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Abstract

In this project devices with piezoelectric material have been simulated. In the project a voltage
is applied to the piezoelectric material, lead zirconium titanate(PZT), to investigate the induced
deformation caused by the piezoelectric effect. The simulations are done in COMSOL multiphysics.
In the first device, a layer of PZT is sandwiched between two thin electrodes of platinum. Different
geometries are used with the simulations: a 2D approximation of the device, a 3D model with straight
corners and a variation of this 3D model, where round corners were used. Preliminary work has been
done on a second device in which cobalt ferrite nanoparticles are integrated in a piezoelectric thin film
(poly[vinylidenefluoride-co-trifluoroethylene] (P(VDF-TrFe)), which is a piezoelectric polymer). Cobalt
ferrite is a magnetostrictive material. When a stress is applied to the cobalt ferrite, it changes it
magnetization. Because it is placed in a piezoelectric thin film, a coupling between electric properties
and magnetic properties can be made. Two different versions were created, one were the cobalt ferrite
were disks, and one where the cobalt ferrite were lines. No results on this simulation have yet been
obtained.
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1 Introduction

In this project piezoelectric devices have been simulated using COMSOL multiphysics. Piezoelectric
materials are widely used in modern technology. For example some sensors use the piezoelectric effect
to get information, a signal, from a mechanical interaction, because of the property of a piezoelectric
material to deform under a electric field.[1] Simulating instead of experimenting has a couple of advantages,
especially while designing a device. Experiments can cost a lot, and take long time. While simulating a
device, a good prediction can be made about the device. Conditions which can be hard to obtain in a lab
room can be easily implemented in a simulation software. The materials used do not have be synthesized
or bought. With simulations while designing a device, the optimal parameters can be tweaked in such
a way that the least amount of material is used for the best effect. But there are also limitations of
simulating instead of experimenting. With actual experiments an actual system is measured, while if
a system is simulated the device is perfect, in real life there are always some defects. The simulation
therefore can never perfectly predict an actual system, it always is an approximation. This is always
important to keep in mind while doing the simulations. The simulation software that is used is COMSOL
multiphysics. COMSOL multiphysics is a finite element analysis solver and simulator. The main modules
that will be used are the solid mechanics module and the electrostatics module, which will be combined
to create the piezoelectric effect. The device consists of 4 layers. The first layer is a silicon substrate. The
second layer, as well as the last layer are electrodes, and are made of platinum. The piezoelectric material
in the device will be lead zirconium titanate which will be the third layer. The dimension of the device is
1 cm by 1 cm, and the thicknesses of the device is a couple of micrometers. The voltage applied to the
device will be varied in the simulations.

A second device with a Cobalt Ferrite P(DVF-TrFe) nanocomposite is presented in the report. The Cobalt
ferrite is a magnetostrictive material, which deforms under influence of a magnetic field. The device
will be subjected to a magnetic field, and after that a potential will be put on a piezoelectric thin film.
With the magnetostictive effect the solid mechanics is combined with the magnetic field module. With
the simulations on this device no results are yet available. In the project a computing cluster from the
university is used, named Peregrine. The simulations can be computationally demanding, especially due
to the coupling between different modules. A short note on this has been added in the appendix.



2 Theory

2.1 Piezoelectric effect

Piezoelectricity effect is that in some materials, if a mechanical stress is applied, a electric charge is
accumulating. The materials that exhibit this property need to be dielectric and need to have a crystal
symmetry which lack a center of symmetry. Other properties that the material needs to have is that it is
dielectric. There are many examples of Piezoelectric materials, some natural and synthetic crystals and
ceramics, but also some biological matter as bone [2] and DNA [3]. Applications of Piezoelectric materials
are found in for example scanning probe microscopes, but also more everyday applications as a lighter.

2.1.1 Constitutive equations of a Piezoelectric material

In COMSOL multiphysics the Voigt notation is used for the stress and strain tensors. Stress and strain
are tensors, but because of the symmetry of the tensor it may be expressed as a vector. The direct
piezoelectric effect is given by:

Piczo = dT (1)

where d is the piezoelectric charge constants [C/N], T is the applied stress [N/m?], and P, is the
mechanically induced polarization[C/m?]. The total electric displacement, D [C'/m?], including the direct
piezoelectric effect is,

D=é"E+dT (2)
Where €7 is the permittivity [F/m] under a constant stress T' ( therefore the superscript T) and E is the
applied electric field[V/m].

The inverse piezoelectric effect is described by, for zero external mechanical stress:
S=d"E (3)

The total strain,g , with the inverse piezoelectric effect is:

S=s"T+d"E (4)
Where s is the compliance[m?/N] for a constant electric field. The compliance is the reciprocal of

Young’s modulus, which is a measure of the stiffness of a material. Combining equation (2) and equation
(4) leads to equation (5). The constitutive equations for the behavior of piezoelectric materials, using

simplified matrix notation, is given by:
s sE 4T [T
ol =[]l g

This equation is a combination from the direct and indirect piezoelectric effect. Equation 5 is in the
strain-charge form. The equation can be rewritten to other forms, in which different coefficients are
used,but these coefficients are just made out of the coefficients from equation(5) .[1]

Both the mechanical and electrical part in the piezoelectric equations are described by partial differential
equations. The electric displacement field in a dielectric medium obeys Gauss’s law:

V-D=p, (6)

where p, is the density of free charges. The partial differential equation describing the mechanical part of

the piezoelectric effect is the local force balance and the displacement strain relation[5](switching back to

the tensor notation):

V-T=0 (7)
Vu +uV

= (8)
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For an estimation of the piezoelectric effect of the device, a value the electric field is needed.When using
two conducting plates, the electric field can be approximated by:

B=1 )

Where U is the applied voltage and d the distance between the conducting plates. It is assumed that the
electric field is homogeneous between the electrodes, which is not completely accurate.

