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Abstract In this study, Lithium niobate (LiNbO3) and Aluminum nitride (AIN) nanostructures
were designed and investigated using the COMSOL Multiphysics software for pressure sensing
applications. The Finite Element Method (FEM) was used for solving the differential equations
with various parameters such as size, length, force, etc. The variation of the total maximum
displacement as a function of applied force for various NWs lengths and the variation of the voltage
as a function of applied force were plotted and discussed. AIN nanowires exhibit a better
piezoelectric response than LiNbO3 nanowires do.

Keywords: Piezoelectricity, Nanoelectromechanical system, COMSOL Multiphysics, Finite
Element Method, Piezoelectric response

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



The 2nd International Conference on Advanced Materials (ICAM-2017) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 305 (2018) 012007 doi:10.1088/1757-899X/305/1/012007

1. Introduction

Piezoelectricity is a direct electrical-mechanical conversion in certain types of crystals.
It has many applications since the discovery by the Curie brothers in 1880 [1]. The reverse
piezoelectric effect is observed in several crystals when an applied voltage causes bending in
the crystal. The Micro Electro-Mechanical Systems MEMS were some of the most interesting
applications in recent years. Crystal deformation does not exceed few nanometers, but the force
exerted on the crystal to induce the deformation is in the order of few mega-newtons. For
example, one cubic centimeter cube of quartz generates 12 kV with a two kilo-newtons applied
force but at low current [2]. Piezoelectric devices contain materials where electric charge is
created due to mechanical stress. Piezoelectric devices module based on Finite Element Method
(FEM) implemented in commercial software COMSOL Multiphysics is used to study devices
such as Micro Electro-Mechanical Systems (MEMS), bio sensors, controllers or Micro
Machined Modal Gyroscopes [3-4]. Applications such as energy harvesting have been
presented in several previous works [5-8]. Energy harvesting is an evolving area of research
where unexploited energy is converted into beneficial electrical power consequently offering a
promising solution to the environmental and substitution issues associated with battery
powered systems. The recent advancement of micro fabrication technology has led to

increasing interest in developing micro-energy harvesters in the form of MEMS devices.

In the current study, we focus on Lithium niobate (LiNbO3) and Aluminum nitride (AIN)
which are key candidate materials in integrated optical circuits due to their photo-stability, as
well as, excellent nonlinear optical properties including large piezoelectric, electro-optic, and
nonlinear optical coefficients [9-11]. The single crystal of LiNbO3 lacks inversion symmetry
and thus exhibits ferroelectricity, Pockels effect, piezoelectric effect, photo-elasticity and
nonlinear optical polarizability [12]. LiNbOs has attracted much attention due to its potential
in applications such as optical waveguides, cell phones, piezoelectric sensors, optical
modulators and various other linear and non-linear optical applications [13]. In addition, we
investigated the compound under ambient temperature and pressure. The AIN compound
crystallizes in the hexagonal wurtzite structure (w-AIN) which belongs to the P63mc space
group. The w-AlN is a relatively wide-band-gap semiconductor that has attracted increasing
interest because of its low compressibility, good thermal stability, chemical and radiation
inertness, and applications such as short-wavelength light emitting diodes, optical detectors,
high-pressure, high temperature, and high-frequency optoelectronic devices [14-16].
Furthermore, because of the excellent piezoelectric response of w-AlN, it is used for surface
acoustic wave sensors (SAWs) deposited on silicon wafers. One application of SAWs is an RF
filter which 1s widely used in cell phones. The w-AlN is also used to build piezoelectric micro
machined ultrasound transducers, which emit and receive ultrasound and can be used for in-air
range finding over distances of up to a meter [17-19]. In this study, we use COMSOL
Multiphysics software (version 5.1) that can be used to account for coupled or Multiphysics
phenomena [20] to investigate the piezoelectric properties of LiNbO3 and AIN systems. In
particular, we determine the piezoelectric potential distributions in different geometries of
LiNbO3 and AIN systems at the nanoscale range. Specifically, we consider the case of
nanowires (NWs) designed pressure sensors.

