement Az;; along z(c)-axis and experi-
mental [2, 11] piezoelectric modulus e;; = dss/s. Az=1 a.u.

As seen from Figure 7, the temperature dependences of Sb atom’s equilibrium position’s
displacements Az; ~ e3; coincide well with experimental piezoelectric modulus es; = d;3/s when
crystal is deformed in direction of z(c)-axis because Az is created by anharmonic Sb atom’s
potential energy V (2).
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Existence of the piezoelectric effect experimentally detected up to a temperature several
degrees above the T, (Figure 4). The effect above T, (Figure 7) may be attributed to the
compositional inhomogeneity or the existence of the internal mechanical stresses.

7. Electron-phonon interaction and Jahn-Teller effect (JTE)

7.1. Introduction

Examining the state of instability, the authors [30] have determined that in this respect the
normal coordinate of the vibrational mode is K = K, - K, <0, where K,=1/2 M2 represents the
bare force constant, while K, stands for a vibrational coupling term, which is dependent on the
vibrational coupling constant F and the energy gap AE. Cj, operations are S; = E/(0,0,0),
S,=Cy(2)/(0,0,1/ 2), S;=1/(0,0,0), and S, = 6./(0,0,1/2) for the PEP space group, whereas only S,
and S, are for the FEP space group Cy, . The movement of atoms within the chain is marked

by energy states of independent normal vibrations, associated with vibrational symmetry
coordinates that are composed of the projections of atomic displacements K; = X;, Y;, Z; on the
axes of local coordinate systems [31, 32]:

27 =N K, (15)
r,(c}) r,(c2) s, S, s, s,
A A, +1 +1 1 +1
B B, +1 -1 +1 -1
A A, +1 +1 -1 -1
B +1 -1 -1 +1

Table 6. Characters of irreducible representations of symmetry space group sz, and szh .

The coefficients c; are developed from the properties of irreducible representations I, obtained
when coordinates x@ with symmetry operations S; are transformed (see Table 6 for the
characters of the representations). Symmetry coordinates that are composed of projections Z;
of atomic displacements usually have symmetry A, and B,, whereas the coordinates that are
composed of projections X; and Y; possess symmetry A, and B,. Consequently, by solving the
system of vibrational equations, normal coordinates Q' are obtained, in which X, and Y, are
interlinked and Z, participates separately. Thus, the normal vibrations in the SbSI chain along
the z-axis can be characterized by A, and B, symmetry coordinates, whereas the vibrations in
the direction of x- and y-axes are related to B, and A, symmetry coordinates. The modes
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X,(B,) and X3(B,) comply with acoustic vibrations, whereas the remaining ones correspond to
the optical vibrations of the SbSI chain (Table 7).

T, (CZZ) T, (szh ) N@ Sb3 Sb4 S3 S4 I I2 K

A A, 1 +1 +1 41+ +1 41 z(1)
J6

A A, 1 +1 +1 +1  +1 2 -2 z(2)
J12

A A, 1 +1 +1 -1 -1 0 0 z(3)
V2

B B, 1 +1 -1 1 -1 41 -1 z(4)
Je

B B, 1 +1 -1 1 -1 2 42 z(5)
J12

B B, 1 +1 -1 -1+ 0 0 z(6)
V2

B B, 1 +1 +1 +1 #4141+ xy(7,13)
J6

B B, 1 +1 +1 1+ -2 -2 xy(8,14)
J12

B B, 1 +1 +1 -1 -1 0 0 x,y(9, 15)
2

A A, 1 +1 -1 +1 -1 +1 -1  xy(10,16)
J6

A A, 1 +1 -1 1 -1 2 42 xy(11,17)
J12

A A, 1 +1 -1 -1+1 0 0 xy(12,18)
V2

Table 7. Vibrational symmetry coordinates in the simplified unit cell of the SbSI chain.

8. Electron-phonon interaction in one atomic chain

Figure 2 provides the dependence of one-electron energies in the valence band of a long SbSI
chain on the number of atoms N, which is calculated by the unrestricted Hartree-Fock method
(UHEF) [33] in the basis set of H, functions using the pseudopotential. As it is seen from
Figure 2, the highest energy levels in the valence band degenerate when N turns to 40 or more.
As it is shown in Figure 3, the highest A, and A, one-electron energy levels are degenerated
in the PEP close to the band gap. The lowest levels of the conduction band are set apart from
the highest levels of the valence band by a band gap of E,=5.712 eV.
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Table 8 has been composed with reference to Table 7, where symmetry types of one-electron
levels are presented. In Table 8, the energies of the degenerate A, and B, symmetry electronic
levels in the valence band are highlighted by boldface, where the energies of level 177 B, and
level 178 A, are —0.3344H, and the energies of level 179 A, and level 180 B, are -0.3257H
(assuming that 1 H=27.21 eV).

Valence band Conduction band

Symmetry Energy (H) Symmetry Energy (H)
176 B, -0.3363 181 A, -0.0926
177 B, -0.3344 182 B, -0.0925
178 A, -0.3344 183 A, -0.0847
179 A, -0.3257 184 B, -0.0838
180 B, -0.3257 185 A, -0.0821

Note: The degenerate electronic states in the valence band are denoted by boldface.

Table 8. One-electron energies in the conduction band bottom and valence and top for an SbSI chain containing N = 60
atoms.

In the phase transition, i.e., when equilibrium positions of the Sb and S atoms alter along the
z(c)-axis, the degeneracy is removed, and the band gap E, is narrowed. The decrease of the
interatomic force factor R determines the decrease of E, (Figure 8a). However, the ionic charges
g has no influence on the decrease of E,, as they remain almost constant throughout the phase
transition (Figure 8b).

- . —5b3 - 54
D4t Ve - =8b3-11_

n Y S
000 005 010 015 020 025 030
AZ, [A)

Figure 8. The variation of the interatomic bond strengths R and atomic charges ¢ in the SbSI chain containing 60 atoms
during the phase transition. Here z, denotes the displacement of Sb atoms in the direction of z-axis.
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The normal vibrational mode of symmetry A, (further for clarity denoted here as ,) interacts

with the electronic states of symmetry A, and B, if A, x B, = . The electron-phonon interaction
involving the highest degenerate A, and B, symmetry levels of the valence band is called the

Jahn-Teller effect. The pseudo-Jahn-Teller effect (PJTE) occurs when the normal , mode
interacts with the A, electronic state at the top of the valence band and with the B, electronic
state at the bottom of the conduction band, as well as with the band gap of E, between them.

Because of the P]TE, the dependence of the harmonic term &f.e on normal coordinates Qis split
into two terms:

¢,.(0) :l[Ko —EJQZ (16)

where K, represents nonvibronic part of the force constant (the bare force constant), K, stands
for the vibronic coupling term. K= K, - (2 F?/E,) = K, - K, denotes the force constant considering
the PJTE. F which is found from the following equation represents the vibronic coupling
constant:

o _ OEE, .
R 4

Here Q, = z, is the atomic displacement, and AE is the variation of the band gap during the
phase transition. From Figure 9 and Eq. (17), it follows that for z,=0.2 A, AE =2.23 eV, and
E,=5.7eV, we would get F~ 13 eV/A. From the experimental results of Ref. [34], we derived
F=4eV/A. Therefore, the magnitude of the term 2F = E, may attain as much as 2H/A.
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Figure 9. The variation of the one-electron energy spectrum of the SbSI chain containing 60 atoms during the phase
transition. Here z, denotes the displacement of Sb atoms in the direction of z-axis.
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In the case of the normal mode ,, the PJTE and JTE vibronic mixing leads to the force constant

2
K=K, - ZLe =K,-K,,
g
State AFEP (T =300 K) FEP (T =215 K)
Left edge of cluster Right edge of cluster
E,.. (eV) E i (eV) E,. (eV) E.i, (eV) E,.. (eV) E,.in (eV)
13s 1030.40 1027.72 1028.69 1025.72 1032.09 1029.87
Sb3s 91751 916.66 918.17 915.10 919.59 918.17
I3p 891.44 888.70 889.73 886.70 893.12 890.83
Sb 3p 787.89 786.98 785.73 785.42 789.97 788.52
13d 658.75 655.99 657.04 653.99 660.44 658.12
Sb 3d 567.67 565.74 565.41 565.19 569.13 568.24
S2s 244.78 243.29 242.96 241.21 246.45 245.35
I4s 198.47 195.77 196.78 193.76 200.16 197.93
S2p 181.47 179.59 179.66 177.81 183.13 181.94
Sb4s 170.09 169.27 167.95 167.71 172.13 170.80
I4p 147.59 144.70 145.92 142.72 149.26 146.55
Sb 4p 123.97 123.04 121.86 121.48 126.01 124.55
I4d 67.13 64.11 65.45 62.14 68.82 66.23
Sb 4d 51.35 50.35 49.25 48.80 53.38 51.87

Table 9. The energies of CL of Sb, S, and I atoms calculated by UHF method at the edge of SbSI cluster.

where G is a quadratic vibronic constant from JTE, and K, is the vibronic coupling term of
PJTE and JTE. The phase transition occurs when the low-frequency mode is unstable, i.e., when
K <0, see Table 9. The symmetry coordinates of this mode are Sb(+1), S(+1), and I(-2). In
pursuance of finding K, the total energy E of the , vibrational mode has to compute. Separate
energy contributions constitute the total energy Er:

ET :EK +Ecc+Enc+Enn’ (18)

where the kinetic energy of electrons is



Electronic Structure and Piezoelectric Properties of SbSI Crystals
http://dx.doi.org/10.5772/64223

_)
E=Y" LIt (19)

P 9
=2m,

the interelectron interaction energy is

- ?
ECC=EZI,#,. - i (20)

R,

the electron-nuclear interaction energy is

Ene _ _Zn,N eZZA

R, 7| (21)
and the internuclear interaction energy is
P ZN ez,z,
nn 2 A,B#A R'A _R'B| : (22)
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Figure 10. The dependence of the total energy E; of the , mode upon normal coordinates (relative displacements Z, of

atoms (a = Sb, S, I) from equilibrium position), where z denotes the displacement of Sb atoms in the Ay mode from

their equilibrium position. The temperatures of the chain are 400 K in PEP and 284 and 248 K in FEP. In all cases Eyy =
0.

101



102

Piezoelectric Materials

The aforesaid energies are dependent on nuclear and electronic coordinates R, 7. Their
evaluation has been conducted with the unrestricted Hartree-Fock method using the computer
program GAMESS described in [33]. In pursuance of finding K, the dependence of the total
energy E; of the , mode has been computed on the displacements z, of atoms (@ =Sb, S, I) from
their equilibrium positions (Figure 10). Figure 10 demonstrates that z measures the
displacements of Sb atoms in the , mode from their equilibrium positions z,,. Vibrational
displacements z, of atoms (a = Sb, S, I) from their equilibrium positions z,, are identified
employing the equation

1 i

0’ (23)

R
R
R
B
N
[\

where i = 0-19, u, m;'’? is the vibrational amplitude of atoms (u, is the normal coordinates of
the , vibrational mode). Normal coordinates of the , vibrational mode are found by
diagonalization of the dynamical matrix [23].

By expressing E; = f (z) as a fourth-order polynomial

Ey=Ey+K(z) +¢(2)" (24)

For the , mode in PEP (300 K), K = 2.05 H/A2 and ¢ = 2.3 H/A*. Since the obtained K value is
positive, it is supposed that the electron-phonon interaction will only decrease K. The inter-
action itself will not induce a phase transition because under the influence of the electron-

phonon interaction the , mode becomes only slightly anharmonic. However, due to phonon-

phonon interaction in the SbSI chain, the , mode is strongly anharmonic, as its K<0 and ¢ >0
[14]. Simultaneous action of electron-phonon and phonon-phonon interactions increase even

more the anharmonicity of the , mode as compared to its anharmonicity determined by the
phonon-phonon interaction alone. Therefore, the phase transition in the SbSI crystals is due to
both electron-phonon and phonon-phonon interactions.

9. Physical parameters in the phase transition region

The vibration frequencies of the normal mode A, are temperature dependent [10]. Therefore,
the influence of the electron-phonon interaction and variation of unit cell parameters in the
phase transition region on temperature dependence of frequency should be assessed properly.
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By putting vibrational displacements z, of atoms (a = Sb, S, I) from their equilibrium positions
equal to z, =0, Eq. (24) is transformed into
+E

E=E,+E +E

ne0 (25)

ecl

It follows from Egs. (18) and (22) that separate terms in Eq. (25) are functions of atomic

coordinates B and distances between atoms (R4 — Rp) During the phase transition, due to
variation of the volume of the simplified unit cell V, = (a/2)bc [30]. Just this causes anomalies
in the temperature dependences of Ey, and its separate components in the phase transition
region Figures 9 and 11. Figure 11 demonstrates temperature dependences of Er, and of the

unit cell volume V.
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Figure 11. Temperature dependences of the unit cell volume V=2V (where V is the volume of the simplified unit cell)
(1) and of the total energy Ey, (2) in the phase transition region. For curve 2, V; is assumed to depend upon tempera-
ture, and for curve 3 it is taken as constant: V,, = 354.25 As.
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Figure 12. Temperature dependences of the total kinetic Ery, and potential energy Erp, in the phase transition region.
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In PEP (or in the antiferroelectric phase, according to Ref. [14]), the anomalies of E;y and V
correlate in the temperature range of 295-400 K. It means that Ey, decreases due to the growth
of Vi, and vice versa. Figures 12 and 13 show that the temperature dependence of Er, is mainly
determined by the components Epy = E g+ E,o + E

eel nn0*

L]

&30

w0 _‘__,/'"--—--.______ e

e | c
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Figure 13. Temperature dependences of the total potential energy E;p, components E., E,, and E,, in the phase tran-
sition region.

In the FEP in the temperature range 280-295 K, a sharp increase of the unit cell volume V; leads
to a decrease of Eyy, curves 1 and 2 in Figure 11. However, in FEP at the temperatures of 220-
280 K, Ey, grows if the temperature is decreased, while the unit cell volume V| changes only
slightly. Curve 3 in Figure 11 shows the calculated temperature dependence of E;, provided
that V, = constant. In this temperature range, when V,, = constant, the growth of Ey, is caused
by the variable shift of the equilibrium positions of Sb and S atoms. Thus, curve 2 in Fig-
ure 11 demonstrating the growth of Ey, can also be considered as caused solely by the variation
of Sb and S equilibrium positions.

L e R

220 240 260 280 300 320 340 380 380 400 43C
T (K}

Figure 14. Temperature dependences of the harmonic constant K = (K, — K;) A and of the anharmonicity factor ¢ (B)

for the Au normal mode in the phase transition region. Dashed lines show the temperature dependences of K and ¢
assuming that V, = 354.25 A%
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The three temperature intervals, i.e., 295-400 K in PEP, 280-295 K in FEP, and 220-280 K in
FEP, clearly reveal the anomalies in the temperature dependences of the coefficients K and ¢
of the polynomial (10) (Figures 14a and b). The temperature dependences of K and c are
determined by the variation of the unit cell volume V, in the PEP interval at 2905-400 K, whereas
the behavior of K and ¢ is determined by V;, and the variable shift of the equilibrium positions
of Sb and S atoms in the FEP interval at 280-295 K.

Pursuing to separate the influence of the volume V and of the shift of Sb and S equilibrium
positions on the anomalies of K and ¢, the calculated temperature dependences of K and c at a
constant V, are demonstrated in Figures 14(a) and (b) (dashed lines). In this temperature range,
K and ¢ rapidly change due to the variation of the equilibrium position of Sb and S atoms if V,,
= constant. Consequently, the rapid change of K and ¢ marked by the solid lines in Fig-
ures 14(a) and (b) is also caused merely by the shift of Sb and S atoms. The rapid variation of

K in this temperature range occurs due to the decrease of K, that is determined by thevariation

of degeneracy (see Figure 9). Since K= m, 2, where m, is the reduced mass of the , mode and

w is the frequency of this mode, then the dependence of K upon temperature (Figure 14a) is
similar in its shape to the temperature dependence of the soft mode 2 [14]. Therefore, the

temperature dependence of the soft mode , frequency 2 is essentially affected by the variation

of the unit cell volume V and of the polynomial coefficient K in the phase transition region: the
total temperature dependence of 2 can be obtained provided the anharmonicity caused by

phonon-phonon interaction is considered.

10. The electronic structure of SbSI cluster at the phase transition region

10.1. Introduction

Asitis known [25, 34, 35], a ferroelectric phase transition of the first kind occurs in SbSI, though
it is close to the phase transition of the second kind. What is more, it has been theoretically
proved in Ref. [36] that the phase transition in SbSI takes an intermediate position between
order-disorder and displacement types. In general, it is known that ferroelectric phase is at
T<T.=295K, antiferroelectric phase exists at T < T <410 K, and paraelectric phase at T>410 K.

Lukaszewicz et al. [17] determined the crystal structure of SbSI in the temperature region at
170-465 K. They found that there are three phases in the phase diagram of SbSI: ferroelectric
phase (FEP) III (space group Pna2,) below T¢, = 295 K, antiferroelectric phase (AFEP) II (P
2,2,2,) in the temperature region (T, = 295-410 K), and high temperature paraelectric phase
(PEP) I above 410 K. AFEP is characterized by the double polar chains [(SbSI),],, which are
ordered antiferroelectrically: these cause a disorder in the crystal lattice. Experimental
investigation of X-ray absorption, fluorescence, and electron emission [37, 38] adjusts the
energy band structure of SbSxSel—xI (x = 0.25; 0.5; 1), SbSBr. Its explanation necessitates for a
more precise calculation of the contribution of separate atoms to the total density of states. The
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authors [39] had measured X-ray photoelectron emission spectra (XPS) of the SbSI crystals of
valence bands (VB) and core levels (CL). XPS results showed the splitting of the CL. However,
they have not explained theoretically the XPS spectra of the VB.

11. Ab initio method description

The UHF method in the MOLCAO approximation serves as the basis of the method of
calculation. The molecular orbital (MO) (¢;) can be expanded in the atomic orbital (AO) x,(r)
basis set

o(r)=2," 2.(r)

(26)

Here 1 denotes the number of AO. Matrix C is obtained by solving the Hartree-Fock matrix
equation

FC=ESC.
(27)

The roots of this secular equation lie in the molecular energies E; of electrons, where F stands
for the Fockian matrix and S for the matrix of overlap integrals:

SW = I;(#;(Vdr.
(28)

The coefficients C;

i allowed us to find the density matrix of the electron distribution:

N/2
P, =25""c,cC (29)

in~iv?

where N is the number of electrons, and the sum is over all occupied MO. We can find the
bond order between the A and B atoms,

Py w.m (30)
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and the charge of atoms,
Pa=Zs=D e P (31)

The calculations were performed by the GAMESS program [33]. Atomic coordinates have been
used from the work of Lukaszewicz et al. [17].

12. Investigation of SbSI crystal valence band

The paraelectric structure (T > T, = 410 K) of SbSI is made of atom chains that belong to the
paraelectric space group Pnam, which form square-pyramidal S;I, groups with the Sb ion at
the center of the pyramid base. All atoms lie on mirror planes normal to the c-axis (Figure 15).
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Figure 15. Crystal structure of SbSI projected on the a-b plane (a), and one double chain of molecular cluster in projec-
tion on the a—c plane (b).

On passage into the AFEP (T, > T > T, = 295 K) and FEP (T < T;), the position parameters
normal to the c-axis are substantially unchanged. In AFEP (T = 300 K) the displacements of
equilibrium position occur for all Sb3 atoms along the c-axis z, =0, 02 A and for all Sb4 atoms
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(zo=-0, 02 A) [37]. In FEP (T < T,) all Sb and S atoms move along the c-axis toward these I
sites, which leads to the removal of the mirror plane symmetry. In FEP (T = 215 K), the
displacements of equilibrium position occur for all Sb atoms along the c-axis z,=0, 2 A.

The molecular cluster model of one SbSI crystal chain was used to perform the theoretical ab
initio calculation of energy levels (Figure 15). As seen from Figure 16, energy levels only slightly
change with the increase of the cluster. Figure 17 shows that the energy of some levels increases
and of others decreases.
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Figure 16. Dependence of energy levels of VB on the number N of SbSI molecules in a molecular cluster in AFEP
(300 K).
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Figure 17. Dependence of energy levels of VB on equilibrium positions z, of Sb atoms in SbSI molecular cluster. The
displacements of equilibrium position z, of Sb atoms: for all Sb3 atoms in AFEP (300 K), z, =0, 02 A, and for all Sb4
atoms z, = -0, 02 A; z,=0,2 A, for all Sb3 and Sb4 atoms in FEP (215 K).
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We have calculated the bond orders between the atoms Sb3-54, Sb4-S3, Sb3-11, and Sb4-12 along
a cluster in AFEP and FEP (Figures 18 and 19). When the phase transition takes place, bond
orders change. As a consequence, VB experiences the broadening of some energy levels and
the narrowing of others.
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Figure 18. Bond orders between the atoms Sb3-54 (a) and Sb4-S3 (b) along the SbSI molecular cluster in AFEP and
FEP.
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Figure 19. Bond orders between the atoms Sb3-I1 (a) and Sb4-12 (b) along the SbSI molecular cluster in AFEP and FEP.

While the temperature decreases further in the FEP, Sb and S atoms change their positions
relative to I atoms, and VB becomes broader. In Grigas et al. [39], the authors present the X-
ray photoelectron spectra (XPS) of the VB and CL of the SbSI single crystals. The XPS are
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measured in the energy range 0-1400 eV and the temperature range 130-330 K. They compared
experimentally obtained energies of CL with the results of theoretical ab initio calculations.
However, the experimentally obtained energies of the VB were not compared with the results
of theoretical ab initio calculations.