2.1.2 Von Mises stress

As stress is a tensor, it can not plotted an easy manner. So in the result section all the stress plots show
the Von-Mises stress. This stress is derivated from the von-Mises yield criterion. This states that the
yielding of material starts at a certain value of this stress. The Von-Mises stress(oyms) is defined as [5] :

1
Oms = 5[(011 — 022) + (022 — 033)° + (033 — 011)° + 6 - (075 + 055 + 031)], (10)

Where o;; are the components of the stress tensor.

2.1.3 Piezoelectric material

Lead zirconate titanate is the piezoelectric material used.The general formula is Pb[Zr,Ti1—,]O3, but
PZT is generally used as shorthand notation. PZT is solid solution containing lead titanate and lead
zirconate. Both lead titanate and lead zirconate are ceramic perovskites. A perovskite crystal structure
has the general formula ABX; where A%t and B*t are positively charged ions, and X2~ a negative
charged ion . The structure of lead zirconate titanate can be seen in Figure 1. PZT can be doped with
different acceptors or donors. This can be done to tune the performance of the PZT. The exact variant is
used in the simulations PZT 5H, this is a soft piezoelectric ceramic. The magnitude of the coercive field is
used to make an distinction between a hard and a soft PZT material. In a soft piezoelectric material is
doped with a donor, in a hard piezoelectric with an acceptor. The soft ceramics have a higher dielectric
constant and coupling coefficients. The Young’s modulus for a soft ceramic is lower.[1]

When a mechanical stress is applied to the material, the position of the positive and negative charges
changes. This results in an electric dipole. An electric charge can be picked up, because the bulk of dipoles
created by this on a macroscopic scale. This effect is called the direct effect. With the indirect effect, a
electric field is applied across the material. Because this field there will be a force on the ions, resulting
in a displacement of the ions. On the macroscopic level this leads to a deformation of the material.
Piezoelectric ceramics undergo poling treatment! | before there is piezoelectricity on a macroscopic scale.
The piezoceramics have a rotational symmetry around the poling axis ( which is defined as the 3-direction).
A direction perpendicular to the poling axis is a 1 direction. For a piezoelectric ceramic the matrix with
piezoelectric charge constants, has the following components:

0 0 0 0 dis O
d=|0 0 0 ds 0 0 (11)
dsy ds1 dsz O 0 O

The index i in d;; represents the direction of the applied electric field or the electric displacement and j
represents the direction of the mechanical strain or stress. The are four operation modes for piezoelectric
ceramics, longitudinal(dss), transverse(ds; ), shear(dys) and hydrostatic(dy). The longitudinal mode is
related by the transverse mode is related by ds; = —vdss, where v is the Poisson ratio. In a piezoelectric
ceramic the Poisson ratio is typically around 0.45.[1]

2.2 Magnetic field

In the secondary part of the project, a magnetic field is applied to a thin film of a piezoelectric polymer,
P(VDF-TrFe), with embedded nano particles of magnetic Cobalt Ferrite in it. Cobalt Ferrite is a

1See [1] for an explanation of the poling treatment
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Figure 1: The structure of PZT, with on the right the piezoelectric effect[4]

magnetostrictive material. This means that the material deforms as a magentic field is applied. The goal
is to model the strain caused by this deformation. As with the piezoelectric materials, there is a set of
constitutive equations (12) and (13) describing the material.

S=s"T+d"H (12)

B=pu"H +dT (13)

Where H is the applied field, s7 is the elastic compliance measured at a constant magnetic field, u” is
the permeability measured at constant stress, d is the coupling coefficient ( now for magneto-mechanical)
and B is the magnetic field Just as with the piezoelectric effect, equation (12) is called the direct effect
and equation (13) is called the converse effect. [6]

2.3 Finite element method

COMSOL multiphysics uses the finite element method (FEM) to solve the simulations. The laws of
physics are normally described by partial differential equations which are inapplicable of solving for many
sorts of geometries. A stress analysis on for example a car which collides with a wall would be impossible
to solve analytically. With the finite element method, the problem is divided into small parts which are
called elements. The elements are connected via each other via nodes. The equations describing the
problem are then cast on the elements. After that the elements are assembled together to form a system
of equations describing the entire problem. FEM gives approximate solutions, the accuracy depending
on the number of parts, and the size that are used. With COMSOL, a geometry is drawn or imported
in the software. This geometry can have different domains for which different materials can be selected.
These is a large library of materials in COMSOL, but it does not contain every material.So another option
is to manually assign the properties of the material in COMSOL. After that an important part is the
mesh. The mesh is the entire set of elements and nodes in between them, so a grid on the geometry .
COMSOL can create a default mesh. The limitation is to alter the size of the elements, from an option
called extremely fine to extremely coarse. Another disadvantage is that there is no option to choose for a
different mesh element types. For a 3D geometry, the mesh element types are bricks, prisms, pyramids
and tetrahedral and for a 2D geometry triangular and quadrilateral. The element type that COMSOL
uses also depends on the physics.

Alternatively, a mesh can be created by using some mesh operations. In this case, there is more control
over the mesh. The mesh can be made finer at some layers and more coarse at some other layers. Choosing
a mesh in this way can lead to less elements, which means less computational time in general and



different mesh type elements can be chosen. The models in this project turned out to be computationally
demanding, so minimizing the amount of elements in the models was important. The disadvantage of
meshing a geometry with the mesh operations instead of the default options of COMSOL is that this can
be time consuming.