2. Theoretical Consideration
In general case, Hooke’s law can be expressed as:
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Eij = Sijlekl .............. (1)

where ¢;; and 7y; denote the strain and stress tensors, respectively.S; jx;is the compliance, and
it is fourth-rank tensor quantity. The direct consequence of the symmetry in the strain and the
stress tensors is that only 36 components of the compliance tensor are independent and distinct
terms, instead of 81 components of the compliance tensor. The relation between the stress and
the strain can be simplified through applying the Voigt notation as the following [21]:

& = Si T e (2)

Because of the symmetry in the compliance tensor for the general anisotropic linear
elastic solid, there are 21 independent elastic constants. By considering the symmetry
conditions found in the wurtzite crystal structure of the AIN NWs, the stress-strain relations
are expressed as (the z-axis is the c-axis for wurtzite crystal):

gl Sl] Sl2 S13 0 0 0 Tl
82 SlZ Sll S13 0 0 0 Z-Z

.. (3) 1is 2 in the last row superscript or factor? 2(S1-
83 = S13 Sl3 S33 0 0 0 Tf‘r ( ) p p (S
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Es 0 0 0 0 0 Z(SII_SIZ) Ts

S)?

The elastic modulus (Young’s modulus) in remarkable crystallographic directions can be
extracted from the compliance matrix using the following equations:

E[ZHO] = Tl/gl = (511)_1 ........... (4)
E[OlTO] = Tz/gz = (511)_1 ........... (5)
E[0001] = T3/€3 = (533)_1 ............ (6)

The crystals that lack inversion symmetry exhibits piezoelectric effect and produce an
electric polarization in response to mechanical stress as follow:

Pn T OnjiEi e (7)

Where P,(n = 1, 2, 3) are the components of the polarization vector that is created as a result
of piezoelectric effect, &(j =1, 2, 3, 4, 5, 6) are the components of the strain tensor, ey is the
tensor of the stress constants using Voigt notation. For the wurtzite structure of AIN, the matrix
of the piezoelectric stress constants can be written as [22]:

0 0 0 0 g, 0
1o o o A R (8)
enj_ elS
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The matrix has only three independent elements. The converse piezoelectric effect
describes how an applied electric field (Ex) will create a resultant strain (&;) which leads to a
physical deformation of the material. The converse piezoelectric effect in Voigt notation can
be written as:

& = dkiEk ............................ (9)

Where dy; is the tensor of the piezoelectric strain constants. For the hexagonal wurtzite crystal
it is given by:

00 g,

0 0 d}l
Lo 0 g e (10)

dk!_ 0 dli 0

de 0 0

0 0 0]

The relationship between strain tensor, stress tensor, electric displacement(D,,) and
electric field for a linear piezoelectric material can be given by the constitutive equations [23].

& =SEiTi+dy By (11)
Dy =dpTi+& Ex oo (12)

Where the indexes i, j = 1, 2, .. 6 and n, k = 1, 2, 3 refer to different directions within the
material coordinate system, and &;;, is the permittivity tensor.

Piezoelectric materials can generate electrical voltage when uniaxial strain is applied.
For low frequency applications at constant temperature, the direct piezoelectric effect can be
described by:

b-at+s'kE
§:sE¥+d2E (14)

5: Electric displacement and d; and d> are piezoelectric charge coefficients for the direct
piezoelectric effect and the converse piezoelectric effect, respectively.

denotes the mechanical stress.
&" : Permittivity at constant stress.
E : Electric field.
5 : Mechanical strain
S *: Mechanical compliance

Equation (13) describes the electrical field conversion into mechanical stress and equation (14)
depicts the mechanical stress conversion into electrical field.
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3. COMSOL Multiphysics Simulation

To simulate the pressure sensors using COMSOL Multiphysics, the piezoelectric devices
Multiphysics interface has to be chosen. Solid mechanics and electrostatics are combined
within the piezoelectric devices Multiphysics interface with the constitutive relationships
required to model the piezoelectric device.