We have calculated the density of states of VB for Sb, S, and I atoms and the total molecular
cluster in AFEP (T =300 K) and FEP (T = 215 K). The density of states is

_AN
8§ AE’

where AN is the number of states in the energy interval AE (eV). The dimension of g is (eV™).
In Figure 20, the experimental results of XPS VB spectra of SbSI crystals are compared with
the theoretically calculated total density of states of a molecular cluster that consists of 20 SbSI
molecules in AFEP (T=300 K) and FEP (T =215 K) is the number of states in the energy interval
AE (eV). The dimension of g is (€V™). In Figure 19, the experimental results of XPS VB spectra
of SbSI crystals are compared with the theoretically calculated total density of states of a
molecular cluster that consists of 20 SbSI molecules in AFEP (T =300 K) and FEP (T =215 K).
The average total density of states is as follows:

1 <
<g>=-2. 8
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Figure 20. Theoretical total density of states of SbSI molecular cluster and density of states of Sb, S, and I atoms in
AFEP and FEP.

where 7 is the number of normal modes (1 = 15).
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As seen from Figures 20 and 21, the experimental and theoretical results in AFEP and FEP are
in good agreement in the energy range of 6-17 eV. In the range of 17-22 eV, there is a great

difference between experimental and theoretical results.
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Figure 21. XPS of the VB of SbSI crystals in AFEP and FEP [13] (a). Theoretical total density of states (g) of SbSI molecu-
lar cluster in AFEP and FEP (b). The averaged total density of states (g) at molecular cluster when all atoms participate
of oscillations of all normal modes (c).

The peaks of Figures 21(a) and (b) have no distinct shape in the XPS (at T = 300 K). This
difference is explicable because the theoretical calculation does not take into account vibra-
tional displacements of atoms. Average densities of states shown in Figure 21(c) are more
similar to the experimental XPS spectrum than those from Figure 21(b). Comparison of
Figures 20 and 21 shows the contribution of atomic states to the total density of states.

13. Core-level splitting in the antiferroelectric and ferroelectric phases

The mechanisms of the XPS splitting in SbSI crystals were discussed by Grigas et al. [39]. After
the breaking of the crystals under high vacuum conditions some bonds of atoms (see Fig-

ure 15b) at the surface become open.

Employing the UHF method [40], the energy of CL and ionic charges of atoms Sb and S were
calculated using the SbSI molecular cluster model. Figure 22 demonstrates the calculated ionic
charges of atoms Sb and S along a molecular cluster of 20 SbSI molecules.
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Figure 22. Ionic charges g of atoms Sb (a) and S (b) along SbSI molecular cluster in AFEP (T = 300 K). Ionic charges g of
atoms Sb in FEP: T=273 K (c) and T=215 K (d).

As it is seen from Figures 22(a) and (b), the ionic charges at the edges of the SbSI cluster in
AFEP considerably differ from those in the bulk of the sample. Besides, the differences of
charges Ag; between Sb3 and Sb4 and between S3 and S4 have increased at the cluster edges.
The differences of Sb3 and Sb4 are equal at both edges in AFEP and unequal in FEP.

The difference of charge Ag; at the cluster edges forms the binding energy difference

(AEust = Emax = Emin) between atoms Sb3 and Sb4, S3 and S4, as well as I1 and 12 (Table 9).
Moreover, the differences (AE . = Erax — Emin) at both cluster edges are equal in AFEP and
unequal in FEP.

State Energy (eV) State Energy (eV) State Energy (eV)

Sb 3d 562.41 S2p 180.54 13d 657.86

Sb*! 3d 571.97 S12p 169.58 I'3d 649.00

Sb* 3d 58,175 S22p 160.23

Sb* 3d 593.13

Table 10. The energies of CL of isolated neutral Sb, S, and I atoms and isolated Sb*!, Sb*, Sb*?, S, 52, and I" ions.

Pursuing to explain the splitting of the CL, the eigenvalues of isolated neutral Sb, S, and I atoms
and isolated Sb*, Sb*, Sb*, S, S2, and I'' ions have been calculated by the Hartree-Fock
method using the N21 orbital basis set (Table 10).
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As shown in Table 10, the eigenvalues of isolated neutral atoms Sb and S and isolated ions Sb
"I and S™ differ for all states. Besides, as demonstrated in Table 10, 3d state energies of an
isolated Sb atom and Sb*! ion vary by AE=9.6 eV. The difference for 2p states of S and S makes
AE =11 eV. Consequently, AE is proportional to ion charges Ag;. The ion charges at the edge
of the SbSI cluster vary between two Sb4 (and between two Sb3) by Ag; = 0.23 a.u. and by
Ag;=0.18 a.u. between two 54 (and between two S3; Figure 22). Hence, the energy difference
AE* 4, of the 3d state between two Sb atoms and of the 2p state between two S atoms at the

edges of an SbSI cluster can be calculated as follows:

clust

AE. =2 AR (32)
q

i

where AE is the difference between energies and g; is the difference between ionic charges of
isolated atoms (Table 10).

The proportion between AE* . and Ag; according to Eq. (33) allows us to explain the splitting,
AE,,, of the CL in XPS. So in AFEP XPS along the c-axis, AE*
of the cluster (Figures 22a and b). However, in FEP their values are different. At phase

aust and Ag; are equal at both edges
transition, AE* . changes differently at the left and right edges of the cluster (Figures 22¢ and
d). Thus, at the left edge AE*, (AFEP) > AE* . (FEP) and at the right edge AE*,.,
(AFEP) < AE* s (FEP). On the other hand, AE* is in good agreement with the difference
AE st = Erax — Emin Of the same CL energies of atoms at the edges of the cluster. For example,
from Table 4 we get AE . = 1.93 eV between 3d of Sb3 and Sb4, 2.77 eV between 3d of I1 and
12, and 1.88 eV between 3d of S3 and S4 in AFEP (Table 11).

State AE (eV) of isolated Ag; (a.u.) of surface AE> (eV) AE = E oy — Euin AE,,, (eV)
clus
neutral atoms and atoms of SbSI cluster (from Table 1) (eV)

ions with g,=1 (a.u.)

Sb3d 9.55 0.23 2.20 1.93 2.50
S2p 11.51 0.18 2.07 1.88 2.20
I3d 8.85 0.25 2.21 2.77 2.70

Table 11. The calculated splitting of the deep CL AE*,; and AE,, in SbSI cluster and experimentally observed AE,,,
of XPS levels in SbSI crystal.

Asitis shown in Table 11, the experimentally observed AE,,, of the XPSlevels in an SbSI crystal
is in good agreement with the calculated splitting of the deep CL AE*, and AE_, in an SbSI
cluster. Thus, it can be concluded that both Ag; and AE,, and the splitting of CL in an SbSI
crystal are sensitive to the displacements of equilibrium position z, (depending on the

temperature change).
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14. The energy gap of the SbSI crystals

14.1. Introduction

Investigation of the total density of states of SbSI crystals [41] has shown that the absolute
valence band top is formed in both phases of 3p orbitals of S, while the absolute conduction
band bottom of 5p orbitals of Sb.

We have undertaken an attempt of a more detailed calculation of the electronic structure and
some properties of SbSI from the first principles using the empirical pseudopotential method
[42]. The method for calculating the band structure of SbSI was employed in Refs. [43-45]. In
Ref. [43], purely ionic and partially covalent models were applied, and an indirect energy gap
of 2.28 eV at point S was obtained. Nevertheless, the accuracy turned out to be 0.2 eV. In Ref.
[44], the pseudopotentials were corrected applying the data on direct gaps. The absorption

band edge in the paraelectric phase was determined at 1.82 eV for E || ¢ (55(_‘2) —»S;_fg)) and
1.91 eV for Ec (S{%)~5/S). The valence band top corresponded to S{"), whereas the conduc-
tion band edge complied with Z 1(C) withthe energy of indirect gap of 1.41 eV. The energy gap
sides matched to points Z and R in the ferroelectric phase. Analyzing the light reflection
spectra, the indirect band gap of 1.82 eV between I, 6(V) and Sl(V ), as well as the minimum direct

gap of 2.08 eV were obtained in reference [45].

In Ref. [45], a purely ionic model was assumed. The form factors of the pseudopotential were
adjusted by fitting the calculated band gap values to the ones obtained both experimentally
and theoretically by other authors. Form factors for CI” were used instead of I.

15. Investigation by using the pseudopotential method

The infinite crystal approximation, which states that the crystal properties obtained for the
primary cell are extended then to the entire crystal employing periodical boundary conditions,
has been employed. Hence, within the primary cell, the position of the jth atom of kind a(a =
Sb, S, orI) is

R(ja) = Rcell + T(ja)’ (33)

where R is the translation vector of the orthorhombic system. The vectors t ](-"‘) describe

onprimitive translations that may be written as

TP =AM +u't vt (34)
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where t,, t,, and ¢, are the lattice parameters along the three coordinate axes. The pseudopo-
tential of the crystal has been selected as a sum of atomic pseudopotentials:

V(r) = Rcell Za ZRCGH Z] Voz (r - Rcell - Tga) ) (35)

Here, v,(r) is the atomic pseudopotential of atom a. It is assumed to be localized and energy
independent. Weakness of the pseudopotential VP(r) provides good convergence of the
pseudo-wave functions expanded in terms of plane waves:

wE(r)=Y_C.(G)e™r, (36)

where G is the reciprocal lattice vector, C,(G) are Fourier coefficients. The Schrodinger
equation in the pseudopotential method has the form

(H+VP)¥E =E . (37)

The pseudo-wave functions of the valence electrons ‘I’lfis(r) approach the true ones outside the

core region, though they show no oscillations within the core. The Fourier component of this
potential (or the matrix element in the plane-wave basis set) is expressed

v(G)=3,5.(G)—v,(G), (38)

C

where 2, and €, are the volume of the corresponding atom and of the primary cell as a whole.
The atomic structural factor S, (G) and atomic form factor v,(G) are defined as

5.(G)=,e" ", (39)

v,(G)= Qij v, (r)e “d’r (40)

a

The integrals are taken over the whole volume Q. Provided the atomic coordinates within the
cell are known, the atomic structural factor can be readily evaluated. The pseudopotential
forms factors for Sb, S, and I, so the following equation [39, 43] was preliminary determined
to be used:
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v, (G) = 4—”anm|exp[—i(Gr)}|nlm. (41)

-2
|G| nlm
a

where nlm denotes the set of electron quantum numbers. Neutral functions for Sb, S, and I
were involved by the numerical evaluation of the form factors [43, 45, 46]. It is significant that
the agreement between the theoretical and experimental data shall be obtained solely
employing neutral functions. It is noteworthy that some other authors [47, 48], who
theoretically studied the band structure of the SbSI crystal, employed an ionic model of
chemical bonding (Sb*® 52 I'!) instead.

K:
z B T
A ; E
UZTR W e
v A F ZTYF R S
FXUZ— URSX /i Q Y
- FYSX c

__N
B
lw]

i

Figure 23. The scheme and notation of 27 special points in the irreducible part of the Brillouin zone.

No Point Coordinates

kx ky kz
1 r 0 0 0
2 A 0 0.25 0
3 Y 0 0.5 0
4 A 0 0 0.25
5 ZTIYT 0 0.25 0.25
6 H 0 0.5 0.25
7 V4 0 0 0.5
8 B 0 0.25 0.5
9 T 0 0.5 0.5
10 z 0.25 0 0
11 I'ysx 0.25 0.25 0
12 C 0.25 0.5 0
13 rxuz 0.25 0 0.25
14 o 0.25 0.25 0.25

15 TYSR 0.25 0.5 0.25
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No Point Coordinates

kx ky kz
16 A 0.25 0 0.5
17 ZTRU 0.25 0.25 0.5
18 E 0.5 0.5 0.5
19 X 0.5 0 0
20 D 0.5 0.25 0
21 S 0.5 0.5 0
22 G 0.5 0 0.25
23 URSX 0.5 0.25 0.25
24 Q 0.5 0.5 0.25
25 U 0.5 0 0.5
26 F 0.5 0.25 0.5
27 R 0.5 0.5 0.5

Table 12. Coordinates of the special points in the irreducible part of the Brillouin zone of SbSI (in relative units), see
also Figure 23.

sl — AFEP
=== FEP

[
Ll

Figure 24. A diagram of the forbidden gap of SbSI in antiferroelectric phase at 308 K and its change after transition to

ferroelectric phase (at 278 K).

E ga NEfErTO S the indirect transition energy (1.42 eV) in antiferroelectric phase between

points U and Z of the irreducible part of the Brillouin zone. E ga NHfErTo o the indirect transition energy (1.36 eV) in fer-

roelectric phase between points R and Z of the irreducible part of the Brillouin zone. The direct gap takes its minimum
value at point U for both phases (a) and (b) correspond to different directions in the crystal.
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The chemical bond in SbSI is of mixed kind, with contributions of both ionic and covalent
components. As we have demonstrated in Ref. [43], it may be described by an approximate
model formula Sb**3572*!, The band structure for both phases was estimated in 27 points of
the irreducible part of the eightfold Brillouin zone, which is the total of 216 points over the
Brillouin zone. The points are schematically described in Figure 23, as well as their coordinates
are provided in Table 12. A total of 600 plane waves were included in the basis set for the
calculation. The experimental energy gap values were estimated from the exponential light
absorption tail at In K= 6, where K represented the absorption coefficient [2]. As it is seen from
Figure 24, the most significant changes in the valence band at the phase transition occur at
points Q and C (energy variation was 0.92 and 0.86 eV, respectively).

Moreover, the changes at points R (0.37 eV), H (0.55 eV), and E (0.42 eV) should be noted. As
far as the conduction band is concerned, similar significant changes occur at points H (0.53 eV)
and E (0.51 eV). At all the remaining points of the Brillouin zone, the band gap profile has
changed insignificantly. All these changes have only a slight effect on the main characteristics
of the band structure (except point R, obviously). As it is seen from Figure 24, the SbSI crystal
has an indirect forbidden gap both in antiferroelectric phase and in ferroelectric phase [42].

The conduction band bottom in both phases is located at point Z1<C), the valence band top in

antiferroelectric phase is at the point uS(Z ), and in ferroelectric phase at R3(_‘£). Our experimental

and theoretical results of the SbSI crystal electronic structure sometimes differ from those
obtained by other authors.

16. Band structure at the first-order phase transition

Direct (Brillouin zone point U) and indirect (jump U—Z) dependence of the forbidden band
on the temperature that has been calculated by us is demonstrated in Figure 25. As shown in
Figures 25 and 26, the width of the indirect forbidden band is 1.42 eV in antiferroelectric phase
and 1.36 eV in ferroelectric phase. The following results match well to the results that have
been obtained earlier [49]: 1.42 eV in antiferroelectric and 1.36 eV in ferroelectric phase. The
indirect width of the forbidden band is 1.36 eV in that band structure, which was obtained by
moving to the point of phase transition from ferroelectric phase point B1; and itis 1.41 eV when
moving from antiferroelectric phase point A1. Hence, the indirect forbidden band moving from
antiferroelectric to ferroelectric phase alters by 0.05 eV, according to our calculations. This
number complies with the change 0.06 eV of the width of the indirect band, which has been
experimentally set [48, 49]. Figures 3 and 4 reveal that the direct forbidden band is narrowest
in point U, 1.83 eV. The calculations presented in Ref. [49] demonstrate the value of 1.82 eV.
The minimal direct forbidden band in ferroelectric phase occurs in point G, 1.94 eV, whereas
this gap is 1.98 eV in point U. The narrowest forbidden band is in point U of Brillouin zone,
approaching from both antiferroelectric and ferroelectric sides. This has been estimated in
band structure in the area of phase transition (Figures 26b and c). In the first case, it turned
out to bel.83 eV, point A2 (Figure 25), and in the second one it is 1.87 eV, point B2 [43]
(Figure 25). For this reason, the observed jump of the direct forbidden band is 0.04 eV during
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the first-order phase transition. The change of the grating parameter along axis c(y), which
affects the band structure of SbSI crystal, causes this jump. It is possible to find the width of
the forbidden direct band in Brillouin zone point U in Ref. [49, 50], which is experimentally
measured. Unfortunately, the SbSI exponential edge of absorption has not been taken into
account. The exponential edge of absorption is explored in greater detail in antiferroelectric
and ferroelectric phases and in the area of the temperatures in the phase transition in Ref. [34].
The edge of the absorption in antiferroelectric phase complies with the Urbach’s rule:

o(E, -E,))

K=K exp| —K 02| 42
LY @
ES E/ eV

a- [10]
- [19
205 | x— 19
a— [20]
- 1 C,
1.95 =
|
|
miL B,

| 2
1.85 = : y.

: Aq Q

] 4

T |
146 = 1 |
: AI#
p— | X

i

1€
i p— *

1.36 X B,
1 L L 1 1 1 1 1

t, °C

Figure 25. We got the direct (2) and the indirect (1) forbidden band width’s dependence on temperature. The brake of
the curve in points Al and A2 is got when moving to phase transition from antiferroelectric phase, and in points B1
and B2 when moving to phase transition from ferroelectric phase.

here

Pyl (43)
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where o stand for Urbach’s parameter, which denotes the outspread of the absorption edge.
The o, is a constant, which describes the intensity of interaction between electrons and
phonons, hw, denotes effective phonons energy, K, denotes “oscillator’s strength” or the
maximal absorption coefficient, E, represents characteristic “gap” of the forbidden band, and
Ey denotes light quantum energy for a particular absorption coefficient K. During the phase
transition, the characteristic “gap” differs:

AE, =E

0 OF

- EOAF’ (44)

where Eg; and E,r stand for the values of the energy “gap” in ferroelectric (F) and antiferro-
electric (AF) phases, respectively. As seen from Eq. (43), temperature dependences Ey (T) and
o/kT (T) should be measured when K = const. and K, (T) in both phases in the area of the phase
transition in order to determine Ey; and Eg,p. K, (T) is not temperature dependent in antifer-
roelectric phase and it is experimentally defined. Different temperatures are matched finding
the point of crossing of the curve InK (E). In ferroelectric phase, Ky is determined as follows:

o
InK, =InK,- y[EJ AF Psz/ (45)

Figure 26. The band structure of SbSI monocrystal: (a) in antiferroelectric phase (T = 308 K), (b) in points of phase tran-
sition moving from antiferroelectric phase (Figure 25 points Al and A2; T¢ = 295 K), (c) in points of phase transition
moving from ferroelectric phase (Figure 25 points Bl and B2; T = 295 K), and (d) in ferroelectric phase (Figure 25
points C1 and C2; T =278 K). Arrows show the width of the forbidden indirect band.

where InK, and (0/kT ), are the parameters in the antiferroelectric phase, and y represents the
coefficient of proportionality (polarization potential). It is possible to find the values of y, K,
P (T) and Eq. (42) in Ref. [34]. Figure 27 demonstrates temperature dependencies of E (T) and
o/kT (T), which have been measured experimentally employing the dynamic method with a
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continuously variable temperature [51]. Using experimental results provided in Figure 27,
when temperature is 295 and 278 K, as well as employing the data indicated in Ref. [34], we
estimate that according to Eqs. (43) and (46), AE,=0.12 £ 0.02 eV. The experimental AE, value
coincides with the theoretic variation of the width of the forbidden band in margins of error,
which is 0.11 eV in Brillouin zone point U. It appears due to the variation of the grating
parameters along the axis c(y), which affects the band structure of crystal (Figures 26¢c and d).

Eg, eV o/KT, arb.u,
- -11.0
192
0.9
190 L 0.8
B 07
1.88
0.6
1.86 ]
0 5 10 15 20 25

Figure 27. The experimental izo absorption curve energy Ey (eV) dependence on temperature when K = 65 cm™ (1) and
the dependence o/kT (T) (2) are measured in SbSI at phase transition.

17. Conclusions

The potential energy of A,(10), B;,(3), By,(4), B5,(5), and B;,(7) normal modes in the paraelectric
phase are anharmonic with a double-well V(z), while B;,(2), B,,(6), Bs(8), and B,,(9) modes
possess only one minimum. The semisoft modes B,,(3) — Ay, By(4) — By, By(5) — B,, and
B;,(7) — B, evoke experimental reflection R(k) peaks for El | c in the range of k = 10-100 cm™
for both paraelectric and ferroelectric phases. The R(k) peak for El | ¢ in the paraelectric phase
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is created by mode B,,(2), but in the ferroelectric phase the R(k) peaks are caused by modes
B,(2) = Ay, By (6) — By, B3 (8) — B,, and B;,(9) — B,. It has been determined that strong lattice
anharmonisity, as well as interaction between chains, can split the mode B,,(3) into two
components, from which one is soft in the microwave range and the other B, (3) is semisoft in
the IR range. The semisoft modes B;,(3), B,,(4), B,(5), and B;,(7) increase the large (absorption)
peak in the range k = 5-100 cm™ and the dielectric contribution of 4e ~5000. The reflection
spectra also show large peaks due to its strong temperature dependence. The strongest
temperature dependence of reflection is observed in the ferroelectric phase. While in the
paraelectric phase it becomes relatively weak.

In the long SbSI chains, the highest levels of one-electron energies in the valence band top are
degenerate. Therefore, Jahn-Teller effect appears as an important factor. The ferroelectric phase
transition in SbSI crystals is caused by electron-phonon and phonon-phonon interactions. The
electron-phonon interaction reduce harmonic coefficient K, whereas phonon-phonon
interaction reverses its sign, i.e., K<0; ¢ > 0. In the phase transition region, anomalous behavior
is demonstrated by the coefficients of the polynomial expansion of the total energy E;
dependence upon the , normal mode coordinate. The , mode temperature dependence of the
coefficient K =m_2 is similar to the temperature dependence of the soft mode frequency, o3,
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Abstract

The piezoelectricmaterial selectionand the circuit designinvibrational energy harvesting
arediscussed. The performancesoftheenergy-harvestingunimorphdevicesthatcaptured
frequencies of 60 Hz by using piezoelectric PZT-based and BT-based ceramics were
evaluated. Output voltages and power from the devices depend on the amplitude and
the frequency of the oscillations, and depend on the load resistance. Generally, PZT-
based ceramics are superior for piezoelectric energy-harvesting applications. The figures
of merit of the materials are discussed in order to provide the guidelines of the piezoelec-
tric material selections. Piezoelectric voltage coefficient, g, is considered to be good
parameter to predict the maximum voltages. On the other hand, d;,gs,/tand, k;;°Q,, and
d3,95 are close to the behavior of the maximum power. Combination of the piezoelectric
unimorph and power management circuit produced the constant voltage output, which
would be used as the power sources.