Figure 2: An example of a mesh on a wheel rim. On the left a mesh which COMSOL generates by default,
consisting of tetrahedral and on the right a mesh created with the mesh options from COMSOL, with
different mesh elements types and sizes [7].

In COMSOL, the boundary conditions are applied on the geometry through the different types of physics.
For the Piezoelectric device, solid mechanics and electrostatics are coupled. But one can also define
equations of the physics. Various different preset studies can be chosen. The study is divided in study
steps that fall into the following categories: stationary, time dependent, frequency domain, eigenfrequency
and other. The selection of what preset study one can choose differs with the selected physics. There are
different solvers in COMSOL, based on direct and iterative methods. COMSOL automatically detects if
it is best to use a direct or iterative method.? The direct methods are based on LU-decomposition.[§]
In LU-composition a matrix gets decomposed in a upper, and lower triangular matrix( U and L), and a
permutation matrix (P), such that:

A=P'LU (14)

. In a linear system,for example Az = b, the systems divides into two triangular systems which are easier
to solve. [10]. After solving the system, COMSOL can show different plots, such as the stress distribution.
Further analysis can also be done, like evaluating the maximum and minimum of a certain parameter in
the geometry.

2.3.1 Working principle of FEM

A function (for example u, which can represent a dependent variable in a partial differential equation) can
be approximated (u = up) as a linear combination of so called basis functions.

up(z) = Zuﬂﬁz(x) (15)

Where u; is a coefficient and 1 is the basis or shape function. The shape functions have a value of 1 in
there own nodes and zero in other nodes. In Figure 3, a example is shown were linear shape functions
were used. Also other shapes could be used for the shape functions. The interpolation is used on the

2The iterative methods are based on the conjugate gradient method, for an explanation of this method, see [10], chapter
5.
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Figure 3: Here the idea of the equation 15 is sketched out, the combination of basis functions, in
combination with a coefficient corresponding with each node is an approximation of the actual variable w.

[9]

domain to approximate the solution. [9]

To look at the finite element method, the Poisson equation is introduced. Poisson equation is widely used
in physics.To give an example, Gauss’s law can be rewritten to a form which is related to the Poisson
equation. For a moment neglecting the piezoelectric effect in equation 2 to come to D= GE, where € is
now a relative permittivty, A scalar electric potential ¢ can be introduced:

V~E:—V2(go):%”, (16)

which is in the form of a Poisson equation. But here a more general form is introduced, because the
electrostatics is not the only physics being used during the research, but also the solid mechanics and
later on the magnetic fields. The general form of Poisson’s equation is (for ease of explanation in 1D):

—u"(z) = f(x) (17)
Where f(x) is a function. The boundary conditions are:
u(a) = «

u(b) = B

Now it is possible to get a solution for x in between a and b. An another generic function( v(z)) is
multiplied to both sides of equation (17). The generic function and the solution are assumed to belong
to the Hilbert space[9]. The assumption for this generic function is that it is zero at a and b. After the
multiplication both sides are integrated, and because of the assumption, the result can be written as:

/b " (@) () da = /b " Fa)(@)de (18)

The finite element approximation is described by:

N zi+1 u
;/ﬁ uy, (x)vy, (z)dz :/b f(x)vp(z)dx. (19)

Using the fact that the shape function is zero eveywhere outside it’s interval, the equation (19) holds for
the on every interval:

/ T (@) (o) da = / " e e)da (20)

i—1 Ti—1



Using again equation (15), linear shape functions, the assumption that the elements have the same length
h and including the boundary equations the following systems of equations is gathered:

Yur — s — / " F@) (@)de + o,

Ti41
—Ui—1 + 2U; — Uip1 = h/ f(@)i(z)de, (21)

b

—un_1+2un = h/ f@)Yy (z)dx + B

ITN-1

Where all the u;’s are unknowns.[10]. The idea is the same for 2D and 3D. The approximation can be
improved by h-refinement, e.g. making the mesh finer, or p-refinement, where a different shape function(
a polynomial of a higher degree) is used. H-refinement makes the computation more demanding. For
partial differential equations containing a second order derivatives it is sufficient to estimate with a linear
shape function.



3 Experiment

Most of the simulations were done on desktop PC. This PC has 4GB of Random access memory, and
the processor is a Intel core2 duo E8400. As this computer was not able to run all the simulations, a
computing cluster from the university has been used. A short description of how to work with this has
been added in the appendix.

3.1 Piezoelectric device

The Piezoelectric device physics in COMSOL couples solid mechanics physics with the electrostatics
physcs. As explained in the theory, COMSOL asks for the compliance matrix, a coupling matrix, which
are the piezoelectric coefficients from equation ( 5). The piezoelectric material needs to be defined in
the electrostatics tab and in the solid mechanics tab, to tell COMSOL which of the layers have to be
piezoelectric. In the models the preset study that has been chosen is stationary. This preset study consist
of one study step, namely stationary. The potential was varied in the 2D model, with the help of a
parametric sweep . In a parametric sweep COMSOL solves for multiple values of a certain parameter. The
thicknesses of the electrodes and the PZT layer have varied, the silicon substrate was chosen to be 2um.

3.2 Boundary Conditions

Solid mechanics This physics is applied on all the domains. A fixed constraint is applied on the
bottom of the device, at the bottom of the silicon substrate. The fixed constraint makes sure that all the
displacements are zero on the applied boundary. In the structural mechanics tab the material model can
be defined. For this device the two material models that are used are linear elastic material( which is
applied on the electrodes and the substrate) and piezoelectric material( on the PZT layer). Additional
subnodes can be added to the material models, with for example dielectric loss for the Piezoelectric
material and plasticity for the linear elastic material. Also in the settings of the piezoelectric material is
the option to choose between strain-charge form or stress charge form. In some of the simulations, a rigid
connector was applied between the PZT layer and upper electrode. When a rigid connector is selected on
a certain boundary, the boundary moves as a single rigid object.

