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Nonlinear effects and applications for piezoelectric materials
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The requirements of high quality factor, low power consumption, easy design techniques, and compatibility with the main standard fabrication
processes of integrated circuits (IC) make the tunable piezoelectric resonators a suitable option for the new technologies of fifth generation of
telecommunication (5G) and Internet of Things (1oT). In this work the nonlinear state equations for piezoelectric effect are presented. From
these equations we may deduce which materials can be used in applications where a hysteresis behavior or resonance frequency tunabili
are required; additionally, it is shown which crystals have the nonlinear tensor’'s symmetry compatible with each application field. A novel
model for the tunable piezoelectric devices is shown taking into account the consequences of voltage tuning. Finally, three different ways to
design and implement the nonlinear behavior of piezoelectric materials to tune devices are introduced.
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1. Introduction ing a high quality factor, low power consumption and easy
design techniques. Snydetral. [7] have reviewed multiplex-

The piezoelectric materials have been studied since 1888s on substrate integrated waveguides (SIW), mixers, intrin-

when the Curie brothers showed the direct piezoelectric efsjcally switchable filters and band-pass filters, highlighting

fect. The behavior of these materials in the linear regime ishat in each application the advantages the piezoelectric base
well known and makes accurate predictions, for this reasomaterial on the performance of the devices.

they are used in a wide range of applications. Currently, the , , .

piezoelectric materials are used in DC and radio frequency Qp to date, the fifth generation of mF’b"e network (56)
applications. In DC scope, the most common devices arg"d intermnetofthings (IoT) are technologies demanding great
weight sensors, pressure sensors, static electricity sensors aiiention because their many fields of application. Among

detectors of a several type of gasses, also, in the resonant 49€ requirements for useful devices in these technologies are
plications they are used as resonators, high Q filters, Dela{)/9h scalability, high response speed, wide bandwidth and

lines, ladder filters, and analog base clock for the moder pw power consumption [8-10]. The piezoelectric resonators
computersé.g crystals used in motherboards). are a suitable option due to their high quality factor, low de-

The piezoelectric materials can be produced from severdfy lime (are analogous devices), easy design techniques, low

fabrication processes and the physical deposition as RF magpst and compatibility with the main standard IC fabrication

netron sputtering can bring to the material optimal perfor- rocesses.
mance for thin layers, low deposition temperature (below of  For tuning piezoelectric resonant devices, several strate-
200°C) and high chemical resistance [1]. These charactergies have been developed for expanding their implementation
istics make them ideal materials for integration in the mainpossibilities. Among the linear techniques for tuning these
manufacturing processes for IC such as CMOS, FD-SOI andevices are the use of a variable capacitor for the electrical
FinFET. So, the use of piezoelectric materials also offers lowesponse modification [11], or the induction of a change in
fabrications costs since their fabrication technologies requirgnechanical behavior with an external magnetic field through
less photolithographic resolution. the magnetostrictive piezoelectric materials [12]. The use
In radio frequency applications the controlled oscillatorsof active devices for tuning piezoelectric resonators also has
and active filters are used in a wide range of applications beseen used but, the high area consumption and the resulting
cause these devices present a good performance [2-3], grgadrformance are not enough for the high technology require-
integration capability and high resonance frequency presentnents in industrial applications [13]. In the literature, it can
ing two trade-offs, first between their integration capability be found experimental evidence that shows that some non-
respect the use of die area and second is between the pdinear effects can be used to design tunable piezoelectric de-
formance and the power consumption as consequence of tlvices for achieving the demanding requirements of the high
losses associated to the operation frequency and their owtechnology. This is done through the change in the effec-
power dissipation [4-6]. tive stiffness behavior due to the presence of a relatively high
On the other hand, piezoelectric materials can be used ialectric field or the change in the acoustic impedance of the
passive devices for radio frequency applications to overcomBragg reflector [14]. In this work we present the nonlinear
the aforementioned disadvantages of active devices by offestate equations for piezoelectric materials and their use in the
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design of piezoelectric devices for radio frequency applicafinally, we can deduce the nonlinear state equations using
tions that result in a performance that meet the requirement®), (3), (4), (5) and integrating (2) obtaining