Keywords: energy harvesting, piezoelectricity, lead-free, power management circuit

1. Introduction

Energyharvesting (EH)is the processof capturing smallamounts of energy from externalnatural
energy sources, accumulating and storing them for later use. In many cases, EH devices convert
ambient energy into electrical energy. By combining suitable electronics, EH devices canbe used
for creating a self-sufficient energy supply system. The merits of the system include the
replacement or supplement of the batteries and the minimization of the associated mainte-
nance expenditure, and the replacement of the power supply cables. Major application target
of EH is for independent sensor networks [1]. The aspect of the sensor network is illustrated in
Figure 1. The sensor network is consisted of the wireless sensors placed on various places, such
as human body, vehicles, and buildings, in order to monitor the physical or environmental
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conditions, such as temperature, humidity, sound, pressure, etc. The data are gathered from the
sensor nodes to data center through the gateway sensor node. The compositions of the sensor
node are illustrated in the upper right side of Figure 1. Sensor node is consisted with a radio
transceiver with an antenna, a microcontroller, an electronic circuit for interfacing with the
sensors, and an energy source. EH is attracting an attention for the embedded energy source of
sensor nodes and is considered to be one of the key technologies of Internet of things (IoT). In
the last decade, the field of EH has increasingly become important as illustrated in the rising

numbers of publications in Figure 2.
Antenna
A4 ‘

'l'fru;u sensor node

Figure 1. The architecture of the sensor network. The configuration of sensor network consisting of sensors placed on
various places. The compositions of the sensor node are illustrated in the upper right side.
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Figure 2. Year-to-year comparison of the numbers of papers on energy harvesting, 1958-2015.
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The available energy from the environment includes solar power, thermal energy, wind
energy, salinity gradients, and kinetic energy. Solar energy has the capability of providing
large power density outdoors; however, it is not easy to capture the adequate solar energy in
indoor environment. Mechanical vibration is the most attractive alternative [1, 2]. Vibration-
electrical energy harvesting using piezoelectric effects has been explored for possible use in
sensor network modules [1-11]. In order to harvest energy from the environment, it is
necessary to capture vibrations with frequencies less than 200 Hz, because such frequencies
are dominant in normal life and in vehicles, as shown in Table 1 [12, 13].

Origin of the vibrations Acceleration (m?%s) Frequency (Hz)
3-Axis machine 10 70
Cooking mixer 6.4 121
Clothes dryer 3.5 121
Electric oven (small size) 2.25 121
Air exhaust in buildings 0.2-1.5 60
Wood deck with traffic 13 385
Windows facing busy street 0.7 100
Note PC loading CD 0.6 75
Washing machine 0.5 109
Refrigerator 0.1 241

Table 1. Acceleration and frequency of the vibration sources in the environment [13].

Vibration hanical Power  Electrical

Source ENErgY § management Energy

Figure 3. Typical components of the vibrational energy-harvesting systems. Mechanical energy is converted to electri-
cal energy by energy harvester and is adjusted the output by the power management circuit.

Considering the application to the power source, appropriate power management circuit
design to adjust to the requirement of the application devices. The block diagram of the
vibrational energy-harvesting systems is illustrated in Figure 3. Energy harvester is vibrated
by the excitation force of the vibration source, then the mechanical energy is converted to
electrical energy by piezoelectrics in energy harvester. The generated electrical energy is
consumed in the application circuits; finally, the optimum control of an electrical output in
accordance with a load condition of the applications is required. Therefore, the power
management circuit plays an important role in the system. The block diagram of the power
management circuit is shown in Figure 4. Since the voltage and current of the electricity
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generated by the piezoelectric energy harvester are alternating, diode rectifier has required to
produce direct current (DC) power supply. And the electricity from the piezoelectric power
generator is large amplitude and frequency fluctuations; therefore, regulation circuit is
required. DC-DC convertor is controlled by regulation circuit to adjust the requirement of the
applications. The output voltage from the piezoelectric generator, the output voltage after
rectification, and the controlled voltage output are shown in Figure 5(a—c), respectively.
Alternating voltage having a waveform of almost positive negative symmetry is generated by
piezoelectric generator. By full wave rectifying circuit, the generated voltage was converted
to one of constant polarity (positive or negative). Smoothing capacitor or filter is required to
produce the steady direct voltage. The regulated circuit including capacitor and DC-DC
convertor produced constant voltage output. In order to enhance the performance of the
energy-harvesting circuit, a nonlinear processing technique “synchronized switch harvesting
on inductor” (SSHI) [5], or active full-wave rectifier by using CMOS (complementary metal
oxide semiconductor) technology [14], and power conditioning circuit with maximum power
point tracking (MMPT) have been proposed [15].

Controller

Figure 4. Block diagram of the power management circuit in the energy-harvesting systems. The power management
circuit is composed of the AC-DC converter, DC-DC convertor, and the controller to adjust the requirement of the ap-
plications.

In order to obtain energy harvesters with high performances, material selections are important
problems. From the view point, figures of merit of the materials have been discussed thus far.
Priya has provided dimensionless figures of merit (DFOM) for a 3-1 mode transducer under
on-resonance and off-resonance conditions, as follows.

DFOM = (kslem/s11E)0n-resonance
DFOM = (d31g31/tan6)off-resonance

Here, k3%, Q51" ds31, g3, and tand are the electromechanical coupling factor, mechanical
quality factor, piezoelectric strain coefficient, piezoelectric voltage coefficient, and loss tangent,
respectively [9].

Takeda et al. have suggested that power output from vibration-based generators should be
expressed as linear functions of the term composed of electromechanical coupling coefficients

ks> and the mechanical quality factor Q,,* of the generator, which enables output estimation
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using material constants k;,*> and Q,, [10]. However, the aspects of the ambient vibration and
required electrical characteristics as converters are diverse, and obtaining a full understanding
of the appropriate material properties for various applications is still challenging.
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Figure 5. The output voltages (a) from the piezoelectric generator (b) after rectification with a full-wave rectifier using
four diodes and (c) controlled by using power management circuit.

In our previous study [16, 17] the unimorphs—cantilevers with an active piezoelectric layer
and an inactive elastic layer—were fabricated, and, prelaminar results on the performance
were reported. Although EH devices fabricated by using thin film piezoelectrics are advanta-
geous in the miniaturization and mass-productivity, EH devices fabricated by using bulk
ceramics are superior in power output. Moreover, in the case of the unimorph EH devices by
using bulk ceramics, material selections are easy by just replacing the ceramics. While, in the
case of EH devices by using thin films, film deposition process is depending on the materials,
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comparative study of materials is relatively difficult. From the perspective of minimizing the
environmental load by avoiding the use of lead-containing materials, consideration of lead-
free piezoelectric materials is valuable for energy-harvesting devices [13]. Therefore, in
addition to PZT-based ceramics, barium titanate (BT)-based ceramics was evaluated for
piezoelectric materials in this chapter. The performance of piezoelectric energy-harvesting
devices that captured frequencies of 60 Hz for PZT-based and BT-based ceramics was evalu-
ated and the figures of merit of the materials have been discussed in order to provide the
guidelines of the piezoelectric material selections. The results using power management circuit
are included for evaluating the performance as the power source.

2. Experimental

The commercial piezoelectric bimorph is used for basic operations in the power management
circuit. And the piezoelectric unimorph were fabricated by remodeling the commercial
bimorphs. The experimental setup for measuring the unimorph generator is shown in
Figure 6. Details were described in our previous study [16]. Commercial bimorph was
produced by using a patterned fiber-reinforced plastic (FRP) plate (105 mm x 10 mm x 1.6 mm)
that was used as the base beam. Piezoelectric ceramics was adhered to both the side of the
beam. The unimorph structure was fabricated by removing the piezoelectric ceramics from
both the side and adhering PZT- or BT-based ceramics (10 mm x 18 x 0.5 mm) to one side of
the FRP beam. The unimorph was attached to the vibration generator and oscillated with
various frequencies and accelerations. And the characteristic frequency of the beam was 57

Piezoelecincs

=7

Acceleration
meter haad

Figure 6. The experimental setup for measuring the unimorph generator. The unimorph constructed by the piezoelec-
tric ceramics and FRP beam was attached to the vibration generator and oscillated with various frequencies and accel-
erations. The displacements and accelerations of the unimorph were monitored by the acceleration sensor attached to
the other end during measurement [16].
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Hz. An acceleration sensor was attached to the other end, and the displacements of the
unimorph were monitored during measurement. The beam vibrated with the tip as a node at
60 Hz.

In the case of the unimorphs, commercial bulk PZT ceramic disks were used. The PZT-based
ceramic disks were hard PZT ceramics with Tc of 325°C, soft PZT ceramics with Tc of 145, 190,
or 330°C (hereafter PZTh325, PZTs145, PZTs190, or PZTs330, hereafter, respectively, NEC
Tokin) of 0.5 mm thickness were used [15]. As lead-free ceramics, nondoped BaTiO; (BT)
ceramics, manganum-doped BaTiO; (BT-Mn), and (Bayg;Cay 15)(Tig 9521,,05)O3 (BCCZ5) sintered
at 1400°C, 1300°C, and 1350°C, respectively, were used. The dielectric and piezoelectric
properties of these ceramics are shown in Table 2 and were reported in detail in our previous
study [16, 18].

Samples Dielectric constant Q,, ki g5 (mVm/N) d;; (pC/N) Maximum voltage Maximum power

V) (W)

PZTh325 1190 461 353 11.8 347 19.6 19.2
PZTs145 4940 66.7 344 6.2 507 18.4 72.2
PZTs190 3578 64.8 328 7.1 445 38 351
PZTs330 1509 714 363 119 370 56 307
BT 3173 519 188 4.1 158 2.6 0.8

BT-Mn 3635 95.3 117 22 85 11 245
BCCZ5 1867 663 124 2.6 63 9.8 17

Table 2. Voltage, power, and material parameters of the piezoelectric samples [16].

In order to evaluate the performance as an energy source, a piezoelectric energy-harvesting
power supply integrated circuit (LTC3588-1, Linear Technology Corp.) that integrates a low-
loss full-wave bridge rectifier with a high efficiency buck converter was employed [19]. The
bimorphs were oscillated for 45 sec. In this power supply circuit, V;,, voltage rectified by a full-
wave bridge rectifier that rectifies AC input from piezoelectric elements, and P4, power good
output signal signing that the output voltage produced by the converter in the power supply
exceeding 92% of the programmed output voltage of 3.6 V, were outputted.

3. Results and discussion

The frequency dependence of the Vg, from the piezoelectric unimorph is shown in Fig-
ure 7. The V .. shows the maximum at 57 Hz, indicating that the maximum displacement of
the bimorph provides the largest voltage output. The output voltages across the various load
resistors were measured. Figure 8 shows the load voltage delivered to load resistance by
oscillating the unimorph with a relative displacement of 0.2, 0.4, and 0.8 mm and a frequency
of 60 Hz. Itis found that the voltage increases proportionally to the relative displacement. From
the voltage, the output electric powers, P, at the load resistance were calculated using
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P=1/2(V*R) equation. The results are shown in Figure 9. It is noted that the electric powers
varied with the load resistance. In all samples, the power increases with increasing resistance
and showed that their peak power decreases with increasing resistance. The resistance that
yielded maximum power varied with the samples, this resistance roughly correspond to the
resistance of the samples. These results were very close to our previous results; however, the
hard PZT ceramics yielded higher output voltage but smaller power in this study. The reason
for this phenomenon is not yet clear. In the case of the hard PZT, the electrical damping may
be larger [13]. Unimorph that used PZT with higher Tc generates larger voltage and power.
Concerning generators that used BT ceramics, Mn-doping was effective. Mn-addition raises
Q. in BT ceramics, and PZT with higher Tc exhibits higher Q.. The results of this study suggest
that hard piezoelectric properties would be favorable for a piezoelectric generator. The relation
between maximum voltage or power and the materials’ parameter from the unimorph using
various ceramics is shown in Figures 10 and 11, respectively. For maximum voltage, g;; is
considered to be good parameter. For maximum power, ds,g3,/tand, k;;°Q,,, and d3,g;; are close
to the behavior of the maximum power; however, hard PZT ceramics yielded smaller power,
compared with the expected values estimated from the material parameters.
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Figure 7. Frequency dependence of V. voltages from the unimorph generator.
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Figure 8. Load resistance dependence of the output voltage from the unimorph using (a) PZTh325 and (b) PZTs140
ceramics.
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Figure 9. Load resistance dependence of the output power from the unimorph using various ceramics. The output
electric powers, P, at the load resistance, R, were calculated using P=1/2(V¥/R) equation from the output voltage, V.
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Figure 11. The relation between maximum power and various material parameters.

The charging voltage (V...), oscillation signal (vibration), and P,,.q were measured by
oscillating the unimorphs consisted with PZTs330 and BT-Mn at 60 Hz for 45 sec. The results
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are shown in Figure 12(a and b). The V... keeps constant voltage during oscillation, and the
voltage damped shortly after the quitting the oscillation. Time constant of the damped
oscillation was 3.4 s for both measurements. Considering that the capacitance (C) of the
charging capacitor is 22 pF, the damping behavior is reasonable. P4 keeps constant during
oscillation and a few seconds after quitting the oscillation for both measurements, showing
the unimorph EH generators used in this study have the capability of the power sources. The
stored energy is calculated by using the (1/2)CV, > equation. The stored power is calculated by
dividing the stored energy by an oscillation time of 45 sec. The maximum output voltage and
power across the load resistance, stored power, and energy in the capacitor and P, time are
summarized in Table 3. The relations among voltage, power, and energy are roughly related;
however, the relations are not so simple with careful evaluation. For example, maximum
powers are dependent on the load resistance, while the stored power and energy are more
closely related to the output voltage. The operation of the power supply integrated circuit
might require voltage to the high impedance input from the piezoelectric generators.
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Figure 12. Vg, oscillation signal (vibration), and P,,,q measured by oscillating the unimorphs consisted with (a)
PZTs330 and (b) BT-Mn at 60 Hz for 45 sec.

Samples Maximum voltage (V) Maximum power (uW) Energy (u]) Pyooq (8)
PZTh325 19.6 19.2 233 0
PZTs145 18.4 72.2 423 38
PZTs190 38 351 2753 56
PZTs330 56 307 3493 55

BT 2.6 0.8 16 0
BT-Mn 11 245 194 0
BCCZ5 9.8 17 135 0

Table 3. Performances of the piezoelectric generator with piezoelectric ceramics [16].
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4. Conclusion

The performance of piezoelectric energy-harvesting devices fabricated from the base FRP
beam and PZT-based and BT-based ceramics that captured frequencies of 60 Hz was evaluated.
The output voltage from the generator is proportional to the displacement of the piezoelectric
ceramics. And the output voltages from the bimorph and unimorph generator varied with the
applied frequencies. The output voltage increased with the load resistance, on the other hand,
the output power showed the maximum at around the load resistance with the impedance of
the piezoelectric generators. And the figures of merit of the materials have been discussed in
order to provide the guidelines of the piezoelectric material selections. Piezoelectric voltage
coefficient, g3, is considered to be good parameter to predict the maximum voltages. On the
other hand, d3,g5,/tand, k;,*Q,,,, and d;,g5, are close to the behavior of the maximum power, these
material parameters are suitable to evaluate the EH performance. The performance of the
power management circuit was evaluated. The constant voltage output was confirmed during
oscillations of the piezoelectric generators, showing the systems used in this study have the
capability of the power sources. As a conclusion, the results of this work suggested that the
piezoelectric material selection and the circuit design are important problems to implement
piezoelectric generator to the various applications.
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Abstract

There have been new developments in prosthetic technology over the past 30 years,
and the union of bionics and prosthetics has improved mobility and aesthetics,
however, a person who lacks a limb will have to continue without a valuable sense,
touch. As a result of stimulation of the receptors under the skin and subcutaneous
tissue, touch is sensitive to mechanical stimuli and stimuli that produce heat, cold, and
pain. In this chapter, the results presented include the stages of design, construction,
and characterization of an ear prosthesis manufactured with a 3D printer in polyvi-
nylidene fluoride (PVDF), which is a biocompatible and ferroelectric smart material
(exhibits piezoelectric and pyroelectric properties). Thus, the behavior of the prosthe-
sis in response to external stimuli such as pressure, heat, cold, acoustic waves, and
light is presented, thereby, extending the purpose of a prosthesis to the area of sensory
perception.

Keywords: Piezoelectric, photopyroelectric, polymer, 3D printer, pressure, prostheses,
PVDF, smart materials, temperature

1. Introduction

Recent advances in bionics and prosthetics have combined different techniques to develop;
in the last few years, aesthetic and functional prostheses which allow people with physical
disabilities caused either by an accident or by a genetic deformity to get on with their life.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN
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Ear prostheses (which in common parlance are called “artificial ear”) are an example of
progress in this area. They are commonly used in patients with microtia, which is a congen-
ital malformation characterized by the underdevelopment of an ear or two and which is
usually broken down into four categories:

* Grade I is a slightly small ear with identifiable structures and a small but present exter-
nal ear canal.

* Grade Il is a partially formed ear, usually with a closed off or stenotic external ear canal
producing a conductive hearing loss.

* Grade III is the absence of the external ear with a small “peanut” skin and cartilage
structure and the absence of the external ear canal and ear drum.

* Grade IV is absence of the total ear (anotia).

In addition to the psychologic effect of a grossly deformed ear, the child or adult with mi-
crotia has moderate to severe conductive hearing loss. Although those patients have a nor-
mal inner ear, it is frequently observed an absence of the external ear (or pinna), an absent
external canal and ear drum as well as a smaller middle ear cavity, fused middle ear bones
(ossicles), and an open (patent) eustachian tube. Therefore, these patients have a maximum
conductive hearing loss. Because it is critical for these patients to have normal hearing in
order to have normal speech and bilateral hearing in order to detect directionality, ear
prostheses have become the most recommendable alternative, allowing the patient to re-
cover both functionality and appearance of a natural ear [1].

This chapter will present the results including the stages of design, fabrication, and charac-
terization of a 3D-printed ear prosthesis using PVDF, a polymeric smart material which is
used as either a sensor or a transducer due to its high piezoelectric, pyroelectric, photo-
pyroelectric, and ferroelectric properties [2-6].

PVDF is the most significant and studied polymer by Lovinger, “Ferroelectric Polymers” in
Science, 1983 [7] and Gallantree “Review of transducer applications of polyvinylidene fluo-
ride” 1983 [3]; PVDF responds to pressure (piezoelectric effect), temperature, sound, light,
and even moisture (reported by our group), “System for Controlling Moisture of the Soil
Using Humidity Sensors from a Polyvinylidene fluoride Fiber mats” [8]. Other polymeric
materials which are not pure and exhibit these properties are ZnO/PVDF with graphene
for pressure and temperature sensing, described by Lee et al. 2015 [5] or the compounds
mentioned in Table 3 “Comparison of piezoelectric properties of some semicrystalline pol-
ymeric material” in Piezoelectric Polymers, 2001 [9].

The prosthesis was subjected to pressure, temperature, light, and acoustic stimuli. Thus,
the response of these stimuli is presented. This way it is expected to restore sensory func-
tion, giving the user the ability to perceive heat, cold, touch, and pressure ae did before as
well as acoustic waves and light.
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2. Experimental section

2.1. Design and manufacturing

An ear prosthesis was created according to anthropometric parameters. It was designed using
a3D computer-aided design (CAD) software. After that, the prosthesis was manufactured with
a 3D printer from bits from bytes, model 3D touch with a Z-axis resolution of 0.125 mm (0.005"/
125 microns), nozzle has a diameter of 0.3 mm, using the fused deposition modeling (FDM)
process and printed in PVDF (C,H,F,) which is a smart material that exhibits piezoelectric and
pyroelectric properties. PVDF used was pure and bought in rods with 3 mm of diameter, from
Goodfellow Limited Cambridge (FV307910), and this PVDF is subjected to strict quality control
to assure repeatability in its ferroelectric properties, that is, piezoelectric and pyroelectric
properties of the printed ear are not affected.

Types of 3D printers:

* Stereolithography (SLA)

* Fused deposition modeling (FDM)
* Selective laser sintering (SLS)

* Selective laser melting (SLM)

* Electronic beam melting (EBM)

* Laminobject manufacturing (LOM)

2.2. Polarization

PVDF is polymorphic and has a crystalline phase (8-phase). The -phase is the most relevant
phase for practical ferroelectric, piezoelectric, and pyroelectric applications. Several methods
are commonly used in order to achieve this phase, such as stretching the material, applying a
voltage of at least 0.5 MV/cm, or using plasma or corona poling [7].

The ear prosthesis made of PVDF was poled by corona poling, where a high voltage (15 kV)
was applied between a needle and a plate, situated 1 cm apart. PVDF prosthesis was placed
over the plate, so the molecules of this polymer are aligned [7, 10].

2.3. Characterization

In this stage, the ear prosthesis was characterized by means of applying different stimuli such
as pressure, heat, and cold (imitating human skin receptors) and also acoustic waves and light,
that is, temperature, sound, pressure, and light (TSPL) stimuli, in order to register different
responses of the PVDF prosthesis as a multisensory unit. Figure 1 shows the general diagram
of the experiments that are mentioned above.
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Figure 1. Diagram of different applied stimuli TSPL to the PVDF prosthesis.

2.3.1. Hysteresis loop

In order to measure ferroelectric hysteresis loop, the Sawyer-Tower circuit was implemented
for this study (Figure 2). By measuring voltage (V}) across a capacitor (C; = 0.15 uF) in series
with the PVDF prosthesis (Cy), the charge on the ferroelectric can be determined since Q; = C;
x V. A sine wave was applied to the circuit with a function generator, Rigol model DG4062;
X channel was measured from an X-Y trace using an oscilloscope, Tektronix model MSO 3014.

