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Nonlinear effects and applications of AIN:
A comprehensive physical formulation approach

A. F. Jaramillo-Alvarado, A. Torres Jacome, P. Rosales-Quintero, G. Diaz-Arango, and H. Vazquez-Leal

Electronics Department, Instituto Nacional de AsiEi:fa,Optica y Electbnica,
e-mails: anfejaramillo@utp.edu.co; atorres@inaoep.mx; prosales@inaoep.mx; gerardo.diaz@itspozarica.edu.mx

Received 17 July 2023; accepted 13 September 2023

Piezoelectric materials have nonlinear effects that can be used in 5G and loT technologies. However, since most nonlinear problems in this
area do not have analytic solutions, FEM simulations are an essential design tool. In this study, we have developed a stress-charge formulatio

for non-linear piezoelectric materials compatible with commonly used simulation tools in industry and research. FEM simulation results for
AIN with three nonlinear phenomena are presented: variation of effective electrical permittivity, shift of the effective elasticity constants

and enhancement of electromechanical coupling factor. These simulations were conducted with the same material parameters, having gre:
agreement with recent and important experimental results. The simulations allow us to deduce the values of the components of the high-orde

tensors for the first time ag3, = g333 = —1600 andgss3 = —80 N/Vm. The maximum percent errors obtained for the simulations of the
effective electrical permittivity and effective elasticity constants were 0.1% and 1.77%, respectively.
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1. Introduction requirements, devices for 5G need to be capable of respond-
ing quickly, have wide bandwidth capabilities, consume less

One of the most important industries in the last three decadd@ower, and be easy to design using modular techniques that
has been the semiconductor’s industry which has a markeillow for scalable implementations. Hardware requirements
capitalization of abou600B3$ in 2022 [1]. Taking into ac- for 10T devices are similar to those for 5G technology [13].
count that Micro-electromechanical systems (MEMS) takeBut they also need to be compatible with energy harvesting
up around 20% of the market [2], then the research in betteand IC fabrication processes like CMOS, Fin FET, PD SOlI,

materials, novel devices, and improvements in performancand FD SOI, where these demands can be accomplished by
are fundamental to allowing the market growth. non-linear piezoelectric effects using AIN like as shown be-

AIN is a piezoelectric material that is used in a wide rangelow'

of applications within the MEMS field, because of its great  In the field of sensors, nonlinear piezoelectric materials
mechanical properties, enough chemical resistance to micr@an be used to increase the sensibility of the sensors, as is
fabrication processes, conventional deposition methods, arghown in Ref. [14], where this effect is a result of two differ-
acceptable electromechanical coupling facr[ojfﬁ) [3,4]. ent phenomena: the variation of the effective electrical per-
The main linear applications where AIN is used as piezoelecmittivity in the second order term and the shift of the reso-
tric material are resonators [5, 6], tunable devices [7], sevhance frequency generated by a high bias electric field. In the
eral types of sensors [8], actuators [9], wearable devices [10f;ase of tunable resonators, a common method used is to bias
and generally where the layers at the microscale with piezothe RF signal to stress the piezoelectric material, producing
electric effect are needed [11]. In all of those applicationsa shift of the resonance frequency [7, 15]. Within loT ap-
the main characteristics offered by piezoelectric materials arglications, we have mainly two topics: wearable and energy
low power consumption (around 10V), easy design tech- harvester devices. For wearable devices, the AIN is a suitable
niques, CMOS compatibility, high operation frequencies, andption due to its biocompatibility, great performanceinl)
high quality factor for frequency applications. Thus, this typeoriented layers, and the capability to supply the self-powered
of material is a suitable option to replace active devices in apdevices [16]. In the energy harvesters field, the nonlinear ef-
plications where these characteristics are needed. fects can be used to enhance the valué/pfby having a
Currently, in the context of the integrated circuits indus-Petter performance. This effect can be obtained through two
try, the new technologies of the fifth generation of telecom-different ways, modifying the effective electrical permittivity
munications (5G) and the Internet of Things (IoT) have de-Or coupling piezoelectric tensaf; (strain-charge formula-
manding requirements that constrain devices to be designéﬂ’”) (17].
with low power consumption, a peak data rate of 20 Gbit/s, In general, the physical properties of piezoelectric mate-
low latency around 1 millisecond, and a high density of con-rials can be modified by several nonlinear effects, which can
nections per unit area, as stated in Ref. [12]. To achieve thed®e used to enhance the performance of devices. However, the
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research on the nonlinear behavior of piezoelectric materials
still has challenges for designers and engineers, particularly