3.1 Geometric Modeling

3D geometry is considered for the simulations. The piezoelectric device contains a thin
film deposited on silicon wafers with dimensions of 200 x 200 x 10 nm and nine NWs seeded
on it. Each of the NWs has a radius of 10 nm. The height of the NWs has been varied in steps
of 100, 150 and 200 nm, as shown in figure 1. The geometry has been chosen because
experimental combination of electrodeposition and polymeric templates followed by chemical
etching provides a large variety nanowires of controlled size, geometry, composition, and
surface morphology very close to our chosen geometry..

Figure 1: The geometry of piezoelectric device.

3.2 Meshing

Before starting simulation, the NW was broken into small areas; each is called a
“mesh”. The mesh is composed of (14809, 17725 and 21044) tetrahedral elements and (7952,
9464 and 10806) triangular elements for (100, 150 and 200) nm height of NWs, respectively.
The mesh is created using the mapped mesh tool with a physics-controlled mesh and normal
mesh element size. For instance, figure 2 illustrates the obtained mesh for a NW of height 200
nm.
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Figure 2: Piezoelectric device mesh for a NW of height 200 nm.

3.3 Sub-domain Settings

The structure of the simulated piezoelectric device consists of two compounds; the first
is LiINbOs3 and has the following matrices and parameters:
Compliance matrix

578 -101 -147 -1.02 h

0
-101 578 -147 102 0 0
-147 147 502 0 0 0
102 12 0 17 0 0
0 0 0 0 17 -204

KO 0 0 0 -204 ly

piezoelectric Coupling

§F= 10wt /N

0 0 0 0 68 —42
d=1-21 21 0 68 0 0 [*10™ C/N,relative permittivity matrix
-1 -1 6 0 0 0

and density p=4700 Kg/m’ . The corresponding matrices and parameters for the AIN
compound are given as:

Compliance matrix
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0)

2858 0899 -383 0 0
~899 3117 -965 0 0 0
. |-383 -965 3038 0 0 0| .
= 107° m*/N
0 0 0 8 0 0
0 0 0 0 8 0
KO 0 0 0

0 9
, piezoelectric Coupling

0 0-1130 0 -278
d=] 0 0 549 0 -38 0 |*10™”C/IN
3840 0 0 0 0

, relative permittivity matrix

92 0 0
e =[0 92 0
0 0 103

and density, p =3300 Kg/m’.

3.4 Boundary Settings

The base of our simulated piezoelectric device is made of a fixed substrate, on the top
of which a NW is seeded. The upper end of the NW is taking to be free in response to the
applied force. The base of our piezoelectric device is considered to be electrically grounded.
The remaining parts of our piezoelectric device are kept at zero charge/symmetry conditions.

3.5 Simulation Results: three different kinds of forces: F = F, X as a lateral force, F = FZ
have been applied as a tensile force and F =—F Z as a compressive force, as displayed in

Figure 3.
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Figure 3: The three different applied forces in our study are: (a) Lateral force, F = F X (b)

Tensile force, F = Fz and (c) Compressive force, F = FZ.

4. Results and Discussions

In this section, we describe and interpret our results on the piezoelectric output potential
and deformation (displacement) behavior of the (LiNbOs) and (AIN) NWs as functions of
different applied forces. We study three different heights of LiNbO3 and AIN nanowires,
namely 100 nm, 150 nm and 200 nm.

4.1 Nanowires of height (100) nm

Figure 4 shows the effect of the force Fx applied at the top free end perpendicular to the
left side of LiNbO3 and AIN NWs for a NW height of 100 nm. A maximum total displacement
of 2.0983 nm for LiNbO3 and 1.2705 nm for AIN at (Fx = 90 nN) was observed at the bottom
of the NW from the left side. However, maximum piezoelectric potentials of 44.5 mV and 50.3
mV were observed at the left edge surface of the NWs for LiNbO3 and AIN NWs, respectively.