PVDF prosthesis
i

X

0.15 uFT Ty  Oscilloscope

Figure 2. Measure of ferroelectric hysteresis loop using the Sawyer-Tower circuit.

2.3.2. Acoustic response

In this experiment, a sound source was used as a sound emitter (a) excited by an audio
generator at 60 Hz. As the receiver, it was used a face of the PVDF prosthesis which was
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metalized (mirror finish) (b) by in situ thermal evaporation of aluminum in a vacuum chamber
at 10* mmHg. A sound source was situated 5 mm from the speaker; at the same time, it was
reflected a red laser beam of helium—neon at 633 nm, JDSU model 1145AP (c) which is detected
by a light detector, light-to-frequency converter TSL230 from Texas Instruments (d); thus
obtaining two electric signals, one from PVDF and another from the light detector in the
oscilloscope, Tektronix model MS03014, (e) displayed. Figure 3 shows a schematic diagram
of the experiment mentioned above.

Figure 3. (a) Sound source, (b) section of PVDF (mirror finish), (c) laser HeNe 633 nm, (d) light detector, and (e) oscillo-
scope.

2.3.3. Photopyroelectric response

The interest of recording photopyroelectric current (Y-axis) is to show that the PVDF used in
the manufacture of hearing aid responds to light, PVDF was stimulated with a modulated laser
light (electronically chopped by the internal oscillator) with a maximum power of 150 mW
through an optical fiber with a wave length A of 650 nm (laser BWTEK model BWF-650-15E/
55369). Two frequency sweeps were carried out, one from 0 to 10 Hz and the other from 0 to
100 Hz [frequency (X-axis)] were used. This experimental arrangement is based on Balderas-
Lopez and Mandelis “New Technique for Precise Measurements of the thermal Effusivity of
Transparent Liquids,” 2003 [11] and Mandelis and Wang “A Novel PVDF Thin-Film Photo-
pyroelectric Thermal-Wave Interferometry,” 2000 [12]. Our group have compared and
discussed the use of PVDF with the ferroelectric ceramic PLZT as a pyroelectric sensor,
“Comparative performance of PLZT and PVDF Sensors Used Phyroelectric to the Thermal
Characterization of Liquid Samples,” 2013 [13].

In order to evaluate photopyroelectric response of the printed PVDF, the experimental
arrangement of Figure 4 was done. The printed PDVF prosthesis (c) was excited with a laser
system, BWTEK model BWF-650-15E/55369 A = 650 nm (e). The laser beam was modulated
under two ranges: from 0 to 100 Hz and from 0 to 10 Hz. The intensity of the laser is a function
of the emitter current. To register the photopyroelectric response of the printed PVDF
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prosthesis, a current preamplifier, Standford Research Systems model SR570 and an oscillo-
scope, Tektronix model MSO3014, were used.

Figure 4. Experimental arrangement of the photopyroelectric response of printed PVDF. (a) Oscilloscope, (b) current
preamplifier, (c) printed PVDF prosthesis, (d) fiber optic, (e) laser system, and (f) function generator.

2.3.4. Pressure and temperature characterization

The prosthesis was tested as a pressure sensor with different pressure loads between 0 and
16.35 kPa using a certified weight set from OHAUS. The prosthesis was set in horizontal
position, and weights between 25 g and 3 kg were placed over the printed ear as shown in
Figure 5.

Figure 5. Example of pressure characterization.

From Newton’s second law (Eq. 1), we have a relation between force (F) and mass (m).
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f=ma )

where

F = force (N)

m = mass (kg)
a=9.81m/s?

Equation (2) was used in order to determine the pressure generated over the ear prosthesis.

p=L
A

2

where
F = force (N)
A = area of the surface of the ear on contact with the weights (m?).

Regarding to temperature characterization, it has been performed laying the ear prosthesis in
an ice bath from 5 to 25°C and in a chamber furnace from 25 to 90°C (in 5°C intervals). The
characterization of temperature was done up to 150°C; however, responses between 90° and
150°C remained unchanged, and a fact that was preliminary confirmed by Davis in “Piezo-
electric and Pyroelectric Polymers,” 1993 [14] who recommends that the maximum tempera-
ture of operation of the PVDF must be 80°C (melting point of around 177°C) [14]. Moreover,
for the ear prosthesis of PVDF, the temperature response is in the range of normal temperature
of human be [36.19°C (97°F) to 37.2°C (99°F)].

Concerning low temperatures (under 0°C), our research group tested the response of the 3D
printed ear (poled and unpoled) at temperatures from -160 to 5°C, giving as a result a
minimum temperature of —43.15°C for the unpoled prosthesis and —47 for the poled prosthesis.
In this context, manufacturers of PVDF reported the minimum operating temperature at-35°C.
It has been also reported in the literature and technical notes that PVDF has a glass transition
temperature (Tg) of about —35°C where PVDF is typically 50-60% crystalline and the lowest
operating temperature is -50°C (Hylar® Kynar®).

Moreover, PVDF can be used at temperatures from —80° to 300°F (-62° to 149°C). Polyvinyli-
dene fluoride (PVDF) is a fluorocarbon classified as “self-extinguishing, group 1” Underwrit-
ers Laboratories, Inc. It is not affected by prolonged exposure to sunlight or other sources of
ultraviolet radiation. It retains its properties under high vacuum and gamma radiation, and it
is also resistant to most acids and alkalis (Porex Corporation). Additionally, the company Bove-
ag indicates a temperature range of 30 to 150°C. Goodfellow reports thermal properties of
PVDF, minimum operating temperature: -40°C, and maximum operating temperature: 135—
150°C.
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The basic circuit used for detecting pressure and temperature of the PVDF prosthesis is shown
in Figure 6. The circuit is a relaxation oscillator (Astable Circuit Operation LM555, Texas
instrument). Changes in PVDF prosthesis capacitance are observed according to the variations
in temperature and pressure.

Ve

I—.

Ra

. ] ¥
t 2 1

I
I
|
r— 5—_L p—

Figure 6. Astable multivibrator circuit LM555 to register changes of temperature and pressure of the PVDF prosthesis.

The circuit shown in Figure 6 generates a clock signal, where the frequency of oscillation
depends on 2 resistors, RA, RB, and one capacitor, C, as shown in Eq. (3). Instead of C, the
PVDF prosthesis was set and the frequency response was observed.

1.44

/= R+ 2rBYC ©

We have also used the circuit of Figure 6 as a moisture sensor [8]. Moreover, pressure and
temperature measurements were done to 3D-printed PVDF samples (FV307910), noting that
if thickness and/or dimensions change, the response also changes but the trend still remains.
This is clearly explained by the Eq. (4):

4)

where C is the capacitance, ¢, is the relative permittivity of the dielectric, ¢, is the vacuum
permittivity (e, = 8.854 x 102 F/m), A is the area of the PVDF or capacitor plates, and d is the
PVDF thickness or the distance between the electrodes or plates (see Equation (5) of Ref. [16]).
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Equation (4) describes the relationship between permittivity, capacity, and physical dimen-
sions of the ferroelectric PVDF when it is subjected to pressure (see standard weights Figure
5) or it is deformed see Figure 3 article our group “Polyvinylidene Flouride in an Applied
Polymer Intraocular Pressure Sensor,” 2005 [6].

Thermal behavior of PVDF dielectric response changes can be widely seen in the following
articles: Casar et al. “Electrical and thermal properties of vinylidene fluoride-trifluoroethy-
lene-based polymer System with coexisting ferroelectric and relaxor states,” 2013 [15]; Jafer et
al. “The Use of PE/PVDF Pressure and Temperature Sensors in Smart Wireless Sensor Network
for Environmental Monitoring System Developed,” 2008 [16]. And Jia et al. “Simulation and
Experiment of PVDF temperature sensor,” 2013 [17].

Finally, using Egs. (3) and (4), the frequency of the circuit LM555 where PVDF was set instead
of Cis; we have, 1.44/(RA + 2RB) f =(¢,¢,A) /d; where

(144
~ £,6,A(RA +2RB) ®)

Demonstrating that any alteration of PVDF in its intrinsic permittivity and/or physical
dimensions changes fby action of pressure and temperature in the ear made with PVDF shown
in the following results of Figure 7 (f vs. P) and Figure 8 (f vs. T). Incidentally by a frequency-
to-voltage converter may be plotting voltage vs. pressure or temperature.

-

“w-0

Figure 7. Response of the prosthesis of PVDF as a pressure sensor from 0 to 16350 Pa.
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Figure 8. Thermal responses of prostheses made of PVDF from 2 to 90°C.
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Figure 9a shows the design of a 3D human ear model according to anthropometric parameters
[18-20] and created with a computer-aided design (CAD) software. It was exported as a

stereolithography file in order to print it using a 3D printer.

Figure 9. (a) Human ear created with a 3D CAD program. (b) Ear prosthesis printed of PVDF.
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The ear was printed in polyvinylidene fluoride as it exhibits ferroelectric properties. Figure
9b shows the 3D-printed ear prosthesis. The dimensions of the printed ear are 60.1 mm wide
by 34.74 mm long and has an average thickness of 6.88 mm. Electrodes were painted over the
printed ear with silver paint from SPI Supplies. The area of these electrodes is 6.26 mm? and
the distance between them is 41 mm (Figure 10). Dimensions were measured with a Starrett
Vernier with 0.02 mm precision.

Figure 10. Dimensions of ear prosthesis printed of PVDF.

Sawyer-Tower circuit (Figure 2) was used to measure ferroelectric properties such as hyste-
resis. Figure 11 shows P-E hysteresis loop of the printed PVDF, and X axis shows the electric
field (E) in kV/cm and Y axis polarization (P) in uC/cm?.
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Figure 11. Printed PVDF hysteresis loop.
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The acoustic response using a metalized printed PVDF sample is presented in Figure 12. The

electrical signal from the light detector was recorded after PVDF reflected the laser beam.
Variations of the laser intensity correspond to fluctuations of amplitude and frequency in the

electrical signal.

Figure 12. Reference signal for printed PVDF (Chl) and the signal obtained from a commercial light detector (Ch2).

Results of photopyroelectric response of printed PVDEF prosthesis at 10 and 100 Hz are shown

in Figure 13a, b, respectively.
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Figure 13. (a) Printed PVDF sample photopyroelectric response (100 Hz), (b) printed PVDF sample photopyroelectric

response (10 Hz).

The results in Figure 13a, b showed an asymptotic behavior, similar to the ones described in

the theory in the case of frequency modulation of laser stimulation. References amply illustrate
the use of PVDF in the photopyroelectric technique [11-13].

The prosthesis was also tested as a pressure sensor, applying pressure loads between 0 and

16.35 kPa.
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With regard to the characterization of PVDF, i-phase was reached by means of corona poling.
Figures 7 and 8 show the difference between unpoled and poled PVDF (Tests 1, 2, and 3); the
average of these three characterizations (mean) and the line adjustment (fit line).

Figure 7 shows the response of the ear prosthesis of PVDF as a pressure sensor using Eq. (3).

Equation (6) fits a line through the points at 0-16,350 Pa for the corona-poled PVDF prosthesis
with correlation coefficient of 0.9670.

y=-0.4687x+217.16 (6)

The temperature characterization of the ear prosthesis has been performed from 5 to 90°C in
5°Cintervals, and Figure 8 illustrates the response of the PVDF ear prosthesis as a temperature
sensor using Eq. (5). After 90°C, no changes were observed as Davis reported [14].

Equation (7) fits a line through the points at 5 and 90°C for corona-poled PVDF prosthesis with
correlation coefficient of 0.9940.

y=-2.5132x+199.34 @)

4, Discussion

The fabrication of an ear prosthesis at present has led to restore the functionality of the middle
or inner ear with an electronic hearing aid or implant, respectively [21-26], for patient suffering
a dysfunction in the mentioned parts of the ear. By the other side, the ear prosthesis developed
in this work focuses on aesthetics and the recovery of acoustic functionality involving only the
reconstruction of some of the outer and middle ear structures [27-29]. Both kind of prosthesis
(electronic and mechanical) had been designed by separate but an active prosthesis, which
covers both aesthetic functionality and the electronic hearing aid (in cases where external,
middle, and even the inner ear are damaged either by accident or by a congenital malforma-
tion) has not been developed so deeply as the first two mentioned above [30]. In this context,
our 3D prosthesis is oriented to provide an aesthetic prosthesis with the ability to sense sound
waves without the requirement of another kind of sensor like a microphone or membrane that
needs to be placed on the patient’s as cochlear implants does. PVDF has demonstrated its
ability to work as a microphone [3, 31] due to its piezoelectric properties which can be exploited
in the proposed 3D-printed prosthesis.

Regarding the light response of PVDF, results (Figure 13a, b) showed an asymptotic behavior,
coinciding with the one reported in photopyroelectric techniques [11-13].

In the case of the prosthesis as a temperature sensor, it was observed that it works linearly
between 5 and 90°C; after this temperature, there are no more variations. The latter consider-
ation has no impact on the use of the prosthesis usually, as the ambient temperature does not
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exceed these ranges and the direct application of a higher temperature may cause deformation
thereof. It has also been reported that the optimum working temperature is 80°C [14].

The experimental results show an almost linear and inversely proportional behavior between
the stimuli of pressure (Figure 7) and temperature (Figure 8) with the frequency response. The
repeatability of the results allows to evaluate the PVDF as a reliable material because each
stimulus applied (pressure and temperature) was tested in triplicate, thus obtaining results
with slight variations but the same trend. The prosthesis tested as a pressure sensor showed
effectiveness in the range of 0-16.35 kPa, values that also fall within the range of applied
pressure that could hold an ear without malformation [32, 33].

Biocompeatibility is a subject that is also covered by a prosthesis because of their permanent
contact with the skin or any other organ. That is why a PVDF prosthesis is ideal to prevent
exposure to hazardous substances. This polymer has been used in many other kinds of
biocompatible applications, and it has been widely studied as a safety material for biomedical
applications [34, 35]. By the other hand, using a 3D printer, a functional ear prosthesis could
be fabricated in a few hours with all the advantages mentioned above.

5. Conclusions

In this work, a prosthesis made of PVDF was manufactured satisfactorily with a 3D printer. It
was also tested as pressure and temperature sensors. The characterization could be achieved
satisfactorily. As shown in Figures 7 and 8, the typical response of the PVDF pressure and
temperature sensors was found to be very reliable. It was seen that PVDF displayed a high
sensitivity to pressure changes in the range 0-16.35 kPa.

Smart PVDF prostheses provide a promising tool for measuring pressure and temperature
variations due to its ferroelectric properties (piezoelectricity and pyroelectricity) [5, 36]. These
kind of smart prostheses have great potentialities in the biomedical engineering field because
of their ability to generate an electrical potential in response to applied mechanical stress or
variations of temperature, as well as flexibility [37].

Besides this, the prosthesis has displayed to be not only a reliable temperature and pressure
sensor but also an acoustic one [31, 38]. This is a quite important characteristic due to the fact
that the outer ear collects sound waves and channels them into the ear canal where the sound
is amplified.

The light response was also satisfactory of the PVDF coinciding with the photopyroelectric
techniques reported [11-13].

Finally, it is possible to manufacture sensors for TSPL based on PVDF with their respective
feedback, that is, TSPL responses proportionate electrical stimulation of skin sensory nerves.
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Abstract

Results of theoretical, modeling, and experimental investigation of microwave acoustic
properties of piezoelectric layered structure “Me1/AIN/Me2/(100) diamond” have been
presented within a wide frequency band 0.5-10 GHz. The highest among known
material quality parameter Q x f ~ 10" Hz for the Ila type synthetic diamond at
operational frequency ~10 GHz has been found. Conditions of UHF excitation and
propagation of the bulk, surface, and Lamb plate acoustic waves have been establish-
ed and studied experimentally. Frequency dependencies of the impedance and quality
factor have been studied to obtain a number of piezoelectric layered structure
parameters as electromechanical coupling coefficient, equivalent circuit parameters, etc.
Results of 2D finite element modeling of a given piezoelectric layered structure have
been compared with the experimental ones obtained for the real high-overtone bulk
acoustic resonator. An origin of high-overtone bulk acoustic resonator’s spurious
resonant peaks has been studied. Results on UHF acoustic attenuation of Ila-type
synthetic single crystalline diamond have been presented and discussed in terms of
Akhiezer and Landau-Rumer mechanisms of phonon-phonon interaction. Identifica-
tion and classification of Lamb waves belonging to several branches as well as dispersive
curves of phase velocities have been executed. Necessity of introducing a more correct
Lamb-mode classification has been recognized.

Keywords: aluminum nitride, synthetic diamond, ultra-high frequency, bulk acoustic
wave, Lamb wave, electromechanical coupling, acoustic attenuation
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1. Introduction

Known piezoelectric materials such as quartz, lithium niobate, lithium tantalate, langasite, etc.
have been widely used as the substrates in a number of acoustoelectronic devices such as
resonators, acoustic filters, delay lines, sensors, etc. Such devices can operate on one or several
typesofacousticwaves, suchasconventionalbulk(BAW)acousticwaves, surface(SAW)acoustic
waves (Rayleigh, Sezawa, Gulyaev-Bleustein, shear-horizontal (SH), and Love waves), normal
plate waves of Lamb-type, and Stoneley acoustic waves on the interface between two differ-
ent solids. In the twenty-first century, state-of-art technologies have a clear requirement for
passive electronic and acoustoelectronic components operating at high and ultra-high (UHF)
frequencies with low insertion losses. Previously, conventional structures and materials could
not be applied at UHF due to their high acoustic attenuation. Possible solution is to use
piezoelectric layered structures (PLS) based on appropriate single crystalline substrates with
low UHF acoustic attenuation. Modern precise technologies of thin-film deposition provide
fabrication of submicron piezoelectric layers with excellent parameters. Hexagonal alumi-
numnitride (AIN) filmsareused moreoftenthanzincoxide (ZnO)filmsduetotheirbestdielectric
properties and thermal stability. Applying PLS approach, one can extend a set of substrate
materials to be used up to non-piezoelectric crystals with outstanding physical properties.

Well-known types of BAW resonators are the conventional piezoelectric resonators more often
produced out of crystalline quartz, including the high-frequency resonator as inverse mesa
structure, thin-film bulk acoustic resonators (FBAR) [1], and solidly mounted resonators (SMR)
[1,2], but they have significantly lower both Q factor and operating frequencies compared to
high overtone bulk acoustic resonator (HBAR). Such HBARs can be used at high frequencies
up to 10 GHz because the elastic energy is mainly concentrated within the substrate material
[3]. Usually HBARs are designed as PLS with a specified electrode structure deposed on a
crystalline substrate with low UHF acoustic attenuation. In earlier investigated BAW resona-
tors, single crystalline and fused quartz, silicon [4], sapphire [4,5], and yttrium aluminum
garnet (YAG) substrates [6] were used. It was proved that diamond single crystal has a low
acoustic attenuation at UHF and diamond-based HBARs are known operating at frequencies
up to 20 GHz [3].

The choice of HBAR's substrate material is a problem of high importance since it is necessary
to take into account an appropriate combination of physical and chemical properties, low
acoustic attenuation at UHF, crystalline quality, possibility of precise treatment, etc. It is well
known that physical properties of thin films such as the density and elastic constants can
considerably differ from the ones measured on the bulk specimens. HBAR can be used as an
instrument for determination of material properties of substrates and thin films at microwave
frequencies with high accuracy. Additionally, HBAR application gives a unique possibility to
measure frequency-sensitive properties, for example, the acoustic attenuation of substrate’s
material within a wide frequency range of 0.5-10 GHz.

Application of diamond as a substrate material in this chapter is caused by its unique physical
and acoustical properties: it is the hardest crystal with highest BAW and SAW velocities (in
[111] direction, the phase velocity of BAW longitudinal type v, = 18860 m/s [7]); it has high
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thermal conductivity up to 2200 W/cm-K [8]; high thermal and radiation stabilities [9]; low
acoustical losses at UHF [10], and so on. As there are many types of diamond crystals, which
vary in terms of boron or nitrogen doping concentration, here we will discuss only dielectric
ITa-type synthetic diamond crystals with low impurities concentration: N <2 ppm.

The main objectives of this chapter consist of the theoretical, experimental, and modeling study
of acoustic wave propagation, especially Lamb modes, and its dispersive properties in
diamond-based piezoelectric layered structures.

2. Acoustic modes propagated in piezoelectric layered structures

2.1. Piezoelectric layered structure as a complex acoustic system: normal bulk, surface and
plate acoustic waves

Propagation of the small amplitude acoustic waves in the piezoelectric crystal is described by
the equations of motion and electrostatics and, additionally, the equations of state of the
piezoelectric medium as [11]:

D =0,
i, =Ctf —e E
ik — ikpqnpq nik™~n>

— 7 n g
Dn = €N +e,,E

mn=—m*

There were introduced the values to be used as follows: g, is the crystal density; U, is the unit
vector of the dynamical elastic displacement; 7; is the thermodynamical stress tensor; 1, is the
strain tensor; E,, and D,, are the vectors of electric field and electric displacement, respectively;
Cillcqu/
Here and after, the time-dependent variables are marked by "tilde" symbol. The comma after
the subscript denotes that the spatial derivatives and coordinate Latin indices vary from 1 to
3. Here and further, the rule of summation over repeated indices is used.

e, and gl are the elastic, piezoelectric, and clamped dielectric constants, respectively.

Taking into account the dispersion of the elastic waves, a general form of the Christoffel
equation and its components can be written as follows:

(ka —poco28ik)ai =0;i,k=1,...,4;5,,=0;

F,‘k = Ci/";;(mkjkm; (2)
Uy =T =euhk Ty =—e,,kk,;

where k=(w/v)n is the wave vector and 7 is the unit vector of the wave normal; o, are the
eigenvectors (components of wave elastic displacement); «, is the amplitude of the wave of
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quasi-static electrical potential; w is the circular frequency, and v is the phase velocity. Solution
of Christoffel equation as a standard problem of the eigenvalues and eigenvectors brings
determining the characteristics of the bulk acoustic wave in a piezoelectric crystal.