when it comes to modeling and predicting the material’s be- Ty = CxuSp — exnEl

havior. Nonlinear effects can cause the material's response to tur @k

be highly sensitive to small signal cases, making it difficult + 9 SuSv + gaukSuEr + TEjEka

to accurately simulate the material's behavior using standard T

modeling techniques. Due to this reason, a first-principle and D =eijEj + i, Sy

comprehensive physical formulation to model and predict the Tijk Irvi

behetl)vior in the I?1o¥1linear regime of piezoelectricpmaterials + 5 BBk = @i BiSi = == SS, 3)

IS needed. In this work, we present a T'rSt principle formL%'where, the last terms of EgR)(uses the Einstein convention
lation that met the requirements mentioned, as well as It the form

implementation into a FEM simulator to compare the mea-

surements of the state-of-the-art nonlinear devices that were Tijk
carried out, resulting in errors that can be neglected in an in- 2
dustrial and research environment.

3
Tinn
E;E), = Z 5" EnEn.

n=1

Taking into account the algebraic conditions of Einsten
and Voigt conventions, algebraic coefficient terms are not
needed between representations (canonical and Voigt), since

2. Nonlinear State Equations and Symmetries
t)\;w = tijklmn7 Ium = Gijklm,

Several thermodynamic potentials, constants, and physics qikx = Qikim Y A, p,v € [1,6].

conditions can be used to represent the physics behavior o _

of a system. In this work, we use the approach of stress- Finally, the remaining tensors to be defined are
charge formulgtlon to _develop the n.onllne.ar state.equatlons 92T, 92D, 92D, 82D,
for piezoelectric materials. The starting point for this formu- =— =— = Qijy — T
lation is the total differential of the thermodynamic potential OE; 0L} 95\0E; OE;05x 95,05,

of the electric Gibbs function for the piezoelectric effect (the 0T 0%T) 0°D;
Einstein summation and Voigt conventions are assumed) T 9E.0S,  0S,0E, Irpk OE,0E;
0*T,
dGy = —DydEy, + T,dS,, Q) = Tijk, ﬁ = tauvs (4)
I v

there, T, is the stress field), is the electric field,S,, is where their interpretation are the following. The term

the deformation field, and), the electric displacement field, 9k Lk 1S the correction term for the elastic constants

since piezoelectric materials belong to the perturbative nonNen a high electric field is present. This phenomenon re-
linear regime and are in a solid phase, the contributions ofults in changes to the elastic behavior through the elasto-
temperature and entropy are neglected. electric effect. ¢;;, F; S represents the contribution to the

In the th ical devel i electric permittivity due to the strains, associated with the
_n t eht egre_tlca. eve opmr:a mm’ % as;ume m(;@bs_con— a[nisotropy of piezoelectric behavior with respec#ip The
tinuous, has derivatives up to the third order, and being atot%w tensor adjust the nonlinear behavior of the stress field

differential it meets the mixed derivatives equivalence theo~In response to the relationship between the strjnands,

rem. Due _to this, the total differentials of dependent variable%ithin the strong deformations range, even though the mea-
can be written as surements are taken in the linear deformation range. Simi-
larly, ther;;, tensor changes the electric displacement vector
dT\ = Cy,dS, — exndEy, due to the dielectric quadratic behavior of the material, this
T tensor is associated with the anisotropy relationship between
dD; = €;;dEj + €;,dSy, (@) E; and E), with respect to the displacement vector.
Now, is needed to introduce some definitions that allows
wheree}, are the piezoelectric coupling coefficients,,, is  us simulate nonlinear piezoelectric devices in FEM software,
the elasticity constants ang is the electrical permittivity. we define

As can be proved, thé&'; allows to do Taylor expan- eff _
sion approximation around zero for Eq®),(then, using the N = O+ 9run i ©®)
mixed derivatives theorem, a conventional treatment on the eff r—eff » @ijaSy
thermodynamic potentialsy, and integration of the Taylor Cij " = €08y =¢%o (5 ij 50)
expansion, we can get the nonlinear state equation for piezo- , ;
electric materials =co (€] — @S » (6)
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whereciif is the effective elasticity constants, the vac-
uum permittivity,e;; corresponds with the relative permittiv- TasLE I. Nonzero components @f,.x, gij» andr;;x tensors for

ity, gzjfeff is the effective relative permittivity anﬂj/\ isthe  the stress-charge formulation of some commonly used piezoelectric
¢ij tensor divided by the vacuum permittivity. To state the materials in industry.

above equations, we consider Material Crystal Gouk Qijr Tijk
Class
! = €ij — gijrSh.