that the current high technology is demanding. t
T, = OAHSM — e By + %SHSV

. . qjkX

2. Nonlinear state equations + 9xnuk Su By + =5~ E;Ey,
Fiik

Currently, the modern simulation software uses the stress- D; = e Ej + easu + %EjEk
charge form to analyze the continuous solid’s mechanics, Govi
and for this reason we choose build a nonlinear formula- — qijaE; S\ — 5 SxSy, (6)
tion in that representation. Other nonlinear formulations and
their mathematical treatment can be found in the literaturgvhere 3
[15,1(.5,17].. Starting from the thermodynamic p.otent.ial of Tijk E;E) = Z Tinn E,.E, .
electric Gibbs function [18] and assuming the Einstein and 2 o

Voigt notation The theoretical procedure implies that one needs not an alge-

braic factor between the Voigt and original tensor representa-
dGy = —DydEy + T, dSy, (1) tions.

Thet,,, tensor represents the nonlinear contribution to
whereGs, Ty, Sy, D; andE, are the electric Gibbs function, the stress field and,;, is the nonlinear contribution to the
stress field, deformation field, electric displacement field analectric displacement field. Thg,.. S, Ej is the correction
the electric field respectively. Then, if we take the total dif-term for the elastic behavior due to the elastoelectric effect

ferential respect to the dependent variables we obtain andg;;, E; S, is the correction factor for the electric permit-
tivity, both effects take place through a non-linear behavior
dT\ = Cy,dS, — exndEy, that appear when a relatively high electric or strong deforma-
- tion field are applied to the material. The two remaining ten-
dD; = €ijdE; + e;,dSy, (2 sortermsin Eg. (6) are the power balance coupling between

the electric and mechanical fields, allowing the total power
where C,,, €;; and e,y are the elasticity constants, the differential to remain unchanged when the contribution from
electric permittivity and the piezoelectric coefficients respecnonlinear tensors is included.
tively. To derive the nonlinear state equations we expand each
coefficient through a Taylor expansion in Eq. (2) assumin

that they are function of;, andS,,. So for the case of elas- 93 Main nonlinear effects in piezoelectric ma-

ticity constants we obtain terials

The nonlinear effects in piezoelectric material appear when

oTy  OTy o i ; ) A
Cou = a3, — 35 o the material is subjected to a relatively high electric field and
B H strong deformations. The change in the effective elasticity
0%T 0%T constants and the raise of a soft ferroelectric effect are the

t e | Sutaae | Be @ o i

95,08, lo 9S,0E) lo main nonlinear consequences. In this context, the ferroelec-

tric effect produces a hysteresis behavior when a spontaneous
Since Eq. (1) is a total differential then we can deduce that polarization or deformation appear in the material, this is pro-
duced for mainly two causes, the change of the surface area in
0G2 0G2 domain walls and the alignment of the polar moment within
——=-D, and —= = Ty, (4) . . . . L
OF S, unit cells in the material following the external electric field
[19]. When the domain walls changes produce a spontaneous
and knowing tha&, is continuous and has an exact differen- strain contributing to the electric displacement field and stress
tial we can assume thét, has derivatives up to third order. field, and the alignment of polar moments in the unit cells
Using these conditions, and the consequences in the symmproduces a spontaneous polarization field contributing to the
try for the indexes (as result of thermodynamic properties ostrain field. So, a cyclic relation can be measured between

the system) we can define the polarization field and deformation field as a function to
the electric field resulting in a hysteresis and butterfly loops,
O*T\ D, PTh . respectively [20].

9S,0E; IAuk OE,0E), Tigk 95,08, The change in the effective elasticity constants appear in
) the material when the unit cells are subjected to strong de-

92Dy, . . : o . -

and  ——a = qija (5) formations since the restoration force within them is not pro
OE;05x duced only by a mechanical force, then an electrical restora-
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tion force contribute to the increasing of the elasticity con- Ry Co

stants. This elastoelectric effect has the direct consequence c R, |

produce a shift in the resonance frequency of the device [21], fﬁ;;l’:iizu}'l; {;’;nic M R L €T Variable Capacitor
this effect has direct relation with the nonlinear state Egs. (6) and H 372;? = Cont = €Vtas

since the effective elasticity constants can be expressed as ~ ¢éreuit forn —th Harmonic— e
mn mn mn

ol =c E 7
A M Gauk B, (7) FIGURE 1. Modified Butterworth Van-Dyke model for equivalent

and taking into account that the main contribution to the shiftcircuit modeling. The variable capacitor allows modeling both, the
is due to the nonlinear behavior produced by the externa?h'ft pf the resonance frequency and the change in the electrome-
electric field [14], the change in the capacitance of the res—Chalnlcal coupling factor.