The propagation of elastic waves in the multilayer piezoelectric structure should be written
introducing additionally the boundary conditions depending on the number m of layer:

1 1 vac
1(3/) - xy=h’ Dg) - D( ) x3=h ’
2 2
SRR
o =0 . U -uP|
(m=1) _ (m) (m=1) (m) @)
T3j :T3j r:(]’ D :D X:O;
(m—1) — (m) U.(mfl) — U(m) .
x; =0 ’ ! ! X3 =0 ’
Tgnjz) =0, _, - D3(m) — D(vac) .

Here h,, is the thickness of the m-th layer, and X; axis coincides with the vertical direction.
Substituting the elastic displacements and electric potential taken in the form of linear
combinations of n partial waves into the boundary conditions (3) as

U = ZC,(,”')QE.”)exp[i(klxl +k"x, - mtﬂ,

(m) (m) (n) (n) (4)
" = ZC4 a, exp[i(klx1 +kyx, - wtﬂ,

one can obtain a matrix of the boundary conditions. Here, C™ and C™ are the amplitude

coefficients of elastic displacements and electric potential in the m-th layer, respectively.
Equating the matrix determinant to zero forms an algebraic equation determining the charac-
teristics of the elastic wave. The variations of the boundary conditions (3) will define all the
types of elastic waves propagating in a layered structure. For example, the first equation in
Eq (3) determines propagation of Rayleigh-type waves, and the first and last equations taken
at m =1 describe the propagation of elastic waves in a piezoelectric plate,that is, now Eq (3)
can be written as
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©)

If we assume that the lower layer is thick enough (semi-infinite type), that is, its thickness is
much greater than the length of the elastic wave, then in this case the latter equation in Eq. (3)
can be ignored, that is, a free bottom border takes place. It is also necessary to require the
fulfillment of the condition which provides attenuation of elastic waves in the substrate as
Im(k;m))<0. Then the equations describing the propagation of elastic waves in the "layer—

substrate" structure will look like

P

8
Z(a C3(,;,kl o, "1 g E,gkk(")af{’)>exp(ik3(")h) =0,

n=1

Zs:[anegzk,(")ai")+a4(sg1;k£)—zso)a4 }exp(zk h) 0,

n=1

S (O£ 4 8 () () (1)
me (Ci3klk1A o + 3pl 1 ) an( ik, '+ &k, oy ) =0, (6)
m=1 n=1
8

zb ( ?kl 3p p ) Zan ( ?k/ + 8(2[)11(1(; )agn)) = 09
m=1 n=1

S, SU(I)wa 0

s=1 n=1

Digital superscripts 1 and 2 denote the layer and the substrate, respectively; a and b, are the

m

magnitudes and weight coefficients of s-th partial wave (s =1, ..., 4 ) in the substrate; a"”’ and

a, are the magnitudes and weight coefficients of n-th partial wave (n =1, ..., 8) in the piezo-
electric layer.

2.2. Dispersive relations for the elastic waves in plates and layered structures

Before investigation of the propagation of elastic waves in a multilayer structure such as “Mel/
AIN/Me2/diamond,” it makes sense initially to study the marginal cases as propagation of
elastic waves in a plate and a layered structure (interlayer interface).
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Let us perform the analysis of the characteristics of an acoustic wave in piezoelectric crystalline
plate belonging to the point symmetry 23. All the results obtained will be reasonable for other
cubic crystals too. In this case, Christoffel tensor Eq. (2) written for the propagation of elastic
wave along the [100] direction in (001) plane takes the following form:

C ki +ChLk: 0 (c11 + Cﬁ)kﬂc} 0
. 0 Cr(k +k) 0 2e,kk,
0= 7)
(Cy+Ch)kk, 0 Cikl +C k3 0
0 2e, ki k, 0 &) (k' +k7)

Obviously, in this case I'; tensor can be decomposed into two independent parts, correspond-
ing to the partial wave motion in the X, X; sagittal plane and along the X, transverse direction.
As usual, the X, axis of special Cartesian coordinate system coincides with the wave propa-
gation direction. First part describes a nonpiezoactive Lamb wave, and the second one
corresponds to the SH acoustic wave possessing the piezoelectric activity.

Characteristic Eq. (7) with respect to k; for the Lamb-type wave is a polynomial of the fourth
power:

(Cllk12 + Ciks —po’ )(Cﬁklz +Ck; — Po(’)z) - (CIZ +Cly )2 ik =0 @®)

Roots of Eq. (8) take the following solutions:

;) = & ﬁ(m P —4RQ), )

where R=C;,Cj, P=Cy(Cpyk?-00w?) + C4(C ik -0gw?) =(Cyy + C P2,
Q=(Cpyk?- 0g?)(Cfik2- uw?), and k=k,. Eigenvectors corresponding to k"’ values can be

written as

=g, a"=(10p,0)
K =g ==, o =(1,0,-p,,0); (10)
kf) =4, ol = (1’O'p3'0);

K ==, ==k, a=(1,0,-p,0);
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Cpk % - o’ + Cyig” Ciik % - 0uw” + Cyi s

where Pr=- (Cu +Cyf )k‘h and Ps=- (CIZ + C4§jk% ’

Taking Eq. (10) into account, one can obtain the system of Eq. (5) with respect to components

a®™ and k™, and then the determinant can be defined as follows:

A" —geT " Be'"  _Be it

Ceiq,h Cefiq,h De[q3h De*iqsh

s 11
A -4 B -B (1)
c C D D
where
P __Cllk2 "'C4E4‘]12_poCOZ
=
(C12+Cﬁ)k%
C k*+CEg*—p,0°
p3 - _ 11 44q3 pO , (12)

(Clz + Cﬁ)k%

A=Cy(kp, +4,);B =Cy, (kps +4;),
C=Cyhk+Chq,p;D=Chk+Cq;p;.

Equating to zero the determinant of the matrix (11), one can get the equation describing the

propagation for the symmetric mode:

1.
th(2lq3h] q, |:C11 (k2 _klz)_c12%2:|{c12(c12 + Cﬁ)kz -G, |:C11(k2 _k12)+ Cﬁqg]}

== (13)
th[;iqlhj % |:C11 (kz —k; ) - C12‘132:|{C12 (CIZ + Cﬁ)kz -Gy |:C11 (kz - klz) + Cﬁ‘]ﬁ]}
and for the antisymmetric mode of Lamb wave [12]:
1,
th[zl%hj g [Cll (kz - kzz) - C12%2J{C12 (CIZ + Cﬁ)kz -Gy |:C151 (k2 - k12)+ Czﬁlqlz:l} 14

[Cll (kz - ktz) - C12Q12:|{C12 (Clz + Cﬁ)kz -G |:C1b; (k2 - k12)+ C4E4q32}} .

-

=
7\
o | —
=

=
N
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Here k;= (“’/ ) is modulus of the wave vector of the longitudinal bulk acoustic wave, and g,=k."’
9

is the solution of biquadratic dispersive Eq. (8).

For SH-waves, the characteristic dispersive equation similar to Eq. (8) can be written as
! [cﬁ (k2 +k2)- poof](kf + k) - 4e2kkE =0, (15)

Solving Eq. (15) with respect to k; at the parameter k=k,;, one can obtain the result:

k}(],z.3,4) _ ii\/kz _%|:klz —4k%k + \/(k,Z — 4kl K )2 +16kk" :| (16)

Here kt=(“’/ ) is the modulus of wave vector of the shear bulk acoustic wave, and =
v 14 [ E
e Cyg

is the electromechanical coupling coefficient (EMCC). Eigenvectors corresponding to a value

k" are equal to

W=g,  a”=(010p)
K=k =gy, o =(010,-p,); (17)
=g, a”=(010p)

) 2eukg (3) 214k,

_ _ _
where p,=a; "= =a,’= .
2= 3?1(k 24 '?22) r Pam % Ev1]1(k 2+ ‘742j

As a result, in this case, the determinant of the boundary conditions (Eq. (5)) is obtained as
follows:

Aeiqzh _Aefiqzh Bei%h _Be—iq4h
(C+D)e*" (C-D)e™" (E+F)e“" (E-F)e™"|, (18)
A | B -B
(c-D) (C+D) (E-F) (E+F)

where
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A= Cfﬂz +eykp,, B= CAEAq4 +ekp,, C=e k—elq,p,, (19)

D=igyp,, E=ek—enq,p,, F=igp,.
Taking the similar procedure as for the Lamb wave solution, the matrix of the boundary
conditions (18) is divided into two independent parts, and the dispersive equations describing
the propagation of SH-waves could be obtained:

th(ig,h) q, C44a§1(k2+qj)+2ef4k2 e (k27q2)+21a ,th(iq, )}
th(in) . [CLel (i +42) + 2600 el (¥ - 7) +2icg (i) |
2 2 2 2 2 2 (20)
th(i%h):‘h re 1](k +q4)+2e14k el (k 2)+21a Kcth( 1q2h)}
th(iq,h) g, Ci ;‘](k2 +q§)+2ef4k2 (kz )+21a (cth( 1q4h)}

It should be noted that in this case the SH-wave is also divided into symmetric and antisym-
metric modes, which is possible only at the high symmetric directions of elastic wave propa-
gation.

If we need to deposit a thin metal layer on the upper surface of the piezoelectric crystalline
substrate without disturbing the mechanical boundary conditions, then the second row of the
determinant (18) is changed, which leads to the following new dispersive equation for SH-
wave:

th(iqzh) 2 [ en (k +q4)+2q4k }[s;‘l(kz—q§)+2isoqzth(iqzh)]
th(iﬂhh) ;[ W€l (k +q2)+2el4k }[s;‘l(kz—qf)+2i80q4th(iq4h)]
. s?,(kz7q2)th(iq2h)+2i£0q2 1)
& (k* = g3 )cth (ig,h) + 2ie,q,
el (K — g )th(iq,h) + 2ie,q,
11(k —q4) h(iq“l'l)+2i(»:0q4

1+

In this case, an additional factor on the right side is the dynamic electromechanical coupling
coefficient, depending on the frequency/plate thickness, and taking into account the effect of
metallization on the magnitude of the phase velocity of piezoactive SH-wave.

Another marginal case is the propagation of an elastic wave when interlayer interface has been
taken into account. Let us consider the propagation of the Love wave (SH-wave in this case)
along the [100] direction in (001) plane of the layered structure as “isotropic dielectric layer/
piezoelectric crystalline substrate of 23-point symmetry group.” Characteristic equation for
SH-waves is similar to Eq. (15). Equation (4) for the SH-wave in the form of partial waves can
be written as

U, = [b(”B“)eXP(qS)xa) +b7B%exp(g!x, )J exp[i (kx, —ot)],

(22)
O = [b(l)exp (qgl)x3 ) + b(z)exp(qu)x3 )J expli(ky, - ot) ],
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where

o+ (et ]

L g U
0 2¢{; kg ®

- M (23)

o 2ekg)

43

Here and after the superscript S is marked the substrate material constants. In an isotropic
dielectric layer, due to the absence of the piezoelectric effect, the parameters of partial

components are k{"?= +is and k*¥= + ik, where s =\ Q%v k2 Here and after the superscript

L is marked the layer material data. Consequently, the boundary conditions (6) can be written
as

amexp (ik§])h) - a(4)exp (ikgz)h) =
©) (—k,aEIL) + ao)exp(ikf)h) (kls,1 )exp(ik(4)h) =0,
b(l)(C£4)q§ )pl +e14 k)+b ( ' q3 p2+e14 )+15C44 ( a(3))=0,

b()(el4)kp1 11q3 )+b (e14 kp, = ”)qg )+lk8”)( - ())20’

(24)
B! pl+b pz—a() =0,
b + 5 a® =0,
o [ |
b=
2el4 kq}

Equating to zero the determinant of Eq. (24), one can get the dispersive equation for the Love
wave propagating in the layered structure “isotropic dielectric layer/piezoelectric crystalline
substrate” [13]:

ClYisth(sh)
5 [CS)SE?)(AZ P+ z(gﬁ) )2 kz} —P[ij)sﬁ) (B +K7)+ 2(3&? )2 kz} (25)
T B(4*+ i)~ PA(B* + i) ’

2_A2) +2iAe eWkth(kh ) + ¢

_ W op_ @ p_B ik (L), &t 0
W = = A 2= + 2iBe O e )
here A=¢;", B=q;", P A k2-B?) +2iBé and e=e;;k ek + egth(kh ) °
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Similar dispersive relation for Love waves (SH-waves) for a layered structure “isotropic layer/
piezoelectric substrate of hexagonal symmetry” has been obtained in Ref. [14].

2.3. Analysis of anisotropy and dispersion of SAW parameters in "AIN/diamond" PLS

Algorithm for calculating the elastic wave parameters in PLS was based on the method of
partial waves, previously well adapted to define the SAW characteristics. To improve the
accuracy of calculation, the normalization of Christoffel equations and boundary conditions
was applied. Square of EMCC was determined by the relation

KZ — 2 m , (26)

where v and v,, are SAW phase velocities on the free or metallized surface of the piezoelectric
film.

Using data on the elastic properties of diamond [15], and aluminum nitride (AIN) [16], the
computer simulations of the SAW propagation in PLS “AIN/(111) diamond” were carried out
with options of (100) or (001) on the AIN film orientation. Anisotropy of the Rayleigh wave
phase velocity in the (111) plane of the diamond is relatively small, and the (001) plane of AIN
film is isotropic with respect to the elastic properties; so, in PLS “(001) AIN/(111) diamond,”
the SAW propagation is actually happening as on the isotropic medium. In contrast, the “(100)
AIN/(111) diamond” PLS gives us an example of noticeable anisotropy in the phase velocity
and EMCC.

Determination of what SAW type will be excited in this case is possible, considering the tensor
of piezoelectric coefficients for the 6mm point symmetry crystal AIN, which has a form in the
special Cartesian coordinate system as

e, €, €0 0 0
e,=[ 0 0 00 0 e (27)
0 0 00 ¢, O

Let us choose the SAW propagation X along the [010] direction in the (100) plane of AIN film.
AC electric field vector in accordance with the orientation of IDT will have the E=(0, E,’, E;)
components located in the sagittal plane. Components of mechanical stress can be found by
the relation o;=e,;E,, where 0,=0,=0;=0,=0, 05=¢;5E;, and og=e;sE,. Last component is
responsible for pure SH-wave (Love wave) excitation. If we consider the SAW propagation
along the X | | [100] axis in the (100) plane of AIN film, it is fulfilled E =(E L0, E ’3), , and stress
components are of the form: o, =ey,E,, o, =ey,E,, oy =ey,E,, 05=e,5E,, and o, = ¢, = 0. Components
07 and o are responsible for the excitation of longitudinal and transverse components of the
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partial waves of the Rayleigh SAW; o, and ¢} are associated with parasitic BAW excitation.
Consequently, for a given orientation, the possibility of piezoelectric SH-wave excitation is
absent. In principle, this situation is analogous to the case of the (001) orientation of the AIN
film, in which at any IDT location the Rayleigh SAW will only be excited.
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Figure 1. Dispersion dependences of SAW phase velocities (a) and EMCCs (b) versus the i x f product for the “(001)
AIN/(111) diamond” piezoelectric layered structure. Fast and slow bulk acoustic waves are designated as FS u SS, re-
spectively. Curves R, — R, and L,, L, are associated with the Rayleigh and Love surface acoustic waves.

Dispersion curves of SAW phase velocities and EMCCs for the “(001) AIN/(111) diamond” PLS
depending on the / x f product are shown in Figure 1. Here, h is the AIN film thickness. Phase
velocity of the fundamental R, Rayleigh wave is changed from 10844 m/s (Rayleigh wave
propagating in the (111) diamond plane at & = 0) up to 5775 m/s (Rayleigh wave propagating
in the (001) plane of AIN film at i — ). Phase velocity of the lowest L, Love mode is changed
from 11992 m/s (SS mode in diamond) up to 6511 m/s at i x f= 8000 m/s tending to FS phase
velocity in AIN film, which is equal to 6398 m/s. As one can see, the only Rayleigh waves can
be excited by piezoelectric effect because their EMCCs have non-zero values, but the
excitement of SH-waves should be absent (Figure 2b). Maximal value of K*> = 2.1 % with
h = f=2900 m/s will be observed for the R, mode which is often called as Sezawa wave. These
dependences are qualitatively close to those obtained by the authors [17].

Dispersion curves of SAW phase velocities and EMCCs versus the h x f product for the “(100)
AIN/(111) diamond” PLS are shown in Figure 2. In this case, there is a significant anisotropy
of the elastic and piezoelectric properties of AIN film; therefore, it is necessary to specify a
definite direction of wave propagation. Phase velocity of the Ry mode is changed from 10787
up to 5884 m/s (Rayleigh wave propagating in the (100) plane of AIN film along the [010]
direction at i — o). Phase velocity of the lowest L, mode is changed from 11992 up to 6282 m/
s, tending to SS phase velocity in AIN film, which is equal to 6172 m/s. In this direction only
SH-waves can be excited by a piezoelectric effect. On the other hand, the excitation of Rayleigh
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waves should be absent (Figure 2b). Maximum value of K? = 0.76 % will be observed for the
Lymodeath x f=2050 m/s. Obtained dependences are qualitatively close to the similar ones [18].

0.8 = Kz By,
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Figure 2. Dispersion dependences of SAW phase velocities (a) and EMCCs (b) versus the /i x f product for the “(100)
AIN/(111) diamond” PLS. SAW propagation was chosen along the [010] direction of AIN film and coincided with the
direction [112] in (111) diamond plane.
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Figure 3. Anisotropy of SAW phase velocity (a) and EMCC (b) in the “(001) AIN/(111) diamond” PLS at different val-
ues of 1 x f (m/s): (1) 1000; (2) 3000; (3) 5000.

Figure 3 represents the anisotropy of SAW parameters in the “(001) AIN/(111) diamond” PLS.
A set of curves is associated with data for the three values of the & x f product. Investigated
structure shows the highest EMCC for the Rayleigh-type waves and low anisotropy of the
phase velocity due to weak anisotropy of elasticity in the (111) diamond plane. Thus, high-
velocity Sezawa mode R, has the maximal value K*=2.1 %, and the phase velocity of 11531 m/
s ath x f=3000 m/s.
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Figure 4. Anisotropy of SAW phase velocity (a), EMCC (b), and PFA (c) in the “(100) AIN/(111) diamond” PLS at dif-
ferent values of h x f (m/s): (1) 1000; (2) 3000; (3) 5000. Angle ¢ was measured from the [010] up to [001] direction in the

(100) plane of the AIN film. The [010] direction of AIN film coincided with the [112] direction in (111) diamond plane.

Figure 4 shows the anisotropy of SAW parameters in the “(100) AIN/(111) diamond” PLS. As
follows from Figure 4b, best EMCC values of 1.6 and 0.7% have a fundamental Rayleigh mode
Ry, and Sezawa mode R, at h x f= 5000 m/s in the [001] propagation direction of AIN film
(¥ =90 °). Sezawa mode has also the greatest value of the phase velocity of 12290 m/s
(Figure 4a). Note that in this direction a propagation of the pure modes will be realized both
for the Rayleigh and SH-type waves (Figure 4c), because power flow angle (PFA) tends to zero,
but only Rayleigh modes can be excited due to the AIN piezoelectric effect. Love wave has a
maximal EMCC K?=1.35 % in the direction ¢ = 56 °, but it is no longer a pure mode.

3. Experimental Investigations of Acoustic Wave Excitation and
Propagation in Diamond Based PLSs

3.1. Objects of Investigation

The Ila-type synthetic diamond single crystals grown by HPHT method at the Technological
Institute for Superhard and Novel Carbon Materials were used as substrates for the studied
PLSs. All the substrate specimens were double-side polished up to the roughness Ra lower
than 15 nm on 10 x 10 um? surface controlled by AFM method. Metal electrodes and AIN
piezoelectric films were deposited by magnetron sputtering equipment AJA ORION 8. A
preferred choice of Mo as a bottom electrode is explained by a good accordance between
acoustical impedances of diamond and Mo. It can be seen by the X-ray diffraction pattern for
the test sample AIN/Mo/glass (Figure 5) that the AIN film has the preferred orientation (002),
and the full-width at half-maximum for this reflection is 0.213°. The X-ray diffraction meas-
urements were performed by Empyrean (Panalytic) equipment. Figure 5 shows SEM images
of the surface and cross-section of the AIN/Mo/Si test sample. One can see the surface mor-
phology of the AIN film with a crystallite size about 30-100 nm. The SEM investigations were
performed by the JSM-7600F (JEOL) high-resolution scanning electron microscope. The PLS
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fabrication technology was in detail described in Ref. [19]. Electrode structures with a specified
topology were deposited using both masks and photolithography by the Heidelberg uPG 101
equipment. Explosive photolithography was necessary to form a specified AIN film topology.
The thickness of deposed films varied within 150-200 nm for top electrode, 0.4-5.5 um for AIN
piezoelectric layer, and 150-200 nm for bottom electrode. The set of the studied PLSs is
represented in Table 1.

Intensity

20, degree

Figure 5. (a) X-ray diffraction pattern of AIN/Mo/glass test sample; (b) SEM images of AIN surface (magnification
x100,000); (c) SEM cross-section image (magnification x50,000) of AIN/Mo/Si test sample.

PLS # PLS composition Material/thickness ~ Thickness (um) Material/thickness  Thickness (um) of
(nm) of top of AIN film (nm) of bottom (100) diamond
electrode electrode substrate

1 Al/AIN/Mo/(100) Al/250 3.1 Mo/200 1037

diamond

2 The same Al/250 1.04 Mo/150 137

3 The same Al/164 0.624 Mo/169 392

4 Al/AIN/Mo/Pt/(100)  Al/200 1.044 Mo/115 501

diamond Pt/10

5 Pt/AIN/Pt/(100) Pt/250 1.04 Pt/177 460

diamond

6 Al/AIN/Mo/(100) Al/200 3.2 Mo/200 1040

diamond

7 The same Al/200 1.04 Mo/150 303

8 Pt IDT/AIN/(100) Pt/156 5.53 - 1040

diamond

Table 1. Set of studied PLSs.