Electrostatics The electrostatics physics is applied on the electrodes and on the PZT layer. A potential
is put on the electrodes. The place of where the potential is placed is varied on the different models.
Sometimes directly on the PZT layers, and sometimes on the top( or bottom) of the electrodes. If the
potential is placed on top electrode and ground on the bottom electrode, the potential will be called
positive. If it is the other way around, it will be called negative.

3.3 Materials

The substrate is from silicon, the electrodes are from platinum and the piezoelectric layer is from PZT
5H. With the configurations described in section 3.2, the solid mechanics needs the Young’s modulus,
the density and the Poisson’s ratio from the material and for the piezoelectric material the elasticity
matrix, the coupling matrix and the relative permittivity. To apply the electrostatics to the electrodes,
the relative permittivity of platinum ( €, = 2.7604)[11] was not included in the database had to be added
to COMSOL. The piezoelectric material is lead zirconate titanate (PZT 5H). A schematic overview is
given below.PZT 5H has a density of 7500 kg/m?, the following piezoelectric charge properties(extracted
from COMSOL 5.2a)

0 0 0 0 44-1071 0
d= 0 0 0 44.1071 0 0| [C/N] (22)
—6-10711 —6-10"'! 1.52-1071° 0 0 0

Where the relation between the the transverse mode and longitudinal mode, see section 2.1.3, is satisfied.
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Figure 4: A schematic overview of the device. The figure is out of scale.

3.4 A 2D approximation

As the 3D model is computationally very demanding, some of the parametric sweeps are done on a
2D-model of the device. With a parametric sweep, a range of values for some parameter can be studied.
This simulation was done on the computer that was available during the project, but solving times could
be on the order of a few hours. A disadvantage of the 2D-simulation is that an extra assumption has to
made, plane strain and plane stress. Plane strain means that along a surface, there is a zero strain vector,
and plane stress means that there is a zero stress vector along a particular surface. Or mathematically:
T;3 = 0 for plane stress and S;3 = 0 for plane strain( i = 1,2,3). Both are not completely accurate,
because of the way the PZT layer is deforming. The device consists of 4 rectangles, the width being 1 cm.
The thickness of the silicon substrate was 2um and the thicknesses of the other layers were varied .

Mesh

The mesh was first created on a model with a length of 1 mm. The mesh was switched to a user-controlled
mesh-sequence. This shows the mesh-sequence that COMSOL generates by default, if one would use the
options described in section 2.3 . The mesh-sequence now has two nodes: size and free triangular. In the
size node, the same predefined options can be chosen, or minimal and maximal element size of the mesh
can be specified. The predefined options were used to get the most coarse mesh with which COMSOL did
not give any warnings.> The outcome in this case will become questionable. When enlarging the model to
the 1 cm, the minimal and maximum element size and all the other parameters size node were kept the
same. The mesh can be seen in Figure 5.
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Figure 5: The mesh on the 2D model, where the electrodes had a thickness of 100 nm, and the PZT layer
had a thickness of 1um.

3The warnings that COMSOL can give, if the mesh is too coarse, is that the element size is larger than the thicknesses of
the layer.
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3.5 3D model

The 2D model is not completely accurate. With the 2D model, the options to look at deformation is
limited.The only option is to look at a side of the device, so if there would be a difference in deformation
in plane it is impossible to see. For better results a 3D simulation is needed. The simulations that were
done on the computer that was available during the project, had the dimensions of 0.1 mm by 0.1 mm.
For 1 em by lem version the computing cluster had been tried, but with no success. It turned out that it
simply took to long. The geometry of the device is 4 square parallelepiped on top of each other. The
thickness are 1 pum for the PZT layer and 100nm for the electrodes.

Mesh

The general strategy from the 2D model to create the mesh was also used here to create a mesh. However
with only switching to the default mesh sequence generated by COMSOL from a smaller device, and
then enlarging to the device of 1 cm by 1 cm, the amount of elements was so large that it would take
too long for the model too compute. So, using the mesh options of COMSOL, a several mesh-sequences
were made. The main goal was to minimize the amount of elements of the mesh, but to keep the
complete model warning and error free. With the 3D model the mesh was made on a device with the
dimensions of 25.4 micrometers (which is 1 thousand of an inch which is in COMSOL, which made
easy to switch between a small scale device and full sized model). Now it was able to run it on the
desktop pc, the mesh size settings could be tested on the smaller device. If the model worked, it was
put in the cluster. But as described before, this did not worked out as planned. On of the mesh
sequences that was tried used hexahedral elements. This mesh did not take long to generate, but the
mesh left artifacts in the result. The plot of the model with this mesh can be found in the appendix.
The following mesh sequence was used in the simulations found in the result section:

e Size: This determines the minimal and maximal size of the elements. This first section is done to
define a mesh size for the very thin electrodes. After that, the size node was used to define the
minimal and maximal size for the PZT layer and the silicon substrate.

e Free Triangular: This option is creates a mesh on a domain in 2D (so on a boundary in 3D). It
creates triangular elements, not necessary the same size elements. It is applied on the sides of the
electrodes and the top and the bottom of the device. With these settings, the mesh elements in the
middle become larger, and close to the end the mesh becomes more fine. The edges are where the
most displacements where.

e Free tetrahedral: This creates a mesh with tetrahedral elements, on the rest of the domain which is
selected. Without this option applied, in this mesh sequence the internals would not have any mesh.

The mesh sequence used can be seen in action in Figure 6.
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Figure 6: The mesh on a geometry, which has the dimensions of 0.1 mm by 0.1 mm

3.6 Variation on the 3D model

Now the corners of the device have been smoothed out, so that there is less stress in the corners. This has
been done after looking at some of the results, see section 4.2. Just as the other 3 dimensional model, the
device had the dimensions of 0.1 mm by 0.1 mm. The geometry was made by defining 4 work planes,
one for each layer. Then a square on the work plane was defined, where the corners were rounded by the
fillet-option. The fillet option replaces the corner with a fourth of a circle. The radius of the two upper
layers were larger than the bottom layers. After that the work plane is extruded, by the thickness of the
layer. The geometry can be seen in Figure 7. Also with this geometry, an 1 cm by 1 cm model has been
tried, but it took too long to compute.

%1073

Figure 7: The device with smooth corners
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Mesh

The smoothed out corners makes the meshing of the problem more difficult. The mapped mesh described
before is no longer an option. The model that eventually worked had a similar mesh sequence as the 3D
model. The difference is some extra surfaces that have to be selected, for the curved segments.The mesh
on the device can be seen in Figure 8. For this model, the computer that was available during the project
did not have enough RAM to compute, so this model was solved in the cluster. With this model the
solving times were still reasonable, in the order of hours.

0,05
% x10

0.05

-0.05

z
Y. x
Figure 8: The mesh on the device with smooth corner

3.7 Magnetic Devices

For the secondary part two devices have been simulated. The two devices had different geometries. In
one device, the cobalt ferrite were disks in the piezoelectric film and in the other one lines ( beams) .
The disks will have a diameter ranging from 130 nm to 220 nm and a thickness of 35 nm to 40 nm. The
lines, created by the geometry option blocks in COMSOL, have a width ranging from 110 nm to 180
nm and the same thickness as the disks. The distance between the lines is 60 nm. The final dimensions
of the real device would be 5 mm by 5 mm, but with the experiences of the first device and the fact
that it took already quite sometime for COMSOL to build the 5 mm by 5 mm geometry, the dimensions
were scaled down. Under the film with the Cobalt Ferrite there is a substrate, which will be Nb-doped
SrTiO3 (STO) conducting substrate. The major problem with this simulation is that neither cobalt
ferrite or P(VDF-TrFE) are in the COMSOL library. Every property has to be imported in COMSOL,
if the device was to be accurately simulated. Due to the limited time available in the project a similar
piezoelectric polymer was chosen, PVDF. This material is in the COMSOL library. For the Cobalt Ferrite
a magnetostrictive material was searched for. From a model( called nonlinear magnetostriction) from
the application library 4 the magnetostrictive material was taken. The mesh for this simulation is just
the default mesh by COMSOL. This could be done because the small dimensions. A problem with the
simulation is that the solutions for both the model with the lines and the model with the disks does not
converge. This could be due to wrong application of the boundary conditions or the nonlinear material
that was chosen.

After applying the magnetic field, a potential was applied to the piezoelectric polymer in a new simulation.
The solution of this model did converge, however the the magnetostrictive material did not induce any
magnetic field.

4In COMSOL there are some models to illustrate how one can work the software. This is called the application library.
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Figure 9: The two devices used in this simulation, on the left the version containing disks of cobalt ferrite

and on the right the version containing lines of cobalt ferrite

15



4 Results

From the simulations, a displacement plot and sometimes a stress plot is shown. As mentioned before the
stress plot displays the Von-Mises stress, see equation (10).COMSOL multiphysics plots the results with
colors. The different colors represent a different value. The unit of numbers behind the color code are on
top of the figure. COMSOL multiphysics selects by default a scale factor for the deformation ( in the plots
the default scale factor that COMSOL was not changed, so at every plot the scale factor is different).
This makes sure that any deformation will be visible. But with the devices presented here the scale factor
has to be very high to actually see something. This is important to keep in mind while looking at the
results. In the displacement plots, the actual displacement can seen when looking at the color of the plot
and comparing it to the scale on the right. If the potential was varied the only thing that would change is
the values next to this scale. So if a parametric sweep has been done on the device only one plot is given.
All the tables show the maximum values over all the domains, so the maximum on the entire device.

4.1 2D approximations
4.1.1 Plane stress approximation

In this section results from plane stress approximations are presented in Figures 10 and 11 were the
thicknesses of the electrodes 100 nm and from the PZT layer 1 pm. The voltage was varied, the result of
this can be found in table 1. Also a version with a rigid connector is presented in Figures 12 and 13, also
the voltage was varied in this model, see table 2. From tables 1,2 and 3, there is a linear relation between
the applied potential and the displacement and the stress, in correspondence with the theory, see equation
(5). This could be seen in every parametric sweep that was done.
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Figure 10: Displacement plot of the device without a rigid connector. The thicknesses of the electrodes
were 100 nm and from the PZT layer 1 um ,and the voltage applied is 20 V.
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Figure 11: Stress plot of the device without a rigid connector. The thicknesses were 100 nm and from the
PZT layer 1 pm ,and the voltage applied is 20 V.

Table 1: Maximum values for the total displacement and Von-Mises stress, for the plane stress approxima-
tion, without a rigid connector.

U (V) | Total displacement (nm) | von Mises stress (N/m?)
0.001 | 8.3553 -10~% 30819

1.0 0.83553 3.0819 -107

10 8.3553 3.0819 -10%

20 16.711 6.1638 -10°
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Figure 12: Displacement plot of the device with a rigid connector. The thicknesses were 100 nm and from
the PZT layer 1 um ,and the voltage applied in the plot is 0.001 V.
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Figure 13: Stress plot of the device with a rigid connector. The thicknesses were 100 nm and from the
PZT layer 1 pm ,and the voltage applied in the plot is 0.001 V.

Table 2: Maximum values for the total displacement and Von-Mises stress, for the plane stress approxima-
tion, without a rigid connector. The table belongs to Figure 12 .

U (V) | Total displacement (nm) | von Mises stress (N/m?)
0.001 | 4.5269 - 107 62888

1.0 0.45269 6.2888 - 107

10 4.5269 6.2888 - 10°

20 9.0538 1.2578 - 10°

Also different thicknesses were simulated. In Figures 14, 15 and 16 the displacement and stress plot can be
seen from the simulation from where the thickness of the PZT layer were 0.5um and from the electrodes
200 nm.
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Figure 14: Displacement of the 1 cm device, with a plane stress approximation. The thickness of the
electrodes is 200 nm and the thickness of the PZT layer is 0.5 um
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Figure 15: Stress of the 1 cm device, with a plane stress approximation. The thickness of the electrodes is
200 nm and the thickness of the PZT layer is 0.5 um
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Figure 16: Displacement of the 1 cm device, with a plane stress approximation. The thickness of the
electrodes is 200 nm and the thickness of the PZT layer is 0.5 um, now with a rigid connector.

Also to make a connection to the 3D device the dimensions have been changed to 0.1 mm, these plots can
be found in the appendix. The conclusion drawn from these plots is that for the case without the rigid
connector, the plane stress approximation was better and in the case with a rigid connector the plane
strain approximation was better, for which the results will be presented next.

4.1.2 Plane strain approximation

As mentioned in the previous section, with a plane strain approximation the values where closer to the 3D
model, when applying a rigid connector. From this model a parametric sweep over different values for the
potential have been done, see table 3. In Figure 17, the result when applying 20 V can be seen.
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Figure 17: Displacement of the 1 cm device, with a plane stress approximation. The thickness of the
electrodes is 200 nm and the thickness of the PZT layer is 0.5 pm, now with a rigid connector

Table 3: Maximum values of all domains in 2D approximation with plane strain approximation. This
table corresponds to figure 17 .

U (V) | Total displacement (nm) | von Mises stress (N/m?)
0.001 | 2.5469-10~7 86913

1.0 0.25469 8.6913 - 107

10 2.5469 8.6913 - 108

20 5.0938 1.7383 - 10°




In Figure 18 the displacement plot can be seen and in Figure 19 stress plot can be seen from the simulation
from where the thickness of the PZT layer were 0.5um and from the electrodes 200 nm.
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Figure 18: Displacement of the 1 cm device, with a plane strain approximation. The thickness of the
electrodes is 200nm and the thickness of the PZT layer is 0.5 um
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Figure 19: Stress of the 1 cm device, with a plane strain approximation. The thickness of the electrodes is
200nm and the thickness of the PZT layer is 0.5 um

4.2 3D model

The aim was to model a 1 cm by 1 ¢m device. Unfortunately, this has not succeeded yet. But the
only difference between this model and the model with 0.1 mm and 0.1lmm would probably be the edge
effects from the electric field in the 0.1 mm by 0.1 mm will be stronger. The electric field, overall, is
less homogeneous. Comparing the small 0.1 mm 2D devices (see appendix B) with the 1 ¢cm 2d devices
supports this, the results do not deviate that much from each other.

4.2.1 0.1 mm by 0.1 mm model with straight corners

In this section a device with the dimensions 0.1 mm by 0.1 mm is simulated. From the model without the
rigid connector, some hand calculations were done, and compared to the values from the simulation, see
table 4. A plot of the displacement can be found in Figure 21 and the Von-Mises stress can be found in
Figure 21. Just as with the 2D parametric sweeps, the maximum values over the entire device are given.

19



Surface: Total displacement (nm)

16

14

12

10

z

|24

Figure 20: Displacement plot of the device without a rigid connector. The thicknesses were 200nm for the
electrodes and 0.5 pum for the PZT layer. The voltage applied is 20 V
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Figure 21: Stress plot of the device without a rigid connector. The thicknesses were 200nm for the
electrodes and 0.5 pum for the PZT layer. The voltage applied is 20 V.

In the most right column some values are calculated with equations (9) and (5). For the hand calculation
the electric displacement from COMSOL is used.
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Table 4: Some of the maximum values of the 3D model. The plot of this model can be seen in Figures 20
and 21.

Value by COMSOL | Hand calculation
Total displacement (nm) 17.642 -
von Mises stress (N/m?) 1.7668-10° 22.2712-10°
Electric displacement field, x component (C/m?) 0.37171 -
Electric displacement field, y component (C/m?) 0.37510 -
Electric displacement field, z component (C/m?) 1.8647-107 16 -
Strain tensor, local coordinate system, x component 0.013288 0.065
Strain tensor, local coordinate system, y component 0.013320 0.065
Strain tensor, local coordinate system, z component 0.0017477 -0.16
Strain tensor, local coordinate system, xy component | 0.0039020 0
Strain tensor, local coordinate system, yz component | 0.011018 0.19
Strain tensor, local coordinate system, xz component | 0.010887 0.18

From the calculation the only nonzero stress components where o, 0., and o, but there where no zero
values from the simulations for the stress.
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Figure 22: Displacement plot of the device with a rigid connector. The thicknesses were 200nm for the
electrodes and 0.5 pum for the PZT layer. The voltage applied is 20 V but the ground and potential were
put on the other electrode.
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Surface: von Mises stress (N/m?)

Figure 23: Stress plot of the device with a rigid connector. The thicknesses were 200nm for the electrodes
and 0.5 pm for the PZT layer. The voltage applied is 20 V but the ground and potential were put on the
other electrode.

22



4.3 Variation on the 3D model

In this section the results are shown from the model explained in section 3.6. In every plot the potential
applied was 20 V. The potential was not directly put on the PZT layer, but on the electrodes. On the
electrostatics plot a problem can be seen. The platinum is normally a good conductor. But here the
potential drop over the electrodes is more than over the PZT layer. An example of this can be seen in
Figure 24. This problem was also with the other plots, but those simulations were redone. As described
in the experiment, the cluster was used to compute this model, it would take some time to redo the
simulations. As the displacement is expected to be linear as with the other models with the applied
voltage, the plot still shows how the device deforms, in Figure 25 no rigid connector was applied and in
Figure 27 there was a rigid connector applied. With this geometry the potential was switched, to look at
how the PZT deforms if the boundary conditions were different, this can be seen Figure 26 .
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Figure 24: Electric potential over the device, when the the potential was put on the electrodes.
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Figure 25: Displacement plot without rigid connector, the thickness of PZT layer are 0.5 pm.

thickness of the electrodes are 200 nm.
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Figure 26: Displacement plot without rigid connector, the thickness of PZT layer are 0.5 um. The
thickness of the electrodes are 200 nm. Now with a potential the other way around, so on the bottom

electrode and the ground on the upper electrode.
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Figure 27: Displacement plot with rigid connector, the thickness of PZT layer are 0.5 pm. The thickness
of the electrodes are 200 nm.
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5 Discussion

Comparing the 2D models with a 0.1 mm width from the appendix and the 3D models, the plane stress
approximation seemed the best, mainly looking at the plots itself. And as described at 3D result section,
from the hand calculated values the plane stress approximation seemed to be accurate. The values for
the displacement are close, but not the same. When evaluating the individual stress tensor components
in COMSOL, where no value was approximately zero, it was found out that the approximation was less
accurate than could be concluded from the hand calculations. Concluding, the plane stress approximation
is a decent approximation for the device, but not prefect. Also for every component in the strain tensor
the hand calculations are different from the values obtained from the simulations. The hand calculations
were too simple to approximate the components stress and strain tensor. The hand calculations considers
the body as a whole and the simulations solve the equations at every node in the mesh. Another effect
that the hand calculations did not take into account is the effect of clamping, but the clamping effect is
not expected to be this much.[12]

For the case with a rigid connector, the plane strain approximation had a displacement similar to the
3D version of the device. Looking at Figure 22, the top of the device has a uniform displacement, which
might explain why with the rigid connector the plane strain approximation value comes closer to the value
obtained by the 3D simulation . The plane stress approximation with the rigid connector less accurate
than the plane strain approximation.

5.1 Outlook

A major deviation from the hand calculated value and the value from the simulation could be due to the
clamping of the electrodes. To account for this fact, a device with even thinner electrodes or even no
electrodes could be simulated in further research. The time was limited, and as the meshing can take
long times for thin devices, this was not possible to do anymore. The device could be subjected to higher
voltages, and with the Von-Mises stress an estimation could be made how much voltage the device could
take. More parameters could be checked to look at how much it affects the deformation .

Many of the simulations were done on the 2D model in the end. This was not the intention at first hand.
There went something wrong for the model with the dimensions of 1 cm by 1 cm in the cluster. So to
still get an idea of what the stresses and the displacements are, the 2D simulations on the 1 cm device
were done. At a late stage during the project, a model for which the computer had not enough RAM
to compute, succeeded in the cluster. These results are in section 4.3. This model could be enlarged in
small steps, to look for limitations of using the computing software. In this project, there was no time
for this. In the result section the rigid connector was only applied on one surface. In the project also
two rigid connectors were tried out, so on both sides of the PZT layer. It looked like COMSOL could
not take the two rigid connectors, and was therefore not included at the result section. Some of these
plots can be found in the appendix. While applying only one rigid connector in the way described in the
experiment, but applying the potential on the upper electrode instead of on the bottom electrode as the
models in the result section, the displacement at the bottom was not zero. There was a fixed constraint,
so it should be zero. For further research thinner electrodes (with respect to the PZT layer) with applying
two rigid connectors could be investigated. Other problems during the project were mainly due to the
limited amount of licenses that the university currently owns. It seemed that only a very limited amount
of people can use COMSOL in the cluster. In the end, the 1 cm by lem device could maybe be simulated
by taking the maximal amount of time that is allowed for a job. The simulations of the 1 cm by 1 cm
took at least longer than 70 hours( this was the time that was reserved at most for the models in this
project) . And as mentioned in the result section, and comparing the 2D version with the 3D version, the
expected result from this simulation won’t be that different from the results in this report.

6 Conclusion

In this project the piezoelectric device was simulated. The full sized device, with the dimensions of 1
cm by 1 cm, has not succeeded yet. But smaller devices have been successfully simulated, over a range
of different potentials and different thicknesses of the layers. Also some 2D approximation has been
done to get some more insight in the full size device. The maximal displacement for the 1cm by 1 cm
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device is estimated to by around 17 nm for the device where no rigid connector is placed in between the
upper electrode and the PZT layer for a applied potential of 20 V. With the rigid connector the maximal
displacement is estimated to be around 5 nm for a applied potential of 20 V. A higher displacement can
be obtained by a higher voltage. From the simulations a linear relation between the potential and the
displacement was observed.
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A Computing cluster

The computing cluster that is used in this project is called Peregrine.On [13] more information can be
found, the focus here is to elaborate on options and settings that were useful for the project. First it is
important to note that the version of COMSOL in the cluster is 5.2 (during the time of the project). This
means that a model created with a later version of COMSOL (the latest version being 5.3), does not work.
Also when working in the cluster there will be now graphical output, so the model needs to be made on a
computer. A problem arises with the mesh, where the amount of elements needed for a large device is so
big that the computer that was used during the project is not able to make the mesh any more.