2.5

Total displacement (nm)

0.5 4 —=—Lithium Niobate
—t— Aluminum Nitride
0 T T T T T T T T T
40 50 60 70 80 90

Boundary load F = Fx (nN)

Figure 4: Total displacement (nm) of LiNbO3 and AIN with boundary load F = Fx (nN) for 100
nm height NWs.
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Figure 5: Maximum electric potential (mV) of LiNbO3 and AIN with boundary load F = Fx
(nN) for 100 nm height NWs.

In addition, figures 4 and 5 clearly indicate that for the range of 40 nN to 90 nN applied force,
both total displacement and electric potential exhibit a linear relationship as functions of
applied load. In addition, figures 4 and 5 indicate that, for the same boundary load, LiNbO3
NWs undergo total displacement larger than the one exhibited by AIN NWs. On the other hand,
AIN NWs undergo maximum electric potential larger the one exhibited by LiNbO3 NWs. This
remarkable result indicates that AIN piezoelectric response is better than that of LiNbOs
system. Furthermore, we found that, when the force F, is applied compressively or tensely over

the upper surface of LiNbO3 and AIN NWs, the total displacement as a function of the boundary
load remains linear as clearly displayed in figure 6.

0.018
0.016 -
0.014 -
0.012
0.01 A
0.008
0.006 +

Total displacement (nm)

0.004 1 —=— Aluminum Nitride
0.002 1 —+—Lithium Niobate
O L] L] L] L]

40 50 60 70 80 90

Boundary loud F = Fz (nN)

Figure 6: Total displacement (nm) of LiNbO3 and AIN with boundary load F=F, (nN) for 100
nm height NWs.
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Moreover, we studied the dependence of piezoelectric potential on the applied force F, in the
range of 40 nN to 90 nN for both NWs. Figure 7 shows piezoelectric potential as a function of
applied force. The generated piezoelectric potentials exhibit positive values for tension forces
and negative values for compressive forces for both NWs.

For instance, figure 7 shows that when F, = 90 nN was applied, maximum piezoelectric
potentials of £73 mV and £187 mV were generated at the top surface of LiNbO3; and AIN NWs,
respectively.
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Figure 7: Maximum electric potential (mV) of LiNbO3z and AIN with boundary load F = F,
(nN) for 100 nm height NWs (Positive sign for tension force and negative for compressive
force).

4.2 Nanowires of height (150) nm

Figure 8 shows the effect of the force Fx applied at the top free end perpendicular to the
left side of LiNbO3; and AIN NWs for a NW height of 150 nm. A maximum total displacement
of 7.0705 nm for LiNbO3 and 4.2807 nm for AIN at (Fx = 90 nN) was observed at the bottom
of the NW from the left side. However, maximum piezoelectric potentials of 72.5 mV and 84.7
mV were observed for LINbO3; and AIN NWs, respectively, at the left edge surface of the NWs.

In addition, Figures 8 and 9 clearly indicate that for the range of 40 nN to 90 nN applied
force, both total displacement and electric potential exhibit a linear relationship.

10
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Figure 8: Total displacement (nm) of LiNbO3 and AIN with boundary load F = Fx (nN) for 150

nm height NWs.
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Figure 9: Maximum electric potential (mV) of LiNbO3 and AIN with boundary load F=Fx (nN)

for 150 nm height NWs.

We have found that when the force F. is applied compressively or tensely over the upper
surface of LiNbO3z and AIN NWs, the total displacement as a function of the boundary load
remains linear as clearly displayed in figure 10.

11
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Figure 10: Total displacement (nm) of LiNbOs3 and AIN with boundary load F=F, (nN) for 150
nm height NWs.

Moreover, we studied the dependence of piezoelectric potential on the applied force F,
in the range 40 nN to 90 nN for both NWs. Figure 10 shows piezoelectric potential as a function
of applied force. In addition, figure 11 shows that the generated piezoelectric potentials exhibit
positive values for tension forces and negative values for compressive forces for both NWs.
For instance, when F, = 90 nN was applied, maximum piezoelectric potentials of £109 mV and
+283 mV were generated at the top surface of LiNbO; and AIN NWs, respectively.
Furthermore, figure 11 indicates that the generated piezoelectric potential exhibits a positive
slope linear relationship with the applied tension boundary load and an equal but negative slope
linear relationship with the applied compressive load.

12
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Figure 11: Maximum electric potential (mV) of LiNbOs3; and AIN with boundary load F=F,
(nN) for 150 nm height NWs (Positive sign for tension force and negative for compressive
force).

4.3 Nanowires of height (200) nm

Figure 12 shows the effect of the force Fx applied at the top free end perpendicular to the
left side of LiNbO3; and AIN NWs for a NW height of 200 nm. A maximum total displacement
of 16.791 nm for LiNbO3 and 10.164 nm for AIN at (Fx = 90 nN) was observed at the bottom
of the NW from the left side. However, maximum piezoelectric potentials of 100 mV and 118
mV were observed for LINbO3; and AIN NWs, respectively, at the left edge surface of the NWs.
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Figure 12: Total displacement (nm) of LiNbO3 and AIN with boundary load F=Fx (nN) for 200
nm height NWs.
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Figure 13: Maximum electric potential (mV) of LiNbO3; and AIN with boundary load F=Fx
(nN) for 200 nm height NWs.

In addition, Figures 12 and 13 clearly indicate that for the range of 40 nN to 90 nN applied
force, both total displacement and electric potential exhibit a linear relationship.

We have found that when the force F; is applied compressively or tensely over the upper
surface of LiNbO3 and AIN NWs, the total displacement as a function of the boundary load
remains linear as clearly shown in figure 14.
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Figure 14: Total displacement (nm) of LiNbOs3 and AIN with boundary load F=F, (nN) for 200
nm height NWs.

Moreover, we studied the dependence of piezoelectric potential on the applied force F,
in the range 40 nN to 90 nN for both NWs. Figure 15 shows piezoelectric potential as a function
of applied force.
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Figure 15: Maximum electric potential (mV) of LiNbO3; and AIN with boundary load F=F,
(nN) for 200 nm height NWs (Positive sign for tension force and negative for compressive
force).

The generated piezoelectric potentials exhibit positive values for tension forces and
negative values for compressive forces for both NWs. For instance, when F, = 90 nN was
applied, maximum piezoelectric potentials of +145 mV and 380 mV were generated at the
top surface of LiNbO3 and AIN NWs, respectively.

S. Conclusion

In summary, Lithium niobate (LiNbO3) and Aluminum nitride (AIN) nanowires with
rod geometry were investigated using COMSOL Multiphysics based on the Finite Element
Method (FEM). We found that LiNbO3 nanowires undergo total displacement higher than the
corresponding displacement exhibited by AIN wires under the same boundary loads. However,
AIN nanowires piezoelectric response is higher than the corresponding response of LiNbOs
nanowires as indicated by the higher piezoelectric potentials exhibited by AIN nanowires as
compared with those of LiNbO3 nanowires. This remarkable finding indicates that AIN
nanowires exhibit a better piezoelectric response than LiNbO3 under the same boundary loads.
Furthermore, we found that in both nanowires, the tension and compressive loads generate
higher total displacements and piezoelectric potentials than the corresponding total
displacements and potentials produced by lateral loads. One of the main findings of this work
is that, total displacement and generated piezoelectric potential in both nanowires depend
mainly on the height of the nanowires used in the rod geometry. We found that the 200 nm
height nanowire exhibit optimized total displacement and piezoelectric response when
subjected to tension, compressive or lateral boundary loads for AIN and LiNbO3; nanowires.
Based on our findings, we find that the piezoelectric response of both nanowires is very
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sensitive to the height of the nanowire in rod geometry particularly for AIN nanowires.
Therefore, we recommend using the 200 nm height AIN nanowire in rod geometry for
fabrication of piezoelectric and pressuring sensor devices.
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