The influence of area size and the shape of the electrodes on the signal quality was studied.
Serial number of resonator’s notation is associated with the shape, while the letter represents
the area of the top electrode. Here #“1” means a pentagon form, #“2”—irregular rectangle, and
#“3"—circular form. The area of electrode “a” is 40000, “b”-22500, and “c”~10000 pum?. All these
1a-3c electrodes are associated with different HBARs with the same AIN and metal layers.
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3.2. UHF study of acoustic wave excitation and propagation in piezoelectric layered
structures

Microwave studies of PLSs were carried out by equipment (Figure 6) comprising the E5071C
network analyzer (300 kHz—20 GHz) and the M-150 probe station. The experiments were
fulfilled in the reflection mode with a test device connected by ACP40-A-SG-500 probe (the
distance between tips was equal to 500 um). Figure 7 shows the photograph of one of the
studied samples (PLS #3).

i B B
B

Figure 7. General view of the PLS#3 included nine acoustic resonators.

3.3. PLS microwave acoustic properties measuring: phase velocities, quality factor and
quality parameter, frequency and temperature dependences

PLS gives us a unique possibility to investigate the acoustic properties within a wide frequency
band from several MHz up to tens of GHz: from fundamental A/2 resonance (1 =1) up to UHF
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overtones (1 >1000). Really, in the successful observation, all the overtones will depend on the
quality and thickness of TFPT, and even more the acoustic attenuation in the substrate as well
as the quality of their preparation. Figure 8 represents frequency dependence of S;; parameter
(reflection coefficient) measured close to first acoustic overtone (f;, = 8.39543 MHz) of the PLS
#1. The quality factor Q of an oscillator can be measured as

Q== (28)

where f,, is the resonant frequency of n-th overtone of BAW longitudinal type (L), and Afis the
bandwidth measured at -3 dB level. The second method for determining the Q factor was
based on the relation

1

Qn,td -

do,
2 a)p,n

dw

psn

= ”Tdfp,n (29)

where w,, = 27tf, , @, is the phase shift angle, and 7, is the group delay time. However, since

the experimentally obtained values of Q from Egs. (28) and (29) have only a slight difference,
we will further use only Eq. (28) for Q calculations.

e

3o - 4
1 o b B w10 ive: D »

Figure 8. Frequency dependence of S, parameter close to first acoustic overtone (f;, = 8.39543 MHz, and Q = 28754) of
the PLS #1.
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The resonant frequencies of PLS can be calculated approximately by the relation:

V

~n—t, 30
S mnoy (30)

where v, is the longitudinal BAW phase velocity, and # is the substrate thickness. Calculation
of phase velocity for [100] diamond at a given thickness gives us v, =17412 m/s which is close
to known data 17542 m/s, obtained by acoustic echo pulse method [7]. Error of ~0.7 % can be
explained by TFPT loading and phase shifts in layers.

Note that the resonance phenomena at low frequencies in PLS will be realized with low TFPT
effectiveness.

It was found that such parameter as impedance Z;; is more convenient than S,; reflection
coefficient for the analyzing of PLS acoustic properties. In order to get a proper measurement
of a Q factor, one needs to obtain a value for a “pure,” or extracted, impedance of PLS [20].
First, we measure an absolute value of total impedance Z,; at the resonant frequency. Then,
the value of the extracted impedance |Z;;, | can be calculated as

|le(*|:|lel_|Zl‘l|’ (31)

F & 14
¥ C LTS P e e I

Figure 9. Frequency dependence of the extracted impedance |Z;,,| close to fifth acoustic overtone (f;, = 319.157971
MHz, and Q = 47027) of the PLS #2.

where |Z I | should be measured in the frequency area away from the acoustic resonance. Only
after this procedure, the proper Q value should be calculated accurately taking | Z;; | magni-
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tudes on the -3 dB level. As an example, frequency dependence of the extracted impedance |

Z,1,| close to fifth acoustic overtone of PLS #2 is presented in Figure 9.
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Figure 10. Frequency dependence of a number of measured PLS parameters close to 16th acoustic overtone

(frer=1.019209 GHz, and Q =
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Figure 11. Frequency dependence of the extracted impedance 1Z;,,| close to 425% acoustic overtone (fy,s, = 9.520235

GHz and Q = 9430) of the 1

b resonator PLS #3.
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A full view of a number of measured PLS parameters such as Z,;, Z;, Real, Z;; Imag, Z,, Z, Real,
Z,Imag, Z, Phase, Z, Delay, and Smith diagram is presented in Figure 10 close to 16th acoustic
overtone of the PLS #2. As one can see, the PLS #2 has a high Q =21921 at ~1 GHz of operational
frequency. Note that Z, phase parameter is convenient in determining the resonant frequency
when phase shift is equal to zero. Smith diagram gives us a full screen of the impedance within
the given frequency band. For example, this option is convenient when the matching of a device
and a measuring circuit should be executed.

Frequency dependence of the extracted impedance |1Z;,,| close to 425" acoustic overtone of
the 1b resonator (PLS #3) is represented in Figure 11. Note that a high Q = 9430 was obtained
at an operational frequency ~10 GHz.

4 Corman J0¥ et Pl Ly o o e SRR RN -

Figure 12. Frequency dependence of the extracted impedance Z, delay close to 1137th acoustic overtone
(fursn = 19. 8985629 GHz and Q = 5969) of the PLS #4.

Resonant peak at extreme operational frequency combining with high Q value was obtained
at 1137th acoustic overtone (f;35;, = 19. 8985629 GHz and Q = 5969) of the PLS #4 (Figure 12).
Note that operational frequency belongs to K-band, and as a result the diamond-based PLS
can be realized as acoustoelectronic devices efficient at such frequencies.

Analyzing the data on the frequency dependence of Q factor within a wide frequency band
(Figure 13), anonmonotonic Q is noted, decreasing with respect to a frequency increment. The
reason for the appearance of local maximums and minimums will be discussed below
(Section 4.2). But it is more convenient to represent experimental data by quality parameter as
Q x fproduct. The main purpose of such representation is that the phonon—phonon attenuation
in the crystals is often represented as Q x f = f(w) relation in order to define the mechanism of
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UHF acoustic attenuation. Detailed investigation of the frequency dependence of quality
parameter for the nine resonators (PLS #3) was carried out, and the experimental results in
partare represented in Figure 14. Here, rather high values of Q (up to 35000) at low frequencies
take place, while increasing frequency results in decreasing Q factor with ~10000 at 9-10 GHz.
Individual resonators differed from one another by configuration and square. As one can see,
the best top electrode configuration in terms of higher Q x f (and Q) seems to be the irregular
rectangular form. This result is more sufficient at high frequencies and low top electrode area

size.

Analyzing Figure 14, an unusual frequency dependence of Q x f quality parameter was found
as far as Q x fhas increased at higher frequencies running up to Q x f ~ 10** Hz. Such value for
diamond is one of the highest among known materials, but for the first time it was obtained
at ~10 GHz operational frequency.
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Figure 13. Frequency dependence of Q factor for 1a, 1b, and 1c resonators (PLS #3, see Figure 7 and Section 3.1).
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Figure 14. Frequency dependence of quality parameter Q x f for a set 1a, 1b, and 1c resonators with different top elec-
trode area and shape (PLS #3, see Figure 7 and Section 3.1).
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Figure 15. Frequency dependence of Z;; impedance for 1a resonator of PLS #3 measured close to 4.5 (a) and 7 (b) GHz.

Because the PLS in comparison with conventional piezoelectric resonator is an inhomogeneous
acoustical device, alot of unwished waves can be excited, distorting sometimes a useful signal.
As an example here, we will focus only on 1a resonator (PLS #3). The amplitude-frequency
characteristic (AFC) for this resonator is represented in Figure 15. As one can see, at rather low
frequencies the main resonant peak has a number of adjacent so-called spurious peaks, which
are placed at slightly higher frequencies. Such spurious peaks have lower amplitudes and are
located at a certain distance away from the resonant signal. In this case, they have no influence
on the main peak and its Q value (Figure 15a). However, increasing the resonant frequency

can result in a convergence of such peak to a resonant signal, and some distortion of a useful
signal takes place (Figure 15b).

Study of temperature dependence on resonant frequency for diamond-based PLS is also of

great practical importance. The experimental results on the temperature dependence of
normalized frequency

A _S(T)-£(20 )
T Sy 2

where £,(20°C) is the resonant frequency at T'=20°C (at room temperature) are represented in
Figure 16 for the PLS #5 for two resonant frequencies close to 1 GHz in a wide temperature
range. As one can see, the normalized frequency has monotonic temperature dependence with

low slope at low-temperature region. Temperature coefficient of frequency (TCF) can be
defined as

W) ®)
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Figure 16. Temperature dependence of Af/f, for the PLS #5 were measured on resonant frequencies fs, = 1101 and
fse- = 1063 MHz associated with 58th and 56th overtones, respectively.

For a number of studied PLSs, the TCFs at different frequencies are represented in Table 2.
The obtained TCF values were in a range(—4.5to - 6.5) x 107K~ .

PLS# Resonant frequency, MHz TCF, 10° K
5 1101.328 -6.14
1063.420 —6.54
6 596.028 -4.53
612.718 -4.63
7 722.325 -4.50
751.273 -4.84

Table 2. TCF for a number of studied PLSs at different frequencies.

The typical temperature dependence of Q factor for the PLS #6 is represented in Figure 17 for
a temperature range -100 to 100C. Note that the quality factor decreases while temperature
increases.
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Figure 17. Quality factor’s temperature dependence for the PLS #6 measured at resonant frequency ~596 MHz (71
overtone).
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In order to excite the SAW, a special interdigital transducer (IDT) should be formed. Study of
SAW propagation was carried out by means of a delay line as the “Pt IDT/AIN/(001) diamond”
PLS #8 (Figure 18). Here, one can see two identical SAW delay lines based on (100) diamond
substrate 4 x 4 mm?, and including IDTs (period dp; = 10 um, and aperture 500 pm) on the top
of the AIN surface. The thickness of the AIN film (~5.5 um) was chosen to satisfy the condition
of effective SAW excitation on the 500-700 MHz range. Therefore, the SAW of Rayleigh-type
was propagated along the [110] direction of diamond and simultaneously within the AIN film.
In such PLS, the conditions for a number of Rayleigh-type surface waves of different orders
could be realized, for example, R, R;, and so on.

Figure 18. General view of the PLS #8 (d;pr = 10 um).
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Figure 19. Amplitude—frequency characteristic of SAW propagating in the PLS #8 along [110] direction of diamond: (a)
AFC general view; (b) R, mode; (c) R, mode.
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The AFC of the PLS #8 is shown in Figure 19. There are two resonant peaks: at 449 MHz
(fundamental Rayleigh mode R;) and at 594 MHz (Sezawa mode R;). Such modes are shown
on Figure 19b and c.

3.4. UHF acoustic attenuation in diamond

The results on the frequency dependence of quality parameter can be explained in terms of
acoustic attenuation. There are many different mechanisms of acoustical energy losses in PLS.
Careful study shows that the attenuation in a rather thick diamond substrate is much higher
than the one for thin electrode and AIN film [10]. The influence of roughness losses of AIN
film and diamond can be estimated as [20]:

o =21 8'68(k/ianilN + k:liamncziiam)N’ (34)

where Ky, Kgiany ane @nd Ny, are the wave vectors and root-mean-squared roughnesses for
AIN and diamond, respectively, and N is the number of reflections of an acoustic wave in a
sample per 1 s. For studied samples with 1, <30 nm and 74,,, < 15 nm it can be shown that
acoustic attenuation contributions concerned with roughness are estimated as:
arany = 0.164dB/(GHz*xcm) and aggiam) = 0.0035dB/(GHz?xcm). An extremely low value of
damaged layer arising as a result of mechanical polishing of diamond surface was estimated
by Kikuchi lines observation [21] as ~30 nm, which is an extremely low value, and has almost
no influence on the full acoustic attenuation.

Fundamental origin of acoustical attenuation in solids is defined by phonon-phonon interac-
tion, which can be concerned with two different mechanisms. At relatively low frequencies,
when wt,, < 1 (1, is the time of thermal relaxation for phonon—phonon interaction) Akhiezer’s
mechanism should take place [22], while at relatively high frequencies (w7, > 1) it should be
replaced by Landau-Rumer’s mechanism [23]. For such attenuation mechanisms, the quality
parameter and acoustic attenuation have a form adapted for PLSs operating by longitudinal
BAW [10,24]:

8.68nC, Ty’t,, .,
2
G |:1 + (an't:h ) }

ow? |1+ (2, ) |
f = CT—ZT ~ const
viY Ty (35)
8.687°y (k,T)'
Oxf- 300, i
m'y? (k,T)

X =

Akhiezer regime,

Landau ——Rumer regime.

f

Here, Cy is the specific heat per volume unit, y is Griineisen parameter, k; and h are the
Boltzmann and Planck’s constants, respectively. As one can see, the main difference between
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Akhiezer and Landau-Rumer mechanisms is the frequency dependence of attenuation and
quality parameter. For example, the Q x f should have no frequency dependence at the
Akhiezer regime, while at Landau—Rumer regime, the Q x fshould be increased proportionally
to the frequency. Estimation of acoustic attenuation by Eq. (35) within the frequency range 0.3—-
10 GHz gives a much higher value than that due to the contributions of roughness taking place
on the AIN and diamond surfaces. Thereby, the most significant influence on the resulted
acoustic attenuation arises from phonon-phonon interactions. Experimental results of the
frequency dependence of quality parameter for a number of diamond-based PLSs are repre-
sented in Figure 20.

As seen from Figure 20, the quality parameter has almost no frequency dependence while f <
1 GHz, and after that it has a linear growth, which can be explained as the change of the
attenuation mechanism at ~1 GHz from Akhiezer’s to Landau-Rumer’s. Comparing the
experimental results from Figure 20 with the analytical expressions from Eq. (35), the thermal
relaxation time and Griineisen parameter for longitudinal bulk acoustic wave propagating
along the [100] direction of diamond can be estimated as 3.5 x 10° s and 0.85, respectively.
Note that here we used particular Griineisen parameter for the longitudinal mode since it can
be different for different acoustic modes in crystal. Finally, for Ila diamond single crystal at
Akhiezer regime (f<1GHz), Q x f~ 1.8 x 10” Hz and a,_;, 0.9 x f* dB/(GHz*xcm), while for
Landau-Rumer regime, Q x f= 1.8 x 10* x f Hz and a5, = 0.9 x f dB/(GHzxcm). Frequency
about 1 GHz is an extremely low value for the change of phonon—phonon interaction mecha-
nism: all the known crystals applied in acoustoelectronics have such a change at much higher
frequencies (20 GHz and higher). This result means that diamond crystal may be a promising
substrate for acoustoelectronic devices when the operating frequency should be higher than
the units of GHz. UHF acoustic attenuation in diamond in comparison with other commonly
used crystals is represented in Table 3.
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Figure 20. Quality parameter’s frequency dependence for diamond-based PLSs.
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f,GHz Diamond YAG Sapphire LiNbO,
Our data, [10] [25] [26] [27] [28]
1 0.9 02~0.3 0.2 0.3 0.4
2 1.8 1.0 0.8 1.0° 15
4.5 4 5.2 4.1 5.1 8.0
8 7.1 16.0° 12.8 15.8"

"Calculated in the Akhiezer approximation.

Table 3. Microwave acoustic attenuation (dB/cm) in diamond in comparison with other crystals at room temperature.

4. Modeling of microwave acoustic properties of “Mel/AIN/Me2/diamond”
piezoelectric layered structure

4.1. Equivalent circuit and frequency dependences of equivalent parameters for «Me1/AIN/
Me2/diamond» PLS

HBAR’s equivalent parameters are close concerned with specified equivalent scheme of device
and are important in view of HBAR modeling and application, for example, the AFC calcula-
tion, matching of devices, etc. PLS equivalent scheme introduced in Ref. [6] is represented in
Figure 21.

1
R, =max ReZ, (fp,,, ),
k,f - m’
Qﬂ (36)
=&
" k”2 '

k 1

0

Here C; and C, are static and dynamic capacities, R, is loss of resistance, k, is the electrome-
chanical coupling coefficient, L, is dynamic inductance, w,,, = 27, , is angular frequency of
parallel resonance.

Frequency dependence of equivalent parameters for the 1a, 1b, and 1c resonators (PLS #3) is
represented in Figure 22. As one can see, there is a complex frequency dependence of equiv-
alent parameters which requires an accurate choice of operational frequency bands.
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Figure 21. PLS equivalent scheme.
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Section 3.1).
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4.2. Peculiarities of PLS acoustic wave excitation by thin film piezoelectric transducer

Both Q and Q x f measured for a lot of PLSs have nonmonotonic frequency dependence with
a number of local maximums and minimums. Such complex dependence can be explained in
terms of form-factor m, which was introduced in Ref. [29] for the TFPT conjugated with the
acoustic line. It was shown in Ref. [29] that the frequency dependence of the acoustic power
W radiated by the TFPT into the substrate can be considered by the relation: W ~ [m 12 In Ref.
[21], it was shown that such approach is also valid for the “Mel/piezoelectric/Me2/substrate”
PLS. A simple analytic expression of the form-factor m for PLS without top electrode [21,29]
can be written as

V4 [ Z . Z, .
cosP, cosd,, ——sind,sind,, +il M cosd, sind,, + —Lsind, cosP,,
y Z,, Z, r z
m= . (37)
sinzﬁ
2

Here Z;, Z,;, and Z are the acoustic impedances of the piezoelectric film, inner metal electrode,
and substrate, respectively; @, = kydy and @, = kpdp are the phase shifts inserted by the metal
film and piezoelectric layer; k), and k, are the wave vectors in those layers; dy; and d, are
thicknesses of these layers. However, Eq. (37) should be considerably modified in order to take
into account the top electrode. Unfortunately, such equation could not be written in a compact
form, but the proper matrix system of equations was represented in Ref. [21].
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Figure 23. Frequency dependence of form-factor |m|? Re(m), and Im(m): (a) calculated data, and (b) comparison with
experimentally obtained Q x f product for the PLS #3 (see Figure 7 and Section 3.1).
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It is easy to show that as a rule the minimums of |m|? should be associated with maximum-
radiated acoustic power, while maximums of form-factor should result in low W or even the
absence of an acoustic signal. A number of form-factor calculations were done by our special
computer software. As one can see from Figure 23, there is a strong correlation between the
frequency dependences of Q (Q x f) and Im|? = f(w), as well as with the Re(m) and Im(m)
functions. It can be easily seen that frequency bands with high Q (Q x f) should be associated
with minimal values of the Im(m), low Q (Q x f) values correlate with minimal Re(i), and low
TFPT effectiveness coincides with maximal Im 1% Note that Re(m) minimums arise at frequency
bands concerned with the ~ p(A,/4) resonances of AIN film (p is the odd integer). So the
acoustoelectronic device will be more efficient at such operating frequencies where the flat
regions with minimal values of the Im|? function are realized. As a result, such preliminary
computer analysis makes possible defining the proper operating frequencies before construct-
ing a device.

4.3. 2D FEM simulation results of acoustic wave propagation in diamond-based PLS

The 2D FEM simulations were carried out with the use of Comsol Multiphysics Simulation
Software. Material data on the density, elastic constants, acoustic attenuation, etc. for all the
layers and diamond substrate were taken from Refs. [16, 21, 30]. Such PLS parameters and
acoustic processes as distribution of elastic displacement fields within all the parts of PLS
(cross-sections of substrate and TFPT), AFR modeling, calculation of the wavelengths and
phase velocities of acoustic modes of different types, identification of its types, etc. have been
studied in detail. Symmetrical boundary conditions on the lateral borders of diamond
substrate were used in order to satisfy the condition of zero normal displacement components
as (fq, L_j)=0, where 7 is a unit vector of the normal to the lateral border, and ﬁ is a unit vector
of the wave elastic displacement. Visualization of elastic displacement fields gave us an
instrument of analysis of acoustic wave excitation because all the waves propagating in lateral
directions should be reflected under the condition w = m(A/2), where w is a substrate width, A
is a wavelength, and m is an integer. In this 2D case, as a result of wave reflection, a lot of
enabled acoustic waves such as symmetrical (S,) and antisymmetrical (4,) Lamb waves of
different orders, and Rayleigh waves could be observed in a given frequency band. Overtones
of longitudinal BAW, which were of great importance in a practical sense have been investi-
gated in a wide frequency band in order to establish the energy-trapping effect in diamond-
based PLS. Calculated layered structure was chosen as to be close to the experimentally studied
one as PLS #3. Widths of top Al electrode, AIN layer, and Mo bottom electrode were equal to
400 um, while diamond’s widths were taken as 1000 or 1100 um. Thicknesses of Al, AIN, Mo
layers, and diamond substrate were equal to 164 nm, 624 nm, 169 nm, and 392 um, respectively.
During the calculation by the “Eigenfrequency” option, a lot of sequentially excited acoustic
resonant modes have been observed, and the main attention was paid on the patterns of
mechanical displacements, which were associated with one or the other type of acoustic wave.
Because the most waves in PLS have a dispersion of phase velocities, it was important to study
its frequency dependences. The form of more convenient presentation of calculated results
was the YX cross-section of a sample (Figure 24). Wave propagation can be observed along
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the X-axis (Rayleigh and Lamb waves) or along the Y-axis (mainly longitudinal acoustic

waves).