onator and the differential of the thickness of the device can . . . .
be neglected. change in the electromechanical coupling have estimated

. . . variations around of.5% of nominal resonance frequency
The electromechanical coupling facte; is a measure-

ment of the power interchange between the stress field an%Pd Up tc0.03, respectively [26]
displacement electrical field, the way to calculate it depends
of the specific device geometry, but for the most commonly4
piezoelectric resonators are given by an expression of the
form [22-23]

. Nonlinear applications

For applications based on nonlinear effects in piezoelectric

e2 materials it is fundamental to determine the symmetry struc-
]C2 _ x5 (8) i )
eff = Cefeet > ture of each nonlinear tensor in Eq. (6). For these calcula-
rx

tions, we start from these equations and calculate the trans-
for a wave with z-propagation and a-shear oscillation  formation laws for each tensor, so using the,; and N5
mode. The most important variation in Eq. (8) is due tomatrix defined as in Ref. [27], and knowing that every sym-
the effective elasticity constants, hence, when a shift of thenetry generators;; belongs to the symmetry group of each

resonance frequency occurs the electromechanical couplingbint group, we calculate the transformation laws getting
factor increases meanwhile the effective elasticity constants

decreases so, for applications where the effectiveness of the {A = My N7 N1t

. . . pv a '3y Yy aBy s
power transduction is the goad.g. energy harvesting based )
on piezoelectric material [24]), a negative external electric Ik = MAﬁNl,_Mla;}cgﬁym,
field can increase this parameter. The equivalent circuit , 1
model to include the nonlinear effects described is proposed Bjkx = Mrpay; g Gimss

below. The modified Butterworth Van-Dyke model (mBVD) r o~ ava—ta—lr (10)
for piezoelectric resonators has three static lumped elements ijk i%mj Cnk Himn
Rs Is the serial resstanc@o Is the dielectric .capacnance and taking into account that each rotated tensor must remain
and Ry is the electrode resistance. The modeling of the elec- . he original ;L
tromechanical coupling is done through the three motionalnvarlant respect to the origina ten;oesg(. B = tauw),
lumped elements th&,. motional resistance.’,, motional he Egs. (10) can be solved, to obtain the symmetry structure

be m. ; m of each tensor for every crystal system that corresponds to
capacitance and.,,, motional inductance, these three ele- o .

) a specific symmetry generatoy;. All point groups (crystal
ments are put for each resonance harmonic of the frequen(‘::\f .
asses) have thg;, andt,,, tensors different of zero, and

response of the piezoelectric resonator [25]. . .

The proposed model is shown in Fid. 1 where the mo_thegA,Lk andr;;, tensors are zero if the material does not ex-
. prop ' F1g. L) hibit the linear piezoelectric effect, with the exception of the
tional capacitance for each harmonic is variable respect t

the external electric field. The effective motional capacitance(.%]r 32 pointgroup, where;, remains equal to zero whilg,.

o . . o is not null. The specific symmetry structure of tensors is ver
for the circuit modeling of-th harmonicC? 7 is calculated € sp ” SY y y
as mi large, for this reason in Table I, in order to save space and

keep the concept clear, it is only shown the non-zero com-
ngi = Coni — @; Viias, 9) ponents of th_e tensor®, .k, ¢ij» and Tijk for a-_ql_Jartz, 0-

quartz, PZT in 4 mm phase and aluminum nitridel{}V),
whereC,,,; is the motional capacitance without taking into since these materials are commonly used at the industrial and
account nonlinear effects; is the fitting parameter and de- research level. The hysteresis behavior discussed in Sec. 3
pends on the material and the main oscillation mode of thean be associated 1g;;, andg;;» tensors, so the crystal mate-
respective harmonic, finally,issis the input offset voltage of  rials where these two tensors remains different from zero can
the radio frequency signal, since as explained below this i®e used in applications where a memory or hysteresis behav-
a common and easy technique to take advantage of the noior is the main characteristic used in the device. In Ref. [28]
linear effects. This change in the mBVD is enough takingis shown a brief analysis @f;, andt;; in stress-charge for-
into account that the shift of the resonance frequency and theulation, andy;;  in strain-charge formulation.
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Surface Bragg Reflector Surface Resonator