The workload management and scheduling system that Peregrine is called SLURM, this is important to
keep in mind if one searches for extra options on the Internet, as there are more scheduling systems, with
slightly different commands and options. The programs that used were MobaXterm and X2Go, but in
principle MobaXterm suffices. With X2go, you have a graphical interface, where you can access a web
browser. Uploading and downloading files (especially the models of COMSOL, which can be large files) in
MobaXterm, can take a long time, so for uploading and downloading the files often X2go was used. For
installing the software, go to [13]. After the software is installed and the connection has been made, there
are two different hosts, pg-interactive.hpc.rug.nl, which can be used for short testing of a program and
which is used to connect to the cluster with the graphical interface of X2go, and peregrine.hpc.rug.nl. In
the latter, the jobscript is submitted. An example of a jobscript, for a COMSOL simulation, looks likes
Figure 28. For more options, see [13], or look online.
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{ ——mail-type=BEGIN,END, FAIL

10 H —-—-cpus-per-task==§&
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12 module load COMSOCL/5.2

13| comsol -mpibootstrap slurm batch -inputfile inputfileformodel.mph -outputfile ;dataf3123456?;Dutputfileforamodeﬂ;
14

Figure 28: An example for a job script

e Nodes: Amount of nodes used, if the application can be used by more than one computer, more
nodes can be used . Also nodelist can be used to use a specific node of the cluster.

e time: This is the time you reserve for the job: it is in days-hours:minutes:seconds.
e job-name: the name that your job has in the cluster.

e partition: There are four partitions, short( 30 minute jobs, 128GB limit), regular (10 days, 128GB
limit), himem (10 days, 2048GB limit) and gpu. The first three were used in this project.

e mem: The amount of memory for the job.

e Output: this is a text file. Especially when a job has failed or completed after a really short amount
of time, this file can contain some valuable information on what went wrong during the simulation.

e mail and mail-type To get notifications on when a job has started, finished or failed.

This script can be made in wordpad, save it as a .sh file. But than before it can submitted, this file needs
to be transferred in to a unix file. This can be done by the command dos2unix (so for example if the
jobscript is called jobl.sh, type in in mobaxterm dos2unix jobl.sh). The job file can also be made in a
unix environment. In this project I used X2go for making the jobscript files, so it was directly in the
cluster and directly in a unix format. Another useful command is squeue. With this command every job
that is running and waiting at the moment is displayed. With the command squeue -u s12345678, one can
see their own jobs that are waiting or running in the cluster. This information can also be found on [14].
With the jobinfo command some of the information of the job is shown, for example the maximal amount
of memory that is used. For example, using the jobinfo command it was found out the maximum memory
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that the simulation from Figure 27 used, was 24GB. A large issue with cluster is the amount of licenses
that can be used. Often a job will fail, because some one else submits a COMSOL model to the cluster.
It is often not possible to run 2 jobs at the same time that use COMSOL.
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B Result of 0.1 mm 2D models

To make a connection between the 2D model and the 3D model, several displacement plots have been
made. For both plane stress and plane strain the maximum value of the displacement come close to the
value of the 3D model, but graphically the plane stress approximation seemed better. In the plane strain
approximation only the right side and the left side looked to deform, but in with the 3D device this is not
the case.
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Figure 29: Displacement of the 0.1 mm device, with a plane stress approximation. The thickness of the
electrodes is 200nm and the thickness of the PZT layer is 0.5 um
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Figure 30: Displacement of the 0.1 mm device, with a plane strain approximation. The thickness of the
electrodes is 200nm and the thickness of the PZT layer is 0.5 um
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Figure 31: Displacement of the 0.1 mm device, with a plane stress approximation. The thickness of the
electrodes is 200nm and the thickness of the PZT layer is 0.5 wm,now with a rigid connector.
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Figure 32: Displacement of the 0.1 mm device, with a plane strain approximation. The thickness of the
electrodes is 200nm and the thickness of the PZT layer is 0.5 pm,now with a rigid connector.
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C Other results from neglected simulations

C.1 Other mesh sequence of the 3D model
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Figure 33: This is a simulation in which a mesh with hexahedral elements was used.

The mesh sequences in Figure 33 was made with the mapped mesh option. With this option small
rectangles are created on a surface. After this it is swept through the geometry. The advantage of this
mesh-type is that it is created fast. A basic desktop computer was able to make the mesh, and run the
simulation. But after looking at Figure 33 another sequence was tried out, which was presented in the
results. In this plot, it seems that the mesh gives some sort of artifacts. This could be due to a mesh that
is not fine enough . As this model had many elements, and therefore took quite some time, the mesh with
rectangles was disregarded in the project. Also in this model another problem from the project can be
seen: COMSOL plotted the axises as being 1 ¢cm by lcm, while in fact the device was 0.1 mm by 0.1 mm.
In the project, more simulations from simulating had the same problem.

C.2 Different application of the rigid connector

As discussed in the discussion, also a rigid connector was applied on other surfaces. The results of these
models are shown here.
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Figure 34: On both side a rigid connector potential is put on the bottom electrode, like with the other
models with the rigid connector.
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Figure 35: On both sides a rigid connector, the potential was put on the upper electrode.

It this model on both side a rigid connector was applied. In Figure 35, it seems that the PZT layer gets
compressed between the electrodes.
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