Figure 24. Typical scheme of diamond-based PLS.
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Figure 25. Displacement fields of some modes obtained by 2D FEM simulation for diamond-based PLS #3: (a) third
overtone of the L mode at ~67 MHz; (b) the A, mode at resonant frequency ~8.03 MHz; (c) the R mode at resonant
frequency ~54.6 MHz; (d) the S, mode at resonant frequency ~17.28 MHz; (e) the S Lamb mode near the critical fre-
quency (f,, = 68.86 MHz); (f) the S, Lamb mode near the critical frequency (f,, = 63.84MHz); (g) the A, Lamb mode; and
(h) Ay, Lamb mode. Red color is associated with Y-component of elastic displacement in vertical direction up, and blue
color defines such value in vertical direction down. Elastic displacements are presented in a magnified scale.
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In Figure 25, the patterns of elastic displacements for some acoustic waves are presented. One
can clearly see the arrangement of displacement vectors designated by arrows. Color graphics
serves, knowing the displacement along the Y-direction (up or down) and its magnitude. For
example, if we take into account Rayleigh wave displacements (Figure 25c), there are ten Az/2,
which are placed along the width of the diamond substrate (1000 pm); so, Az =200 um at 54.613
MHz. As a result, the phase velocity of Rayleigh wave propagating on the diamond surface is
equal to 10922.6 m/s. In a similar manner, the phase velocities for all observed eigenmodes
have been calculated.

Effect of energy trapping was observed in the conventional piezoelectric resonators and was
explained by authors [31] as a total internal reflection of acoustic beam on the vertical borders
within the resonator’s aperture. Such effect was observed in HBARs too [32], but it has a more
complex nature. As an example, the appearance of energy trapping in the PLS #3 is represented
in Figure 26. It should be noted that realization of energy trapping is strongly concerned with
the BAW wavelength, lateral dimensions, substrate thickness, and TFPT aperture. In the case
of PLS #3, the energy trapping regime in the steady state was established, beginning the 12th
BAW overtone at frequencies above ~268 MHz.
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Figure 26. Energy trapping in the PLS #3: (a) energy trapping realized for 34th BAW overtone (~759 MHz); (b) absence
of energy trapping on 3rd overtone (~67 MHz).
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4.4. Identification, selection and classification of acoustic waves of different types

PLS has a sophisticated acoustic spectrum. Generally speaking there are three normal bulk
acoustic waves propagating along any crystalline direction within a substrate: Rayleigh waves
on free top and bottom substrate surfaces; symmetrical and antisymmetrical Lamb plate waves
when the thickness of substrate is comparable to the wavelength. Presence of piezoelectric
layer gives a possibility of excitation not only to bulk waves in vertical direction, but also to
modified dispersive Rayleigh waves, including Sezawa wave with highest phase velocity, and
Love waves, belonging to the SH-wave class. Excitation Rayleigh or SH waves separately will
be defined as an occurrence of appropriate piezoelectric constants at the given configuration
of electrodes and orientation of piezoelectric film (see Section 2.3). Mass loading of TFPT results
in “softening” of the mutual region “substrate + TFPT” and gives a useful possibility of energy
trapping for longitudinal BAW in the vertical direction, so that the BAW energy is localized
within the TFPT aperture under certain conditions. Note that within TFPT region, the SAW
phase velocity will have a smaller value than the same at the free diamond surface. Fine
interferometric effects could be observed as a consequence of acoustic wave reflection from
lateral borders of the substrate or TFTP.

Type and order of the acoustic modes were defined, taking into account the directions of elastic
displacement vectors, location, and the number of homogeneous areas of elastic displacements
along vertical and horizontal axes when the fields of elastic displacements analogous to
Figure 25 have been analyzed.

Dispersive Lamb waves are of special interest because there are a lot of types and orders of
dispersive branches for its phase velocities. In order to distinguish Lamb modes, let us
remember that the critical wavelengths (or critical frequencies) for each Lamb mode should
be defined [33] as
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where 1 is the plate thickness, A, and A, are the wavelengths of longitudinal and transverse
(shear) bulk acoustic waves, respectively. Note that at critical frequency, each Lamb mode will
degenerate into a standing wave whose phase velocity will tend to infinity and elastic
displacement field will correspond to either a longitudinal or transverse type. So, at the
frequencies below a critical one, a given Lamb mode should not exist. Using Eq. (38), one can
calculate the critical frequencies for each Lamb wave excited in a plate and define the point of
creation of such mode. Note that PLS critical frequencies could weakly differ from the ones
for pure plate. Now, the necessity for distinguishing between Lamb modes of the same type
and order has been recognized. It would be a good thing to highlight this fact as a mode
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creation’s point, and as a result, here and after, the lower index or will be used to
designate not only critical frequencies, but also the dispersive curves calculated for such
specified Lamb modes. Usually, such differences had not been taken into account, and, in our

opinion, some mistakes of classification of the Lamb mode spectrum were previously made.

4.5. Phase velocity dispersion curves and critical frequencies for acoustic waveguide
Lamb modes

Dispersive properties of Lamb waves are important in a physical and practical sense. Based
on 2D FEM simulation of PLS #3, all the possible modes have been observed within the 0-
250 MHz band, than the mode’s identification and classification have been executed [34]. As
a result, the dispersion curves for the phase velocities for a lot of Lamb modes have been
obtained (Figure 27). As one can see, the phase velocities of the A, and S, modes converge to
the phase velocity of Rayleigh wave at high frequency. It is suitable to say that such A, and
Sy modes have a broad application in acoustic nondestructive control devices, sensors, etc.
Note that the conditions of Rayleigh wave excitation are fulfilled at both the substrate surfa-
ces, but the effective phase velocity on the top surface should be lower due to the TFPT
loading.

Phase velocities of all other A, and S, (n = 1) modes have a high dispersion, and at high
frequency finally converge to the phase velocity of shear BAW propagating along the [010]
direction of the diamond. Super-high magnitudes of phase velocities of Lamb waves near the
creation points have no physical meaning and can be treated as standing longitudinal/
transverse modes.

Analyzing a set of dispersive curves, one can notice that the difference between Lamb modes
with respect to a mode creation’s point (e.g., A, vs A4,,, or S,; vs S, etc.) has an important
meaning, and such features are necessary for detailed explanation of Lamb wave spectrum in
a wide sense.

Taking into account Eq. (38), one can see that critical frequencies for S, and A,; plate modes
(n21) coincide with the resonant frequencies of odd and even overtones of longitudinal bulk
acoustic wave, respectively. For example, such relations should be fulfilled as f,(S;;) = f,(L,),
fel(S2) =fLs), - ful A) =fALy), fu(An) = f,(Ly), etc. As a result, this fact can also be used for Lamb
mode identifying. But it should be noted that real critical frequencies for Lamb waves propa-
gated in PLS studied differ slightly from that predicted by Eq. (38) due to the influence of mass
loading as well as phase shifts arising as a consequence of deposition of thin-film layers on the
top of substrate.

In the similar manner the dispersive curves of phase velocities of Lamb waves can be obtained
at other frequency bands and will be useful for preliminary analysis of design of advanced
acoustoelectronics devices.
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Figure 27. Frequency dependences of phase velocity for diamond-based piezoelectric layered structure PLS #3.

5. Conclusion

A lot of “Al/AIN/Mo/(100) diamond” PLSs have been studied both theoretically and experi-
mentally within a wide frequency band of 0.5-10 GHz. At first time, the highest among known
material quality parameter Q x f ~ 10'* Hz for the Ila-type synthetic diamond at operational
frequency ~10 GHz has been found. Analyzing the elastic displacement fields of PLS obtained
by 2D FEM simulation, the Lamb modes as well as other types of elastic waves have been
identified. Dispersive curves for phase velocities of all the acoustic waves observed have been
plotted for the studied PLSs in the frequency range 0-250 MHz, and it is easy to expand such
approach up to a higher frequency band. It has been established that 2D FEM visualization of
the elastic displacement fields gives a fine possibility to an accurate study of the fundamental
properties of elastic waves of different types. Analyzing the obtained data, one should note
that the modified classification of Lamb modes in regard with its creation point as a longitu-
dinal or transverse standing wave at critical frequency should be additionally introduced.
Results on UHF acoustic attenuation of Ila-type synthetic single crystalline diamond have been
presented and discussed in terms of Akhiezer and Landau—Rumer mechanisms of phonon—
phonon interaction. It was found that the frequency of transformation of Akhiezer’s mecha-
nism into Landau—-Rumer’s was estimated as ~1 GHz in the Ila-type synthetic diamond at room
temperature. As a result, single crystalline diamond will be a promising substrate for acous-
toelectronic devices when operating frequency should be higher than the units of GHz, because
the UHF acoustic attenuation in diamond in comparison with other commonly used crystals
will be considerably lower.
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Abstract

The development of several types of mobile objects requires new devices, such as
high-performance filters, microelectromechanical systems and other components. Pie-
zoelectric materials are crucial to reach the expected performance of mobile objects
because they exhibit high quality factors and sharp resonance and some of them are
compatible with collective manufacturing technologies. We reviewed the main piezo-
electric materials that can be used for radio frequency (RF) applications and herein
report data on some devices. The modelling of piezoelectric plates and structures in
the context of electronic circuits is presented. Among RF devices, filters are the most
critical as the piezoelectric material must operate at RF frequencies. The main filter
structures and characterisation methods, in accordance with such operating condi-
tions as high frequencies and high power, are also discussed.

Keywords: radio frequency, filters, MEMS, modelling, characterisation

1. Introduction

1.1. Radio frequency (RF) applications and challenges

The market of connected mobile objects, such as smartphones, tablets, notebooks, printers and
televisionsets,amongothers,isalwaysgrowing.Inthefuture, anincreasingnumberofapparatus
will be connected — not only mobile objects but also stationary objects both at home and in the
office. Most of these objects use multiband and multistandard in order to select the best
transmission standard in accordance with their location. Therefore, they are all made subject to
environments where multiple communication standards, using different frequency bands, are
available. One of the main problems in ensuring high-quality communication and guarantee-
ing high data flow is reducing or vanishing interferences between bands during the communi-
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cation. In parallel, some of the objects listed above include functionalities in order to propose
other services, such as positioning and movement detection, sometimes in complement with
information coming from radio links. Many functions use piezoelectric materials. From a radio
communication point of view, important devices require piezoelectric materials to reach their
desired characteristics. A typical radio transceiver is presented in Figure 1. Such materials allow
for the identification of various functions needed for the operation of devices; those that require
the use of piezoelectric materials include filters, duplexers, oscillators and in complement
microelectromechanical systems (MEMS), switches and so on. Among these functions, one of
the most critical is filtering. The requirements to ensure no overlap from upstream and
downstream bands for example are very difficult that without piezoelectric materials it is
impossible to run an efficient filter and overall an efficient transmission system. This is due to
thelimited number of frequency bands in the same area and consequently to the limited number
of usable channels. Another important challenge is the ability to use multiple communication
standards with one device. The latest generation of mobile phone can use more than 15
communication standards, distributed over about 10 frequency bands. Due to the limited
available space inside mobile objects” packages, it is impossible to integrate a transceiver for
each frequency band. Consequently, some components will be able to be tuned dynamically to
adapt to several frequency bands. Examples of frequency bands that can be used in mobile radio
communication systems are given in Table 1. In this context, piezoelectric materials are
unavoidable and are the best candidates to ensure a high-quality transmission system.

BPF > EPF Intermediate
i 1T - .“ —* frequency
I} Dupleer N
; ~— Local Frequency
i_ _______ [ 1 Oscillator f1 transposition
: Local
! "
: Osdillator £2 Baseband
[ L Digital
- 1t --- -4 gt
processing
Withband-  with Duplexer
pass filter

Figure 1. Schematic of a full duplex transceiver system.

Standards Frequency range (MHz)
LTE 791-862

GSM 880-960

DVB-H 1452-1492

GPs 1575.42 and 1227.60

GSM DCS 1710-1880
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Standards Frequency range (MHz)
UMTS 1920-2170

Bluetooth 2400-2483.5

WLAN 2401-2483

LTE 2500-2690

WLAN 3655-3695

WLAN 5170-5835

Table 1. Examples of radio communication bands for mobile systems.

The evolution of RF MEMS is needed for the expanding data rate (Copper Law) and broadband
wireless radio communications (Figure 2). This technology should be developed in parallel
with the miniaturisation of the CMOS following “More Moore”, together with the diversifi-
cation technologies of “More than Moore” as presented by Oita [1]. This chapter will try to
demonstrate the extremely high motivation for RF MEMS.

[ oem
Developments

Future

unable
Antenna

Tunable
Capacitors

Tunable _ Tunable Tunable Impedance
PA/Filter Switch/Multiplexer  Matchina Network

Figure 2. Programmable front end proposed by Oita [1].

A study on scientific papers published with the keywords “piezoelectric” and “RF” or
“microwave” applied in RF applications over the last 50 years is first presented herein. We
performed our search using the most common databases of scientific publications.

More than 300,000 papers have been published since 1965 (called “RF_papers”) with the
keywords “radio frequency” and “microwave”. Over the years, around 850 papers (called
“Piezo_papers”) have focused on piezoelectric innovations in the field of RF.
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The evolution of the ratio of “Piezo_papers” in “RF_papers” in percentage versus years is
shown in Figure 3.

1.6
% paper about piezoelectric on all RF papers
e 7 ‘\'\\ SAW generation
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Figure 3. Evolution of the ratio of “Piezo_papers” in “RF_papers” in percentage versus years.

We noticed three periods of publications associated with three generations of RF filters or
resonators.

The first peak was detected around 1970, with 1.4% of “RF_papers” dedicated to “piezoelec-
tric” innovation. This peak describes the first generation of piezoelectric resonators or acoustic
wave resonators, called surface acoustic wave (SAW) filters. The principle behind it was
described for the first time in 1964 by Tehon and Wanuga [2]. A few years later, at the end of
1976, a second generation with bulk acoustic wave (BAW) filters appeared, and it was first
described by Yao and Young [3]. Even if the principle was presented early, SAW filters have
been serving the mobile phone market for 20 years, while the first commercial BAW filters,
more precisely film bulk acoustic resonators (FBARs), were introduced in 2001 [4]. At the end
of the 1990s, the maturity of and improvements in microelectronic technologies allowed for
the integration of complex multilayer structures and MEMS, representing the third generation.

These different technologies of piezoelectric resonators will be described more precisely in this
chapter.

The principal use of piezoelectric materials in RF applications is the design of efficient
resonators with a very high quality factor for a small surface. As shown in Figure 4, more than
50% of published papers on piezoelectric materials in RF applications since 1980 are dedicated
to improvements in resonators or filters.
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B MEMS

Filter & Resonator

Figure 4. Topics of published papers on piezoelectric materials for RF applications.

In the last decade, new functions were proposed and described in 18% of the “Piezo_papers”,
based on the MEMS structures (these papers are called “MEMS_papers”).

These new RF functions available, owing to MEMS structures, are switches, sensors and phase
shifters. The bibliography gives the percentages of these new RF functions in published papers
over the last 10 years. This repartition is shown in Figure 5. Published papers on piezoelectric
MEMS switches for RF applications represent half (47%) of the “MEMS_papers” when
innovation on piezoelectric MEMS varactors and phase shifters are respectively equal to 31%
and 10% of the “MEMS_papers” about 90 papers published on the last decade.

Percentage of papers on MEMS

Switch

® Varactor

® Phase Shifter
Other

Figure 5. Topics of published papers on MEMS and piezoelectric materials for RF applications in the last decade.
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This chapter is organised in three parts. First, a brief summary of the properties of various
piezoelectric materials is presented. The second part describes the principal use of piezoelectric
materials for RF applications: filters and resonators. The third part is dedicated to the new and
emerging RF functions available owing to MEMS technology on piezoelectric materials:
switches, phase shifters and varactors.

1.2. Piezoelectric materials and key parameters

For RF applications, two types of piezoelectric materials can be identified: those that will
not be crossed by the RF signal and those that are in direct contact with the RF signal. For
applications where the piezoelectric plate must operate in the gigahertz range, few materials
can be used. The principal parameter for selecting a piezoelectric material is the means of
production and compatibility with technological processes similar to those used in micro-
electronics. Another parameter is the maximum frequency of operation with a good quality
factor.

A material is defined by several physical parameters, such as piezoelectric constants, stiffness,
complex dielectric constants and other constants. End users of piezoelectric materials are more
interested in other parameters, such as the electromechanical factor, the deposition process,
which influences piezoelectric behaviour, the ability to hold up high RF power, and conse-
quently nonlinear behaviour, the maximum frequency of operation. This list is not exhaustive
and can be extended in accordance with use. Limited data about the characteristics of piezo-
electric materials submitted to high RF power are available in the literature. Moreover, many
results suggest that thin film exhibits better characteristics than bulk materials and that the
coupling factor, the piezoelectric constant and other parameters are dependent on the fabri-
cation process. It is difficult to obtain the absolute values of parameters, such as piezoelectric
constants, mechanical stiffness and so on. Despite this, it is interesting to determine their
important characteristics based on the available literature data to compare piezoelectric
materials.

Table 2 shows the square values of the coupling factor k? and the mechanical quality factor
values in the gigahertz range. These two parameters are often used as figures of merit. These
materials are lead free except for PZT. This last material will probably be removed from the
composition of devices according to regulations in several countries. Another important
characteristic will be the tunability of the resonance of the piezoelectric plate. This will be a
challenge for the future due to the great number of standards and the limited space in a mobile
object. The ideal filter can be electrically tuned and adapted to several frequency bands. Some
materials, such as barium strontium titanate (BST), have been used to realise a tunable filter.
Although at this time, tunability is limited to a small percentage of the central frequency and
can only compensate the variability of process fabrication. At this time, AIN offers the best
trade-off, but it cannot be electrically tuned. However, it is possible to improve the properties
of AIN by substituting a part of Al with Sc; this mainly leads to an increase in piezoelectric
coefficients.
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Material kt2 (%) Q (frequency of measurement)
AIN [4] 7 2000 (2 GHz)
Als5¢01,N [5] 7,5 650 (2.5 GHz)
(Mgos, Zrgs)o1sAw0s7N [6] 8.5 808 (2 GHz)
(M5 Hfy5)015A05N [6] 10.0 781 (2 GHz)
BST [7] 7 230 (2 GHz)
GaN [8] 1.7 210 (2.1 GHz)
(KosNags)NbO; [9] 61 240 (~MHz)
LiNbO; [10] 20 1000 (2 GHz)
LiTaO; [11] 20 1000 (2 GHz)
PZT [12,13] 9.61 237 (2 GHz)
ZnO [13] 9 1770 (2 GHz)

Table 2. Characteristics of the most used piezoelectric materials.

2. Piezoelectric filters

The first filter type was the SAW filter. Probably one of its most important characteristics is
the accuracy of the resonant frequency of the structure. Microelectronic technology offers a
good resolution to realise the structure in the plane of the substrate, but thickness control is
more difficult. As thickness is crucial to bulk resonance mode, without a minimum of accuracy
to control the thickness, the resonant frequency will sweep as it is directly linked to the
thickness. This is probably one of the most important reasons to use a SAW filter as this type
of filter does not require high accuracy for piezoelectric plate thickness. SAW filters require
only the control of the dimensions of interdigital transducers (IDTs), particularly the finger's
width and the shape of the finger that must exhibit very low deviation compared with the
mean value. Nevertheless, SAW filters occupy a more important area than other filter types.

2.1. Surface acoustic wave (SAW) filter

The technological steps to realise a SAW transducer are restricted to the depositing of a metal
layer that is then etched to obtain the final electrodes on the surface of the piezoelectric plate.
This technology was first used for delay lines and for bandpass filters.

2.1.1. Principle

The basis of this type of filter is the generation of a well-known SAW. Among SAWs, the
Rayleigh wave that exhibits the same behaviour is preferable because for propagation direction
and the wave velocity is independent of the frequency. Nevertheless, it implies that the
propagation path has a thickness two times higher than the wavelength and this condition
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cannot be satisfied in any case. Thus, Lamb waves [14] are more often generated. This type of
filter is based on a piezoelectric plate deposited on substrate (silicon, alumina and so on). A
pair of IDT is etched at the top. One will be excited by the input signal, and the other one will
receive the acoustic wave generated by the first one. Figure 6 shows the basic requirements
for a bandpass filter. The distance between two adjacent fingers must be half the wavelength
(Figure 7). The frequency of operation and consequently the filter characteristics are dependent
on the dimensions of IDTs. The higher the number of fingers of the transducer, the greater the
selectivity of the filter and the more the bandwidth is reduced.

Input IDT Output IDT
7 = ’
"G
—

Substrate f

. Y
Piezoelectric plate  Surface wave

Figure 6. Basic SAW filter.
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Spacing

period (A)

]
: Aperature '.

Figure 7. IDT specifications.

2.1.2. Topologies

On the basis of an IDT, several research studies were conducted to improve the characteristics
of filters. It is possible to use different configurations by changing the way IDTs are coupled,
by adding attenuators or reflectors at both ends of the surface of the piezoelectric plate. It is
also possible to select specific materials to compensate the temperature variation of the
piezoelectric layer and to minimise the characteristics of the shift [15].

The longitudinally coupled IDT shown in Figure 8(a) is probably the most used, but it requires
reflectors to improve coupling or in other cases attenuators to reduce spurious wave propa-
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gation on the substrate surface [16]. It is also possible to use transverse coupling [17], but this
configuration is more difficult to operate (Figure 8(b)). Finally, the association of several
transmission SAW structures can be done as shown in Figure 8(c) to improve filter character-
istics. However, the main drawback is the occupied surface that is increased by the number of
SAW devices. Although SAW devices exhibit advantages, in terms of fabrication, their surface
is a handicap. Nevertheless, this type of filter is always used in commercial products.

) Input Input Input _ Output
LI LI X A0 u
Output Reflectors Buiput
(a) (b) (©)

Figure 8. Main structures based on SAW: (a) longitudinal coupling; (b) transverse coupling; (c) ladder structure.