151,251,351, 111,221,331,
To simulate nonlinear piezoelectric devices with FEM 461,142,242, 112,222,332,
software, it is mandatory to have the symmetry structure of AIN 6mm 342,562,113, 113,223,333, 131232113,
the four high-order tensors of Eq®)( This process starts
with the transformation laws for tensors and their symmetry 123,133,223, 234,135,126 223,333
generators;; of each crystalline structure. Here we show 233,333,443,
the deduction of transformation law fer,,, the other trans- 553,663
formation laws follow an analogous process. We start with
the transformation laws of stress and electric fields tensors different from zero, whilg,,, andr;;; tensors are
, , zero unless the material demonstrates the linear piezoelec-
T\ =MpTs , E;=ayE; (7)  tric effect. The only exception to these rules is the 432 point
, , o group wherer;;;, remains equal to zero byj,,. is non-zero.
whereT), andE, represent the stress and electric fields aftefre symmetry structure of the tensors is vast; for this reason,

transformation€.g.rotation), and/,s is the transformation 1546’ only shows the non-zero tensor components of AIN.
matrix which is a function of the specific symmetry genera-

tor a;; of the crystal; the form of\/, 3 anda;; can be found ) o
in Ref. [18]. Now, we can use the respective algebraic term3- Nonlinear effects and applications of AIN
from state equation, so

The nonlinear effects of AIN appear at strong deformations

Ts = —expEy, or high electric fields; this results in a hysteresis behavior (as
a soft ferroelectric effect), variation of the effective relative
then, after replacing Eq7J, is obtained permittivity, deviation of elasticity constants, and changes in
, 1o the electromechanical coupling factbiff. Table Il shows
T\ = —Mxp erp ay, B, the estimated value of high-order tensors and the regimen

for electric field excitation that raises the nonlinear effects on
AIN, these estimations were conducted through an exhaustive
@) review of literature on the nonlinear effects of AIN.

The hysteresis behavior of AIN is due to two main factors:
By an analogous deduction, we obtain the transformatioghanges in domain walls and the re-alignment of unit cell

where the transformation law feg,, tensor is deduced as

exi = Mag eng az,-

laws for high-order tensors dipoles, both induced by external electric fields [19-21]; this
) effect is used mainly in memories [22]. Physically, the con-
Iruk = MAﬁN,,_,}a;i 9Bvm, tribution of these factors to the stress and displacement fields
) 1 is quantified througlg;; » tensor since the change in domain
Qjgx = Mgy app Qimp, walls leads to a spontaneous strain that contributes to the

’

11 stress field, as shown in the first equation of E@g. (While
rijk = aila‘mjank; Tlmn,

the alignment of unit cell dipoles results in a spontaneous
t/)\;w = My, NK;/} N;l,l topy- (9) polarizatioq field that cqntributes to the displacement vector
field taken into account in the second equation of EgJs. (

The calculation of the structure of the tensors can be The change in electrical permittivity due to the nonlinear
achieved through the use of transformation laws (E®}) ( effect in piezoelectric materials is produced by the change in
and generators of specific crystal or point groupX. We  charge density in the unit cell of the crystal, this phenomenon
also use two additional constraints: the equivalence between provoked by strong deformations [14], and can be used in
the last two sub-indexes,,, = t\,, and knowing that the devices like tunable capacitors or resonators. This effect is
generators meeazri‘j1 = a}} since they all belong to the SO(3) taken into account by the tergy;, £;.5 from Egs. (3).
group. Using these conditions, we obtain an indeterminate The most commonly used nonlinear effect in piezoelec-
algebraic system that, after solving, we obtain the symmetric materials is the change in the elasticity constants, which
try structure of the crystal system for the specific generatorss induced by the shift of the inter-atomic forces due to strong
used. deformations resulting in the variation of the stiffness of the

After getting all the symmetry structures of crystal sys-material. This effect can be found in the literature such
tems, we determine that all crystal classes hgyeandt,,,  as elasto-electric effect or nonlinear electro-estriction [23].