External DC Voltage 1 RFsignal
TABLE |. Nonzero components @f,.«, gi;» andr;;x tensors for g - G’Z“"d b - GrzuldSA/4
the stress-charge formulation of some commonly used piezoelectric o ooty Pl ) o e o oo
matenals |n |ndustry Ihp ~ A/10 Piezoelectric Layer
 Substrate P
Crystal b)
Material Class 9ruk Qijx Tijk Piezoelectric Layer
111,121,131, / » Substrate e
141,221,231, 111,221,231, <)
341,441,551, 331,112,222, | Piezoelectric Layer
B-quartz 622 232,332,113, 223,333,114, 111,221,231, 7 Sbstrate Z 7

162,252,262, 561,661,152, 122,132 FIGURE 2. Transversal cut of LWR devices implementing the tun-
352,362,452, 224.234,125, aplllty through nonlinear effects. a) Transversal stress, b) Ipng!tu-
dinal stress to the mechanical wave translation and c) longitudinal

462,153,253, 135,126,136 stress to the mechanical wave translation and optimal Bragg reflec-
463 tor.
151,251,351,

to the surface of device where the mentioned losses are no
461,142,242, 111,221,331, longer present. So the surface Bragg reflectors can be uti-
PZT  4mm 342,562,113, 112,222,332, 113,223,311, |ized to increase the quality factor. Finally, by adding a rail
123,133,223, 113,223,333, 322,333 to bias the surface Bragg reflectors we can induce the tunabil-
233.333.443, 234.135.126 ity desi_red through noplinear effgcts. In Fig. .2 can bg seen
three different ways to implementing LWR devices wheig
553,663 .
the separation between the IDTs and surface Bragg reflector,
151,251,351, p is the pitch andh,, is the optimal piezoelectric thickness.
461,142,242, 111,221,331, These devices result in a high quality factor, low power con-
AIN  6mm 342,562,113, 112,222,332, 131,232,113, sumption while using conventional design techniques. The

123,133,223, 113,223.333, 223,333 tune capability and their resonance frequefficys set by

233,333,443, 234,135,126 I
553,663 fr=1/22 = (11)
P Ad

In radio frequency applications, the tunability is a desiredWherep is the density of material ank; is the wavelength of
capability for devices. The shift of the resonance frequencyevice.
of piezoelectric resonators is around of 2.5% of nominal fre-  The differentimplementations for LWR devices shownin
quency through nonlinear effects. This type of resonatorfig. 2 are based on the several WayS to induce the nonlinear
can be used in 5G non-standalone (NSA) standard, where tt@ffects taking into account the possibility of the air gap in-
bandwidth requirement is around of 70 MHz. For example stead of substrate below of devices. In Fig. 2a) and 2b) the
in the 3550-3650 MHz for 5G NSA [29]. A piezoelectric external induced stress is transversal to the mechanical wave
resonator can be used to select up to six channels for a fulfanslation, whereas in Fig. 2c) the stress is longitudinal to
duplex communication through a multiplexing in time and the wave and the last design include a Bragg reflector whose
frequency. Within the domestic applications, the circuit for function is to change the medium stress to enhancing the con-
Wi-Fi select channel can be imp|ementing through a piezofinement of the mechanical waves within the LWR device.
electric resonator with a resonance frequency of 2.4 or 5 GHz
to obtain a tuning range of 150 MHz of 300 MHz, respec-5.  Conclusions
tively, meeting the requirements of bandwidth and number of
channels for the standar8g2.11n, 802.11ac, etc. Since the The tunable piezoelectric resonators are a feasible option for
piezoelectric resonators have high quality factor, low powemodern communications systems where a high quality fac-
consumption and easy design techniques, the whole perfoter, low power consumption and easy design techniques are
mance of these devices can be increased by adding surfaoequired,e.g in 5G NSA and Internet of Things. Starting
Bragg reflectors in the same way that the bulk Bragg reflecfrom first principles considerations, we present which ma-
tors actually are used in solidly mounted resonators (SMRjerials can be used as the tunable resonators, piezoelectric
to increase the quality factor, but the SMR performance isnemory devices and energy harvester’s applications, and this
decreased mainly by the losses associated to the bulk wave summarized in Table I, where the value of the symme-
translation. In the Lamb wave resonators (LWR) the oscillatry structure tensor (zero o nonzero), define its application.
tion waves of interest are confined A novel implementation of conventional Bragg reflector was