2.2. Bulk acoustic wave (BAW) filters

2.2.1. Bulk acoustic wave resonators

A piezoelectric plate surrounded by metal electrodes is excited in almost all structures in
thickness resonance mode to realise a BAW structure. Different arrangements can be done
using this basic plate. The principal problem is to keep the properties of the piezoelectric layer
as the quality factor. The main constraint is the control of the thickness of the piezoelectric
layer as it defines the resonance frequency of the final structure. The piezoelectric layer must
be placed on a substrate. The substrate has a significant role in ensuring a high quality factor.
It must have a low acoustic impedance compared with the piezoelectric layer. Two main
possibilities are used to reach this goal: The first structure, FBAR, is realised on a membrane
below which an air cavity is created by micro-machining to ensure a good acoustic reflection.
The main drawbacks of FBAR are the complex process to realise the air cavity and the fragility
of the devices. The second structure is a solidly mounted resonator (SMR) where the piezo-
electric layer and its electrodes are placed on a Bragg acoustic reflector. For both structures, a
final layer is deposited at the top and its thickness is adjusted to reach the right resonant
frequency. These filters have been highly improved compared with SAW filters, but they
remain sensitive to temperature variations and to high power [18].

2.2.2. Film bulk acoustic resonator (FBAR)

A schematic presentation of an FBAR cross-section is given in Figure 9. The device is composed
of a piezoelectric thin film sandwiched between two metallic electrodes, and the bottom one
is deposited on an acoustic isolation. The top electrodes can be apodised to minimise spurious
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modes. A good acousticisolation is realised by an air cavity underneath the membrane released
by bulk micromachining [19, 20].

Top and Bottom
electrodes

Bottom contact

Piezoelectric

Air cavity
Figure 9. FBAR structure.

2.2.3. Solidly mounted resonator (SMR)

For a SMR, the air cavity is replaced by a Bragg mirror as shown in Figure 10.

The transpose of a method widely used in optics, which is the Bragg mirror, consists of
producing alternating stacks of materials of quarter-wave layers havingwith low and high
acoustic impedances under the active part of the resonator. This principle allows to obtain
reflected waves in-phase with the incident waves generated by the piezoelectric plate to ensure
a high quality factor of the structure. The advantages of this structure relative to FBAR are the
mechanical strength and the manufacturing process, which is simpler. This structure, however,
requires the deposition of additional layers for the Bragg mirror.

Top and Bottom Passivation layer
electrodes Bottom

contact

Figure 10. SMR structure.
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2.2.4. Filter topologies

BAW resonators (FBAR or SMR) are arranged side by side to realise a filter, which simplifies
the manufacturing process insofar as a single piezoelectric layer is necessary. However, this
category of BAW filters does not allow mode conversion, from asymmetric mode to differential
mode, or impedance transformation. Two main architectures of filters exist, ladder filters “IT”
or “T” as shown in Figure 11(a) and lattice as shown in Figure 11(b). It is necessary to have
two types of resonators having different resonant frequencies to build these filters (Fig-
ure 12). The frequency shift can be obtained by adding an additional layer on top of the
standard resonator to lower the frequency or by etching the top layer of the stack to increase
the frequency. This frequency shift is of great importance in the manufacture of such filters
since it determines the width of bandwidth and the level of insertion loss. In Figure 12, the
transmission coefficient of a ladder structure is presented with the impedances of both
resonators. The resonance of the series resonator gives the lower limit of the passband, while
the resonance of the shunt resonator gives the upper limit of the passband.

Series (fo) \

\ !
Shunt (fo+Afo)

(a) (b) (c)

T

Shunt (fo+Afo)

Figure 11. Topologies: (a) ladder; (b) lattice; (c) mixed.
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Figure 12. Transmission coefficients of a ladder structure with two resonators.
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The ladder network has a common ground between the inlet and the outlet. The disadvantage
of lattice filters is their poor transition band (Figure 13) in comparison with ladder filters and
with the same number of resonators. It is possible to combine both architectures in a mixed
ladder-lattice architecture to combine the advantages of both topologies [21] (Figure 11(c)),
allowing for the integration of the performance of selectivity and out-of-band rejection of the
two topologies.

0
I\
% -20 7 'v \
= NI
~ 60 d ;
80 b - .- ‘Lattice —=————Tadder

1.7 18 19 20 21 22 23 24 25 26
Frequency (GHz)

Figure 13. Transmission coefficients of a ladder and ladder filters.

2.3. Coupled resonator filter (CRF)

The CRF was proposed by Lakin [22] in 2002. This filter is based on three resonators acoustically
coupled as shown in Figure 14. The input resonator is excited in thickness mode. The acoustic
wave will propagate toward the lower resonator through the three coupling layers, guaran-
teeing optimal transmission between upper and lower piezoelectric layers. The lower piezo-
electriclayer generates an electric field by the inverse piezoelectric effect, which will be guided
to the second stack through the continuous electrode of the lower piezoelectric layer. The lower
resonator of the second stack, excited by an electric field, emits an elastic wave that travels
upward with the coupling layers. This acoustic wave reaches the upper right resonator to
finally generate an electric field and the filter output voltage. This structure exhibits a band-
width comparable with or higher than SAW. As shown in Figure 15, the transmission coeffi-
cient reaches values lower than —80 dB before and after the passband, whereas for BAW filters,
Figure 13 shows that the transmission coefficients, after having reached values higher than -80
dB at the ends of the passband of the filter, increase to values between —40 and —10 dB. The
out-of-band rejection of CRFs is better than that of BAW filters. The fabrication process of this
filter is fully compatible with the microelectronic process. It is possible to realise these filters
as stand-alone devices or as integrated components. With this type of filters, it is possible to
realise impedance matching by changing the dimensions of the input resonator or output
resonator, except the thickness. A balanced-unbalanced transformation [23], which is not
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possible with ladder or lattice structures, can also be designed. Finally, it occupies the smallest
surface as compared with other acoustic filters.
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Figure 14. CRF structure.
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Figure 15. Simulated transmission coefficients of CRFs.

2.4. Modelling of piezoelectric filter

Modelling of piezoelectric devices can be achieved in different ways. It depends mainly on the
wanted result. The first option is to use a finite element software that is based on 3D modelling.
Over the past few years, some commercial software programs were proposed. In general, they
are more oriented toward mechanical behaviour analysis, giving information about resonance
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modes, strain, displacement and other mechanical information. They are more or less difficult
to use according to the machine interface. Most of them can give excellent results on the
condition that the user will control, for example, boundary conditions and other features.
Another option is to use 1D models, such as the Butterworth-Van Dyke (BVD) circuit, KLM
[24], Mason's model and the transmission line model [25]. Its main advantage is that these
models can give information about the electrical behaviour of piezoelectric materials. This is
important when the piezoelectric plate is included in an electronic circuit, such as for tele-
communications transceivers. The main drawback of this option is that 1D models can only
be powerful in one dimension and consequently for one vibration mode of the piezoelectric
plate. Each model has advantages and drawbacks. The basic BVD model (Figure 16) is based
on an electric circuit with two parallel branches: one for the electrical behaviour and one for
the mechanical behaviour. Its implementation in a circuit simulator is very fast and can give
good results if the piezoelectric plate is used at a frequency close to its resonant frequency. If
the behaviour of the piezoelectric plate must be analysed far from the resonant frequency, it
is possible to add parallel branches to take into account higher resonances. However, the main
drawback is that the electrical components of this model do not represent propagation of
acoustic waves. Mason's model was proposed in the 1950s and is based on a representation of
the piezoelectric plate by a three-port electrical circuit, taking into account at the same time
the electrical behaviour and the propagation of acoustic waves in one dimension. It requires
selection of the right vibration mode in order to use the right electrical circuit. The main
drawback of Mason's model is that electrical and mechanical losses are not taken into account.
For this purpose, the transmission line model based on Mason's model takes into account all
losses in the piezoelectric plate. The model for the thickness vibration mode of a piezoelectric
plate is represented in Figure 17(a). Furthermore, it is possible to model all materials by a two-
port network as shown in Figure 17(b). The transmission line matrix model can also be used
for SAW transducers [26].

CO :: Lf Ln
T C“#
Additional
BVD model motional
branch

Figure 16. BVD model with additional motional branch.
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Figure 17. (a) Model of piezoelectric plate in thickness mode. (b) Model of non-piezoelectric layers.

In Figure 17(a), C, is the static capacitor obtained by the following plane capacitor formula:

C - &y(1-jtand,)S, W

L

The impedances X, and X,, are given by the following equations:
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where Z,, S, v, and t are the acoustic impedance, surface, longitudinal acoustic wave velocity
and thickness, respectively, of the piezoelectric layer. With Z =p,V, or Z = /ca~Tes, s, the
acoustic impedance of the piezoelectric material for longitudinal waves and V, is the
longitudinal wave velocity in the AIN. The turn ratio of the transformer N is given by the
following relationship, where ey; is the piezoelectric constant:
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Non-piezoelectric materials (Figure 17(b)) are represented as a transmission line with the
elastic impedances X,,, and X,,, corresponding to the following:

Z
X, =JjZ,S, tan o, and X, = —’”S'"
2V .ot 4)
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with Z =p..V, being the acoustic impedance of each layer, V,, the longitudinal wave velocity,
t., the thickness and p,, the density. Mechanical losses are considered in each material in the
expression of V,,, which is proportional to the complex elastic constant of the considered
material. The surface S,, involved in the model is equal to the active surface of the piezoelectric
plate S,,.

The last interesting feature of electrical models is that they can be implemented in electric and
RF simulators, such as ADS from Keysight. It allows for use of all possible simulations available
in this class of simulators, such as S parameters, which allow electromagnetic wave propaga-
tion and electrical impedance matching with input and output ports of the filter to be taken
into account, harmonic balance simulation or transient simulation.

2.5. Characterisation methods

There are two main methods for characterising filters. The first method is based on time domain
analysis, whereas the second is based on frequency measurement. Recently, a pseudo-time
method was introduced to perform tests. The first method is based on time domain reflec-
tometry/transmission (TDR/T). It involves sending through the filter a short pulse whose
duration is selected to reach the frequency of the filter passband. The reflected and/or trans-
mitted signals are then measured and analysed to obtain the filter behaviour and its time
response. Fast Fourier Transform (FFT) could also be used to obtain the frequency response.
However, this method requires generating a short pulse and a fast sampling rate. This type of
apparatus can be expensive and the obtained measurement does not give better accuracy. This
method is seldom used and will not be presented here.

2.5.1. Low power characterisation of S parameters

Measurement of S parameters is performed by using a vector network analyser (VNA). This
is one of the best ways to characterise a filter. This measurement method is a component of
frequency domain analysis as the VNA sweeps a pure sine signal from a start frequency to a
stop frequency, which are defined by the user. It requires an initial calibration step and a second
step to de-embed access lines and/or pads. After all these operations, the component S
parameters can be analysed and compared with the desired or ideal characteristics. The
obtained S parameters are composed of numerous frequency measurement points, generally
several hundreds, and for each S parameter, the module and the phase or the real part and the
imaginary part. This method is used both in research laboratories and in industry. In research
laboratories, it allows piezoelectric parameters as well as other parameters to be extracted,
although it must be linked to a model of the piezoelectric structure or filter. In the industry,
the VNA isused, butitis a time-consuming apparatus because several steps are required before
getting the S parameters. Furthermore, analysis of S parameters must be done to ensure that
the devices respond to the desired characteristics. Thus, the cost of the device increases with
the analysis time and the type of setup.
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2.5.2. High power characterisation

piezoelectric materials used to realise filters can be submitted to high RF power compared with
their micrometric dimensions in compact structures [18]. For example, the maximum power
emitted by most mobile phones can reach 2 W or 33 dBm. Submitted to this high power, the
first resonator of a filter will exhibit a nonlinear behaviour. It is important first to characterise
the filter with this high power and next to extract the nonlinear changes of the material
constants, such as the piezoelectric constant, the permittivity or the elastic constant.

Two types of measurement can be done. The first is the third-order intercept point (IP;)
measurement, and the second is the 1 dB compression point. For the IP; measurement, two
sine tones of closed frequencies are combined and applied at the input of the filter. When
nonlinear behaviour becomes important, the two frequencies will create an intermodulation
and thus an unwanted spurious frequency only due to high power. A measurement configu-
ration type is shown in Figure 18.
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Figure 18. Experimental setup for intercept point measurement.
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Signals coming from generators are combined, amplified and applied at the input of the filter.
At the output of the filter, a spectrum analyser is used to measure the amplitude of each
frequency generated by the generators and the frequencies coming from the intermodulation.
Then the output power is represented as the function of the input power for the fundamental
frequency and for the third harmonic. The point at the intersection of both lines gives the IP;
point. An example is given in Figure 19.

A VNA must be used to measure the compression point at 1 dB. The principle is to measure
the transmission coefficient (S,;) as the function of the input power at a fixed frequency, in
general the central frequency of the filter passband. A sample measurement setup is given in
Figure 20. Port 1 is dedicated for excitation, whereas port 2 measures the output signal of the
filter. With a directional coupler, the input power of the filter can be obtained and is measured
by the reference port of the VNA. A special configuration of the VNA allows for the results
shown in Figure 21 to be obtained directly, where P, is the 1 dB compression point. P, allows
the input power to be determined when the output level decreases by 1 dB as compared with
small input power. In most cases, this input power is considered to be the maximum allowable
power before reaching the nonlinear behaviour.
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Figure 20. Experimental setup for 1 dB compression point measurement.
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High power measurements can be used to acquire the behaviour of the filter, but also associ-
ated with a model, it is possible to extract the variations of the main parameters in the function
of power. This was performed for AIN by Sahyoun et al. [27].

2.5.3. Test of filter

The characterisation of filters using a VNA is a good way to obtain much information about
the behaviour of structures. Nevertheless, when devices must be tested after fabrication, this
kind of measurement is time-consuming and requires the calibration of the VNA after the
exploitation of the measured data. An interesting alternative is to perform a test in order to
verify if the filter can be used or not with only one measurement and with a more simple
measurement setup. Another requirement can be to determine the behaviour in conditions
close to the real conditions of operation. For this purpose, a digitally modulated signal can be
used. The carrier frequency can be tuned in the passband of the filter, and a QPSK modulated
signal is the best trade-off to perform the test. It is possible by analysing the output signal to
see if the filter responds to a minimum requirement in terms of insertion losses and passband.
This technique presented by Sahyoun et al. [28] offers the possibility to discriminate filters.

3. Piezoelectric MEMS in RF circuits

3.1. Switches and matrixes

This section describes MEMS switches. These devices use mechanical movement to achieve an
open or short circuit in the RF transmission line. RF MEMS switches are the specific micro-
mechanical switches designed to operate at RF-to-millimeter wave frequencies (0.1-100 GHz).
The forces required for the mechanical movement can be obtained using electrostatic, mag-
netostatic, thermal or piezoelectric designs. Even if most MEMS RF switches are electrostatic-
type switches [29], new switch topologies, based on piezoelectric topology, are now available.

The first piezoelectric material used to design switches has been AIN. Fully integrated RF
MEMS switches [30] with piezoelectric actuation have been designed, fabricated and charac-
terised using silicon bulk technology. First a resistive switch having a pure gold metal contact.
The measured isolation and insertion loss of the resistive switch are —62 and -0.8 dB at a
frequency of 5 GHz, respectively, for an actuation voltage of 3.5 V. A second capacitive switch
exhibits an isolation of ~18 dB and an insertion loss of 0.7 dB at a frequency of 5 GHz. The
isolation curve of the capacitive switch is very flat over a very wide frequency range, from 0.5
to 30 GHz.

Another fully integrated RF MEMS switch with piezoelectric (PZT) actuation has been
proposed and characterised by Lee et al. [31]. This switch is composed of a piezoelectric
cantilever actuator with a floated contact electrode and isolated CPW transmission line
suspended above the silicon substrate. The measured insertion loss and isolation are —0.22 and
—42 dB at a frequency of 2 GHz, respectively. The main innovation of this switch is its very low
actuation voltage of 2.5 V, instead of around 6-7 V, for more efficient electrostatic switches.
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Another paper described a higher frequency switch that uses piezoelectric actuators [32]. This
switch is based on a thin film spun of PZT deposited onto a high-resistivity silicon substrate
with coplanar waveguide transmission lines (Figure 22). Actuation voltages less than 10 V
with switch operation demonstrated as low as 2 V. The series switch exhibits better than 20 dB
isolation from DC up to 65 GHz and an insertion loss less than 1 dB up to 40 GHz. A new
design from the same research team improves PZT switch performances at 10 V with better
than 30 dB isolation and an insertion loss less than 0.5 dB from DC to 50 GHz [33].

Figure 22. PZT series switch.

Another feature of great interest in this switch technology is the opportunity to report on wafer-
level transfer technologies to integrate PZT-based RF MEMS switches into CMOS, as described
by Guerre et al. [34]. Such heterogeneous integration can overcome the incompatibility of PZT
materials with back-end-of-the-line (BEOL) CMOS technology. Switch characterisation draws
out an insertion loss of less than 0.5 dB and an isolation better than 30 dB for the 0.4-6 GHz
frequency range with 15 V actuation voltage.

In addition, these low loss and low actuation voltage piezoelectric switches can be correlated
to realise a more complex commutation matrix: SP2T (Single Pole Two Throw) and SP4T
(Single Pole Four Throw). For example, in the work of Chung et al. [35], as shown in Fig-
ure 23, from DC to 50 GHz, the overall performance of the switches shows better than 20 dB
isolation up to 50 GHz when the MEMS switches are in the off or zero-volt state. When the
switches are actuated with 7V, the SP2T shows less than 1.8 dB of insertion loss while the SP4T
shows less than 2 dB of insertion loss, on average, up to 40 GHz.

Some original application associated piezoelectric filters and switches together. Hummel et al.
[36] demonstrated an innovative technology platform based on the monolithic integration of
AIN resonators and PCM switches that is capable of delivering highly reconfigurable RF
components, enabling new radio architectures with enhanced spectrum coverage.
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Figure 23. Layout of the SP4T junction with PZT RF MEMS switches.

3.2. Phase shifters

Recent advances in piezoelectric actuated RF MEMS switches allow for the design of more
complex functions and at present highly required phase shifters. A 2-bit MEMS phase shifter
incorporating PZT switches has been presented by Polcawich et al. [33]. A picture of the layout
of the 2-bit phase shifter based on PZT shunt switches is detailed in Figure 24(a). The phase
parameters have been measured against the frequency for the four configurations and are
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Figure 24. (a) A 17 GHz 2-bit reflection-type phase shifter incorporating PZT shunt switches. (b) Measured normalised

phase response.
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presented in Figure 24(b). In addition, this phase shifter has an average insertion loss of 2.96
dB using PZT shunt switches operating at 15 V.

A second topology (Figure 25) of a 2-bit phase shifter based on two SP4T switch with
piezoelectric MEMS switches with a compact 3D passive design on a liquid crystal polymer
(LCP) organic substrate was described by Chung et al. [37]. A picture of the complete layout
is shown in Figure 25(a). The block diagram presented in Figure 25(b) describes the princi-
ple based on two SP4T switch matrixes. The transmission phase measured results are detailed
in Figure 25(c). The multilayer LCP process allows a low-cost and lightweight circuit that can
easily be integrated with other RF front-end components, such as an antenna, at the packag-
ing level.
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Figure 25. Proposed 3D phase shifter. (a) Layout with size comparison with a phase shifter with its footprint on a sin-
gle layer. (b) Corresponding block diagram and measured normalised phase response of the 3D phase shifter. (c)
Measured normalised phase response of the 3D phase shifter.

3.3. RF varactors

RF MEMS devices are competitive for handling high-frequency microwave signals. In
comparison with semiconductor devices, the performance of RF MEMS devices is highly
linear, minimising signal distortion.

A 3 V operation RF MEMS variable capacitor using hybrid actuation of piezoelectric and
electrostatic forces was presented by Ikehashi et al. [38] and Ikehashi et al. [39]. An image of
this varactor is presented in Figure 26(a). The measured capacitance ratio is C,,,,/C;,= 14. The
hybrid actuation and the optimised bending enabled 2.6 V pull-in voltage, with the pull-out
voltage as high as 2.0 V, as shown in Figure 26(b). The piezoelectric actuator, which uses thin
film PZT, enabled low voltage actuation, while the electrostatic actuator realised a large
capacitance ratio.
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Figure 26. (a) Top view of the variable capacitor. (b) V hysteresis curve with V,, values of 2.5 and 0 V during pull-in
and pull-out, respectively.

4. Conclusion and prospects

The need for piezoelectric materials for RF applications will continue to grow. Some important
features must be taken into account in the future: Lead-free materials are necessary, as lead
must be removed from almost all devices. Future devices will be tunable in order to reduce
the number of components and to give the possibility of using several standards, particularly
in radio transmission systems. As the number of devices to fabricate is important, future
materials must be compatible with fabrication processes of micro technologies. The control of
the thickness of piezoelectric layers is a great challenge because the cost of the control with
good accuracy of this parameter remains high. Finally, testing piezoelectric devices for high-
volume manufacturing remains to be explored.

Owing to new piezoelectric materials, innovative RF devices have been designed from a simple
resonator or switch to a more complex architecture, such as a phase shifter on a tunable filter.
MEMS piezoelectric devices offer promising performances for RF applications. For example,
switches allow actuation voltage levels two times smaller than in electrostatic switches and
varactors a large capacitance ratio (C,,,/Cpin = 14).
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The science and technology in the area of piezoelectric ceramics are extremely
progressing, especially the materials research, measurement technique, theory and
applications, and furthermore, demanded to fit social technical requests such as
environmental problems. While they had been concentrated on piezoelectric ceramics
composed of lead-containing compositions, such as lead zirconate titanate (PZT) and
lead titanate, at the beginning because of the high piezoelectricity, recently lead water
pollution by soluble PZT of our environment must be considered. Therefore, different
new compositions of lead-free ceramics in order to replace PZT are needed. Until now,
there have been many studies on lead-free ceramics looking for new morphotropic
phase boundaries, ceramic microstructure control to realize high ceramic density,
including composites and texture developments, and applications to new evaluation
techniques to search for high piezoelectricity. The purpose of this book is focused on
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