Rev. Mex. Fis70011004



4 A. F. JARAMILLO-ALVARADO, A. TORRES JACOME, P. ROSALES-QUINTERO, G. DIAZ-ARANGO, AND H. VAZQUEZ-LEAL

TaBLE Il. Estimated order of magnitude of high-order tensors and range of electric excitement for the appearing of nonlinear effects in AIN.

Material Symbol Order Nonlinear effects Units

Parameter raises at

Strain correction term for strong

deformations Expw 10'° — 10*2 N/A N/m?

Electrical correction term for quadratic

behavior of displacement vector Tijh 10720 — 10722 10° V/m CIV?

Electrical correction term of elasticity

constants and piezoelectric coefficients Ik 10' — 103 10° Vim C/m?

Strain correction term of electrical permittivity

and piezoelectric coefficients Qijr 107 —10"8 107 VIm N/Vm
-26 1

Usually, this effect is used by tunable resonators and highz
precision sensors [7] to shift the resonance or operation fre-2 -32.75¢ O
quency through a DC voltage. The formulation presented g -39-5 S

models this effect through the tem,..S, Ex. in Eqs. B). fg 9628 ’tOﬁsetﬂg%'\,\/,ll\\/,/,rr:
A measurement of the capability of transduction for & 537 =-50MV/m
piezoelectric materials is the electromechanical coupling fac- 2 -59.75 1~ =0MV/m
tor k2, , which depends on the main oscillation mode of the & -66:5 7 22
system, which is defined as £ 73257 . ~150MV/m
(ec15)2 _88.32 238 244 25 256 262 268
Kpp = W , (10) Frequency (GHz)
44 T

FIGURE 1. Resonance frequency obtained from simulation for de-
for a device with a Z-shear oscillation mode and a wave in thevice fabricated in Ref. [7], the shift of the resonance frequency is
X-propagation axis. Eql10) shows that the effective elastic- due to the electro-elastic effect.
ity constants have the most significant impactkrfjpf since

they have a greater order variation. Therefore, when the res- 4r P 2
onance frequency shifts, the electromechanical coupling fac-> F [, 3 ’
tor increases while the effective elasticity constants decreaseg= 3%/ ™. —C y3Measured 15
Consequently, for applications such as energy harvesters, mi§§ .......... - Percent error

3
o
©
—~

o Re]

Percent error

crophones, etc., where power transduction is a key factor, ag © "

negative bias DC electric field enhances the performance ofg & 385+ T 105

the device [24]. . . = e | | 0
450 100 50 0 50 100 150

4. Simulations and results External DC electric field (MV/m)

) _ ) . FIGURE 2. Effective elasticity constant’s]’ of the device mea-
To implement the theoretical formulation presented in thisqreq [7] and simulated (left axis), and the percent error (right axis)
paper, we have chosen three independent experimental stug the simulation that includes the nonlinear effects;f, and
ies to compare their measurements with respect to the fouy,;, tensors.
results obtained from FEM simulations for effective electri-
cal permittivity [25], effective elasticity constant, electrome-  In Fig. 1 is shown the shift of the resonance frequency
chanical coupling factor [7] and impedance/admittance beebtained from simulations that replicate the experimental be-
havior [26]. All simulations use the same material parame-havior is due to the elasto-electric effect of the device fabri-
ters and AIN as a piezoelectric layer. Also, the componentgated in Ref. [7]. The corresponding effective elasticity con-
of tensors that the simulation must take into accounyage  stantCsj/ measured and simulated is presented in Fig. 2,
gs31 andgsss since the main oscillation mode of devices useswhere the simulation results were obtained through the for-
those components only. The values obtained by adjusting theulation presented in this work, the maximum and average
simulation results with the corresponding experimental datgercent errors obtained were 1.77% and 1.0% respectively.
for the tensor components were The nonlinear effect of the shift of the elasticity constant that

appears in this measurement was modeled by the3rqng
331 = ¢333 = —1600 andgssz = —80 N/Vm.  (11)  thegy3, tensor component.
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109% . due to the inclusion o5, in the simulation calculus with
o 101 the physics formulation presented in this work.

The admittance and impedance behavior for the device
fabricated in Ref. [26] were replicated with the same simu-
lation parameters used in the previous results. In Fig. 4 are
shown in the same structure of measurements the real part
of impedance and admittance, where the maximum percent
50 0 50 100 error obtained was 1.2% and 0.8% for the measurement of
External DC electric field (MV/m) anti-resonance and resonance frequencies respectively.
FIGURE 3. Effective relative electrical permittivity;; *// of the The behavior of the electromechanical coupling factor

9 . .
device fabricated [25] and simulated (left axis), and the percent er¥es; &N be observed in Fig. 5. The measurement of this pa-
ror (right axis) for the simulation that includes the nonlinear effects fameter is not shown in the references replicated, but we can

o
!

0
0
o
0

r-eff
33

r-eff
€ Measured

Percent error

reff o
o Simulated

- Percent Error

Effective Electrical

Permittivity e
o
~
o

=
LN
=
S

o

of gx .k andg;» tensors. extract it from simulations since all of them have the same
material parameters and main oscillation mode, so the value
5
500 10.36 of keppis the same.
~450 |~Epc = ~160MV/m T los2 Finally, the simulation results expose that the stress-
=400 [-¢-Epc = 0 MV/m L loos = charge nonlinear state equations implemented in FEM sim-
8350 .+-E . = 160MV/m L1024 § ulations align well with the nonlinear effects of change of
C L .. . . T
8 300 ~E =-160MV/m 102 8 the elasticity constants and variation of electrical permittivity
8_588 :’@"Eoc =0 MV/m 11016 E phenomena presented in AIN, as well as with the electrome-
5150 +Epq = 160MV/m 110.12 g chanical coupling factor, which depends on these physical
S 100 - ‘ ‘~.§0.08 P parameters.
X 50 : 10.04 @
0 ’ 508 . 0 .
1.9 1.95 2 2.05 2.1 2.15 5. Conclusion

Frequency (GHz)
This work shows the state equations in the stress-charge

FIGURE 4. Real part of admittance and impedance obtained fromformulation to model the non-linear piezoelectric behavior
simulations that includes the physics formulation presented for de- P

vice fabricated and measured in Ref. [26]. The correction termsP@S€d on thermodynamics and first principles. By applying
of the tensorgy,.x andg;» change the electrical-behavior of the the transformation laws, we determined the non-zero val-

device under high electric fields. ues of high-order tensors for the crystal symmetry of AIN.
Also, FEM simulations that include the formulation pre-
3 sented were conducted to replicate the nonlinear effects ex-
~E b posed in Refs. [7, 25, 26], specifically the change of elec-
X 20 T, trical permittivity, variation of elasticity constants, and the
= 1 behavior of electromechanical coupling factor using the ten-
:Jé')’ sor components needed for fabricated AIN devices, where
& 0 the components used aggss = —80 N/Vm and¢"331 =
. q"333 = —1600. Our simulations predicted the nonlinear ef-
S -1 fects with great accuracy, presenting maximum percent errors
% Ll of 1.77% and 0.1% for the effective elasticity constants and
o : effective relative electrical permittivity, respectively. These
?% 50 100 -50 0 50 100 150 results demonstrate the effectiveness of our approach to pre-

dicting nonlinear effects in piezoelectric devices. For this
reason, a design methodology based on FEM simulations us-
ing Egs. B), (5) and B) is useful for industrial and research
applications in emerging technologies where low power con-
eéumption, high operating frequencies, and wide bandwidth
are needed features.

DC External Electric Field (MV/m)

FIGURE 5. Electromechanical coupling fact(aﬁff obtained from
simulations that includes the physics formulation presented, repli-
cating the nonlinear effects observed in the experimental measur
ments made in Refs. [7, 25, 26].

In Fig. 3 the effective relative permittivity obtained from
measurements and simulations is presented, and the nonlipcknowledgment
ear effect that modifies the electrical permittivity was intro-
duced to simulation through the programming of E6). ( The authors acknowledge Instituto Nacional de Assiog,
Also, the maximum and average percent errors obtained foDptica y Electonica (INAOE) by its support under Colabo-
this case were 0.1% and 0.069% respectively. This effect isacion scholarship.
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