Rev. Mex. Fis68061002
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presented as surface Bragg reflector allowing to get a highd\cknowledgment
quality factor and tune capability in Surface Acoustic Wave

(SAW) and LWR devices.

10.

11.

12.

13.

The authors acknowledge CONACYT by its support under

scholarship 23418.

. J. C. Doll, B. C. Petzold, B. Ninan, R. Mullapudi and B. L. 14
Pruitt, Aluminum nitride on titanium for CMOS compatible
piezoelectric transducerdpurnal of Micromechanics and Mi-
croengineering0 (2009).

. C. Elgaard and L. Sund#étm, A 491.52 MHz 840 uW crystal  15.
oscillator in 28 nm FD-SOI CMOS for 5G applications, ESS-
CIRC 2017 - 43rd IEEEEuropean Solid State Circuits Con-
ference (2017) 247-250/https://doi.org/10.1109/ 16.

ESSCIRC.201/.80945/2

. Y. Kuo, C. Hsiao and H. Wei, Phase noise analysis of 28 GHz
phase-locked oscillator for next generation 5G system, 2017
IEEE 6thGlobal Conference on Consumer ElectronjG&C CE)
(2017) 1-2|nttps://doi.org/10.1109/GCCE.2017.

8229203 .

in a silicon-micro-ring-based optoelectronic oscillatSgien-

tific Reports10 (2020). 19.
A. Siddique, et al, Low-power low-phase noise VCO for 24
GHz applicationsMicroelectronics Journal97 (2020). 20.

F. Ullah et al., A Wideband Tunable Voltage Controlled Os-

cillator Supporting Non-harmonically-Related Multiple Fre- 21,

guency Bands for Future 5G Applications Using O 48 SiGe
BiCMOS Technology, 2018 IEEE 3rthternational Confer-
ence on Integrated Circuits and Microsyste(iGICM), (2018)
160-163.

R. V. Snyder, A. Mortazawi, |. Hunter, Fellow, Simone Bastioli,

Member, Giuseppe Macchiarella and Ke Wu, Fellow, Presenp?2.

and Future Trends in Filters and MultiplexelBEE Transac-
tions On Microwave Theory and Techniqué3 (2016) 3324.

Introducion 5G networks - Characteristics and usages,

Gemalto, September 2021 [Online]. Last Check: Septem-y

ber 2021. Available:
mobile/inspired/5G

S. Yost, MMwave: Battle of bandslational InstrumentgJune
2020).

IoT Signals, Summary of Research Learnings, Microsoft,
2020, [Online]. Last check September 2021. Available:
https://azure.microsoft.com/mediahandler/
files/resourcefiles/iot-signals/loT%

20Signals  _Edition%202 _English.pdt

G. Piazza, R. Abdolvand, G. K. Ho, F. Ayaz, \oltage-tunable
piezoelectrically-transduced single-crystal silicon microme-
chanical resonator§ensors and Actuators A11(2004).

https://iwww.gemalto.com/

onator Based on Magnetostrictive Fe65C035 Thin Films, 2018
Asia-Pacific Microwave Conferen¢@PMC), (2018) 800-802.

E.-C. Parket al,, Performance Comparison of SGHz VCOs In-

tegrated by CMOS Compatible High Q MEMS Inductors, IEEE 29.

MTT-S International Microwave Symposium Digest, 2003,
Philadelphia.

17.

P. T. Do,et al, Wideband tunable microwave signal generation 18.

23.

25.

26.

J. Singh, A. Kumar, Tunable Film Bulk Acoustic Wave Res- 27.

28.

J. A. Kusters, The Effect of Static Electric Fields on the
Elastic Constants ofv-Quartz, 24th Annual Symposium on
Frequency Control, (1970) 46-5Https://doi.org/10.
1109/FREQ.19/0.199/88

K. Hruska, Non-Linear Equations of State of Second-Order
Electromechanical EffectsCzech. Journal of Physics, B4
309.

O. P. Niraula and N. Nod, Derivation of Material Constants
in Non-Linear Electro-Magneto-Thermo-Elasticiigurnal of
Thermal Stresse83(2010) 1011https://doi.org/10.
1080/01495/39.2010.510/14

P. P. Rodriguez-Rama al., Variational principles for nonlin-
ear piezoelectric materialgyrchive of Applied Mechanicg4
(2004) 191.

J. Tichy, J. Erhart, E. Kittinger, and J. Rratska, Fundamentals

of piezoelectric sensorics, (Springer, London, 2010). pp. 55-67.
D. Damjanovic, The Science of Hysteresis, Academic Pi&ss,
(2006) 337.

Z. Jahromi, and S. AbdolalNonlinear Constitutive Modeling

of Piezoelectric Materialg(University of Calgary, 2013).

R. Tabrizian and F. Ayazi, Tunable silicon bulk acoustic res-
onators with multi-face AIN transduction, 2011 Joint Con-
ference of thelEEE International Frequency Control and
the European Frequency and Time Forum (FCS) Proceed-
ings 2011, pp. 1-4https://doi.org/10.1109/FCS.

2011.59/ /886

B. A. Auld, Acoustic Fields and Waves in Solidehn Wiley &
Sons, New York;l (1973) 386.

M. Feldmann and JeannineeHaff, Surface Acoustic Waves for
Signal ProcessingArtech House, Norwood, (1989). pp. 29-41,
H. Wu, L. Tang, Y. Yang, and C.K. Soh, A novel two-degrees-
of-freedom piezoelectric energy harvestdournal of Intelli-
gent Material Systems and Structur813 |nttps://dol.
0rg/10.11//7/1045389X1245 (254

Y. Wanget al,, Parasitic analysis and-type Butterworth-Van
Dyke model for complementarymetal-oxide-semiconductor
Lamb wave resonator with accurate two-port Yparameter char-
acterizationsRev. Sci. Instrun87 https://doi.org/10.
1063/1.4945801

A. F. Jaramillo Alvarado, Modelo General Semignigp para

la Frequencia de Resonancia en Resonadores Piezoelectricos
de Contorno (LWR)Jnstituto Nacional de Astrigica, Optica

y Electionica, (2018).

B. A. Auld, Acoustic Fields and Waves in Solidehn Wiley &
Sons, New York1 (1973) 73-82.

E. R. NewnhamProperties of Materials: Anisotropy, Symme-
try, Structure Oxford University Press, (2004) pp. 147-160.

S. Chen and J. Zhao, The Requirements, Challenges, and
Technologies for 5G of Terrestrial Mobile Telecommunication,
IEEE Communications Magazine, 2014.

Rev. Mex. Fis68061002


https://doi.org/10.1109/ESSCIRC.2017.8094572�
https://doi.org/10.1109/ESSCIRC.2017.8094572�
https://doi.org/10.1109/GCCE.2017.8229203�
https://doi.org/10.1109/GCCE.2017.8229203�
https://www.gemalto.com/mobile/inspired/5G�
https://www.gemalto.com/mobile/inspired/5G�
https://azure.microsoft.com/mediahandler/files/resourcefiles/iot-signals/IoT%20Signals_Edition%202_English.pdf�
https://azure.microsoft.com/mediahandler/files/resourcefiles/iot-signals/IoT%20Signals_Edition%202_English.pdf�
https://azure.microsoft.com/mediahandler/files/resourcefiles/iot-signals/IoT%20Signals_Edition%202_English.pdf�
https://doi.org/10.1109/FREQ.1970.199788�
https://doi.org/10.1109/FREQ.1970.199788�
https://doi.org/10.1080/01495739.2010.510714�
https://doi.org/10.1080/01495739.2010.510714�
https://doi.org/10.1109/FCS.2011.5977886�
https://doi.org/10.1109/FCS.2011.5977886�
https://doi.org/10.1177/1045389X12457254�
https://doi.org/10.1177/1045389X12457254�
https://doi.org/10.1063/1.4945801�
https://doi.org/10.1063/1.4945801�

