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Abstract

The main research objective is the development of photoacoustic sensor capable
of detecting weak terahertz (THz) electromagnetic radiation. The feasibility of THz
remote sensing is seen in the utilization of Microelectromechanical systems (MEMS)
cantilever-based sensor. The overall sensing functionality of the detector in development
is based on the photoacoustic spectroscopy and direct piezoelectric effect phenomena, as
a result of which significant part of investigation has been conducted in the area of
terahertz electromagnetic radiation detection. The main focus of this research work was
the detector analytical and Finite Element Method (FEM) simulation modeling, involving
necessary material properties investigations and adequate selections which were, beside
the sensors’ geometry considerations, heavily engaged in the device modeling. Five
different MEMS detector configurations have been analyzed and modeled as potential
THz photoacoustic sensing options: Three configurations of rectangular shape, single
piezoelectric layer cantilever-based sensors, Circular membrane sensing configuration
and Square membrane sensing configuration. Some level of disagreement was discovered
between the analytical and FEM simulated results, which has been analyzed and possible
reasons were established. The obtained results indicated that the Square membrane has
demonstrated the ability to respond effectively to any radiation level from the entire THz
photoacoustic range exhibiting high sensitivity and thus was selected as the best terahertz

photoacoustic sensing solution.
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PHOTOACOUSTIC DETECTION OF TERAHERTZ RADIATION FOR
CHEMICAL SENSING AND IMAGING

. Introduction

1.1. General Issue

This chapter provides the motivational reasons for researching in the field of
terahertz photoacoustic sensing in the context of an enormously increased number of
detection applications and provides a general overview of the nature of work investigated
in this thesis.

This work is mainly based on the previously developed theoretical assumptions
and experimental techniques that have been widely used in the past for spectral detection
in solids and gasses. This study uses analytical, as well as Finite Element Method (FEM)
modeling and analysis to design and develop a novel photoacoustic detector responsive to
sub-millimeter/terahertz radiation. Moreover, in addition to mentioned modeling methods
the utilization of a micro-cantilever transducer using MEMS manufacturing is also

explored.

1.2 Problem Statement

The basis of terahertz (THz) radiation which distinguishes its spectral region from
others is manly described through its interactions with low-pressure gasses, interactions
with gasses near atmospheric pressure, and interactions with liquids and solids [1].
Majority of the successful applications of this spectral region have been arisen from its

interactions with low-pressure gasses [1]. Based on this the feasibility of terahertz
1



sensing has been seen in the utilization of the extremely sensitive detectors embedded
within low-pressure environment such is photoacoustic cell filled by appropriate gas
sample. The possible solution is a proposed MEMS cantilever-based sensor. The idea of
using the microcantilever as a sensor in various sensing application is not new at all but
its unique design, geometry, material choice and fabrication process make it different and
unique from application to application. The choice of using a cantilever as a sensing
element is based on the proven cantilever benefits, such as their small size, fast response,
high sensitivity, as well as their relatively easy fabrication and integration with
electronics. Furthermore and most importantly the cantilever sensitivity can be easily
adjusted by changing materials or beam dimensions. Based on these factors, the proposed
research aimed to develop a novel photoacoustic terahertz radiation detector. The novelty
of this work is the miniature size of the acoustic cell with the use of the fabricated MEMS
cantilever transducer.

In this work the analytical and FEM simulated and results of a number of different
cantilever configurations have been collected, analyzed, validated and compared with
each other in respect to the best sensing performance. The full potential of this sensing
capability will be discussed in detail, along with its limitations, performance deviations

and implementation feasibility.

1.3 Research Focus

The purpose of this research project was to investigate and develop a novel
photoacoustic detector responsive to sub-millimeter/terahertz radiation. The proposed
research activity assumed the utilization of a micro-cantilever transducer using MEMS

2



manufacturing as well as the design of an acoustic cell. As briefly described in the
previous introduction section the intended transducer sensing functionality is based on
photoacoustic spectroscopy and direct piezoelectric effect phenomena. Before attempting
to fabricate any of the piezoelectric cantilevers a number of things needed to happen.
First, a comprehensive research in the field of piezoelectricity and terahertz radiation
needed to be conducted. This was accomplished and will be presented in Chapter II.
Second, during the initial stage of the detector development the main focus was on the
cantilever analytical modeling including appropriate material investigations and its
selection for cantilever fabrication. Based on the analytical predictions and material
selection, several versions of the complete MEMS cantilever designs, L-Edit surface
modeling, and related CoventorWare design and testing simulations were performed. The
CoventorWare Finite Element Method (FEM) simulation tool has been used extensively
in some advanced cantilever multi-layer structures investigations and were conducted to
get an idea of how the cantileverss/membranes should respond to an applied terahertz
acoustic wave and to get an estimate of the cantilever/membrane sensitivity. Based on L-
Edit sensor surface modeling designs and fully developed device fabrication process,
developed configurations of micro-cantilever transducers are ready for fabrication and
laboratory testing. Analytical and simulated results of a number of different sensor’s
configurations have been collected, analyzed and compared among each configuration as
well as in respect with design specifications. In each case the effect of variations in
models’ geometrical dimensions and impact of materials electromechanical properties on
sensing performance has been investigated and results will be presented and discussed to

define the best sensor design in terms of maximum voltage sensitivity.
3



1.4 Preview

This research is presented in five chapters. Chapter | introduces the problem,
reveals motivational reasons for researching in the field of terahertz photoacoustic
sensing and through the problem statement clearly identifies the main research objective.
The Research Focus section sets boundaries and specifies project execution order.

Chapter Il presents the background theory in support of understanding the
research work presented in later chapters. In particular, special emphasis is given to the
basic terahertz photoacoustic sensing principles including a brief overview of the
importance of the THz frequency band for the future terahertz based applications.
Furthermore, the basics of beam theory, piezoelectric cantilever analytical model,
Gaussian statistics, and the basis of kinetic theory of gasses including detector fabrication
process description and its overall functionality as an integral terahertz detection device,
have been discussed and presented.

Chapter 111 discusses the key aspects involved in the modeling of piezoelectric
THz photoacoustic detectors with an accent on analytical and Finite Element Method
(FEM) modeling. In support, topics, such are Photoacoustic Spectroscopy and Kinetic
Theory of Gases as integral parts of the modeling process have been covered accordingly.
In addition, a theoretical illustration of stochastic cantilever modeling has been presented.

Chapter IV discusses, evaluates, and compares the sensing performance of each
proposed terahertz sensing configuration, modeled during this research work. In
particular after the description of the analytical and the simulated detectors conditions,

the results of the three cantilever-based and two so called membrane-based sensing



configurations have been analyzed in order to define the best sensor design in terms of
maximum voltage sensitivity.
Chapter V provides conclusion and suggestions for future work. The results in

Chapter IV and contributions stated in Chapter V reflect the overall research success.

I1. Background

2.1 Chapter Overview

This chapter summarizes the foundations upon which this work was built. First,
the basis of terahertz electromagnetic radiation detection has been discussed and
presented accordingly. Secondly, the theoretical background on the topics, such are beam
theory, piezoelectric and piezoresistive sensing including comparison between two
sensing principles are introduced and key points highlighted. Furthermore, the
piezoelectric cantilever analytical model, the brief introduction of the basis of Gaussian
statistics and its role in the statistical analysis of physical phenomena has been presented,
too. Lastly, the basis of kinetic theory of gasses and the detector’s overall functionality as

a sensor and its fabrication process are described.

2.2 Terahertz Detection

In order to be able to monitor and control a vast number of physical processes,
mechanical motions, material testing or microscopic imaging including monitoring of air
pollutants there is an increased need to find and develop new methods and instruments

capable of providing accurate measurements of acoustic waves properties. In this thesis
5



section, the physical basis of photoacoustic detection as well as the nature of terahertz
radiation in general and its potential practical use in future applications have been
discussed. This section provides a brief background on the generation of terahertz
radiation, its detection with an accent on the photoacoustic sensing principles, as well as
the increased importance of this frequency band including current and future terahertz
based applications.

Terahertz radiation refers to the electromagnetic waves radiation in the frequency
range between 300GHz and 3000GHz, or between 0.3 THz and 3 THz with
corresponding wavelength ranging from 0.1mm (infrared) to 1 mm (microwave). Some
authors refer to the THz band simply as sub-millimeter radiation, or even as
tremendously high frequency. The terahertz frequency band is known as the least
explored portion of the electromagnetic spectrum, mainly due to the initial difficulties of
generating and detecting radiation at these frequencies [1]. However, according to D.
Mittleman “It is no longer problem in the THz radiation production and its sensing so,
researches are able to concentrate more on what to do with this radiation, and less on how
to produce it [2].” These days, market demands for commercial use of terahertz sensors
and sources have had a rapid increase and there is an indication that further progress in
some areas without development of terahertz technology (mainly instrumentations) is
practically impossible. It is obvious that recent availability of reliable sources in a variety
of THz ranges will have a wide impact on science and industry. New terahertz
applications such are imagining through materials, fog or dust; point and remote gas

detection; detection of prohibited and dangerous substances or pharmaceutical



applications [3] are some examples that will find their practical use in a number of
different areas.

Since the photoacoustic effect was investigated and discovered by A.G. Bell in
the late 1800s, it has not attracted particular attention until the development of lasers
and very sensitive detection techniques [4]. During that time this effect has been
mainly utilized in instrumentation development where relevant gas measurements have
been required. The photoacoustic effect is based on the conversion of light energy into
sound energy by a gas, liquid or solid. The energy conversion occurs when light is
absorbed by molecules causing their rotation at a higher energy level. An increase in
vibration will result in local heating (temperature increase) and a certain increase in
pressure. The modulated pressure will result in an acoustic wave, which can be
detected with an appropriate measuring device, such as a microphone or a cantilever
(photoacoustic membrane). The intensity of the acoustic wave greatly depends on the
geometry of the gas cell, the intensity of the incident electromagnetic wave and
absorption coefficient of the sample gas [5]. There are a number of theoretical models
for the generation and detection of photoacoustic signals; however, for the purpose of
this thesis a brief illustration of a model involving piezoelectric detection is shown in

Figure 1.
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Figure 1. Diagram of physical principles of Photoacoustic Microscopy (PAM)
and Photothermal Beam Deflection (PBD) [4]

When an electromagnetic wave (probe beam) is absorbed by a solid (e.g.
semiconductor), certain amount of light energy is converted into local heat causing
thermal wave propagation through a solid sample [4]. As the thermal wave propagation
intensity increases it can be then detected by a piezoelectric transducer attached directly
to the sample. Besides the piezoelectric there are a number of other methods and
techniques that can be used for signal detection and its measurements. Most common, but
not limited to are Optical Beam Deflection (OBD), Photo Radiometry (PTR),
Microphone gas-cell detection, Photoacoustic Microscopy (PAM), Photothermal Beam
Deflection (PBD) [4], etc. However, majority if not all them emphasize the contribution
of the optical and thermal parameters to the acoustic signal generation. Thus, generation
of photoacoustic signal is basically a three step process consisting of optical energy
absorption, followed by generation and propagation of thermal energy, and detection of

modulated thermal radiation by a piezoelectric transducer or any other appropriate
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pressure sensitive measuring device. Without going further into a comprehensive
explanation of the photoacoustic phenomena just a final remark that firm grasp of the
acoustic response is becoming essential for the future THz wave detection applications.
Due to the fact that terahertz radiation is capable of penetrating through a wide
variety of non-polar and non-conducting (non-metallic) materials [6] such as fabrics,
plastics, paper, wood or ceramics including even penetration through fog and clouds, the
development of wide range of THz sources and detectors capable of measuring both
broad-band and narrow-band signals are going to find their application in areas such as
communications, security, biomedical and scientific use of imaging, quality control and
process monitoring, etc. Also, the unique property of the acoustic waves which is a low
attenuation in the air due to its moisture will enable remote THz spectroscopy as well as

THz wave sensing using acoustic waves in remote operation.

2.3 Beam Theory

2.3.1 Introduction

Beam deflection is essentially a displacement caused by a loading condition.
When designing a beam, deflection is generally undesired. Critical factor in beams design
is its stiffness which is defined as the ability of the beam to resist deflection or simply
based on materials elastic properties is the ability of a material to resist deformation.
Deflection is described analytically by the Euler-Bernoulli equation [7] that serves as a
governing equation in solving MEMS related problems. The two key assumptions in the

Euler-Bernoulli beam theory are that the material is linear elastic (Hooke’s law) and that



cross sections of the beam remain planar and perpendicular to the neutral axis during
bending [7].

2.3.2 Derivation

The static Euler-Bernoulli beam equation is a result of a combined relationship
between the kinematic, constitutive, force resultant, and equilibrium equations. The
resulting outcome of this relationship is briefly summarized within this sub-section.
Kinematics, in accordance with linear beam theory basically describes the amount the
created strain in the beam as function of deflection taking into account the amount of
each beam’s cross-sectional point movement in the length direction [7]. For a small
deflection there is negligible strain in the y direction and consequently the neutral plane
does not change in length. The beam bends towards the neutral plane with arc of
curvature y, rotation angle ©, and beams’ displacement w. The beams’ cross section

rotation is expressed as the negative slope of displacement w.

x=-6=-% ®)

For approximately linear materials the relationship between stress ¢ and strain & within

the beam is described by the constitutive equation employing Hooke’s law [7].

GX=E'8X (2)
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Beam theory usually uses the 1- dimensional Hooke’s law (2), however, the stress
and strain are functions of entire beam cross-section and then they can vary with y as

indicated in the following equation (3)

o(x,y) =E-e(xy) (3)

where o is the stress, ¢ is the strain, and E is the Young’s Modulus.

Furthermore, the force resultant equations in the mentioned combined relationship
are used to describe the direct and shear stress in a beam as a function of x and y. The
equations integrate the individual, small moments M and shear stresses V over entire

beams’ cross-sectional area.

Mx)=[[y-o(xy) dy-dz (4)

V(x) = [[ oxy (x,¥) - dy - dz ()

Last equations involved in the relationship which form Euler-Bernoulli beam
equation are the equilibrium equations. These equations relate the beam’s external
pressure loads with its internal stresses. The equilibrium in this relation is established by
equating the change in shear force to pressure load p and change in moment to shear

force resultant for each small section of the beam.

av
=P (6)
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Furthermore, substituting equation (6) into equation (7) will provide the
relationship between the bending moment M, the distributed load p and axial force N.
Then the substitution of the obtained relationship into following equation

d’y
EIE =M (8)

which relates the applied bending moment M and the curvature will give us equation

known as Euler-Bernoulli beam equation.

d?w

—lE2 | =@ )
where El is the flexural rigidity or bending modulus [7].

Considering this fourth order differential equation, each successive equation’s
derivative of the deflection has a unique physical interpretation. The first derivative with
respect to the length represents the angle between the beam and neutral axis. The second
and third derivatives are the net moment and shear force on the beam respectively, while
the fourth derivative is a net load per unit length. Using boundary conditions and
balancing derivative terms in equation to desired static or dynamic forcing will determine
the beam operational model. Different set of boundary conditions will result in different

solutions of beams equation determining its operation model. For example solving
12



equation with the set of boundary conditions y = 0, % = 0 at length x = 0 will define

one end fixed beam configuration (cantilever) [7].

2.4  Piezoelectric Sensing

This section provides a brief background on the piezoelectricity as a physical
phenomenon in general with an accent on the piezoelectric sensing principles. By
definition, piezoelectricity is an electric charge (or voltage) generated in a material under
applied mechanical pressure (stress) [8]. Alternately, the materials change their physical
shapes when an electric field is applied to them. Both effects, widely known as direct and
inverse effect of piezoelectricity are result of the same fundamental property of the
crystal [8]. A basic understanding of the electromechanical coupling, which virtually
describes ability of piezoelectric material to convert mechanical energy into electrical,
and vice versa [9], is briefly explained through the electromechanical coupling
coefficient, usually denoted by a small letter k. If we apply a mechanical pressure to one
side of a single piezoelectric element, a fraction of the applied pressure will be converted
to an electric charge on the opposite element’s side. When the pressure is removed from
the element, the generated electric charge will disappear. This simplified physical

phenomenon can be easily stated by the following formula:

_ mechanical energy converted to electrical energy

k2

[8]

applied mechanical energy

This same basic relationship holds true in the case of inverse effect of piezoelectricity,
13



where change in element’s shape occurs when an electric field is applied to it. It is

expressed as:

k2 _ electrical energy converted to mechanical energy [8]

applied electrical energy

All of what has been said above can be easily summarized through the use of the
configuration shown in Figure 2 which is generally used in MEMS devices to illustrate

the piezoelectric effects.
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Figure 2. Piezoelectricity [7]
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In Figure 2a the thin piezoelectric film of length I, thickness t and width w is
sandwiched between two metal electrodes. When an input voltage V; is applied across the
film as depicted in Figure 2b, the shape of the film is deformed. In a case when a force or

stress is applied to the film in Figure 2c, due to its capacitors’ role the film first generates
an electrical charge Q and then provides open circuit voltage Vo= % as result of direct

piezoelectric effect. As long as force or stress remains constant or their acting on
piezoelectric element is removed after certain amount of time the generated electrical
charge Q will disappear as a result of its leakage through film resistance itself or an
outside resistance resulting in zero output voltage Vo. This property of piezoelectric
materials is used for sensing purposes when dealing with time-varying signals [6] while
for actuating purposes the film works under AC as well as under DC voltage, as electrical
charge Q is supplied from a voltage source V;[7].

Furthermore, analytical expressions which describe the direct and inverse effects
of piezoelectricity relating the electrical and mechanical properties of materials involved

in sensors’ structure are as shown in equations (10) and (11) respectively [9].

D= ¢TE +dT (10)

S =dE +sET (11)

where D is the dielectric displacement, E is the electric field, T is the mechanical stress, S

is the mechanical strain, d is the transverse piezoelectric coefficient, ¢ is the permittivity
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and s is the mechanical compliance. The subscript T means the piezoelectric material is
under constant stress, i.e. a mechanically free condition, and the subscript E means that it
is under constant electric field, i.e. a short-circuit condition [9].

The above piezoelectric constitutive equations can be rewritten using matrix

notation to represent the stress and strain relationship in vector notation [9].

S1] réuy ré [9117 [91] 117
S2 €22 & [022] |02] T,
Ss3 _ €33 _ 183 |0'33 | |U3 | _ Ty
AN and o3| a7 |1, (12)
Ss 2&31 &5 [031J lUSJ T
5.1 L2e1,1 L& 0124 L06d T,

The subscripts 1, 2 and 3 correspond to the x-axis, y-axis and z-axis in the
Cartesian coordinate system respectively. In double subscripts notation such as for
example ds; the first subscript corresponds to the electrical term while the second to the
mechanical term. So, using matrix notation from above the piezoelectric constitutive

equations can be written in the following forms [9];

Di = El'jTE]' + dl]T] (13)

Sl' = dl]E] + .S'i]'ET]' (14)

From presented it appears that there are several parameters that are used to

specify the electromechanical properties of piezoelectric materials. Besides the
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electromechanical coupling factor k that was introduced at the beginning of this section
among important are dielectric constant K (relative permittivity), the elastic compliance s
and piezoelectric coefficient d. The elastic compliance s is defined as the strain produced
per unit stress while the dielectric constant is the ratio of the permittivity of the material
to that of vacuum (K = & /g). Among mentioned the piezoelectric coefficient d is the
parameter that more or less describe the piezoelectric material ability to convert the
mechanical stress in the electrical charge and consequently open circuit voltage across
piezoelectric element. The piezoelectric coefficient is a measure of generated charge Q in
response to external mechanical excitations such are moment M, tip force F or uniformly
distributed photoacoustic pressure load p. The piezoelectric transducer (sensor) typically
transduces the longitudinal stress as a polarization charge proportional to its transverse
piezoelectric coefficient, d. In general the piezoelectric coefficient d is defined [9] as the

electric polarization P, generated in a material per unit of mechanical stress T, i.e.

P=dT (15)

More detailed analytical approach which relates the electrical charge Q generation
to external mechanical excitations is presented in Section 2.7 which summarizes
piezoelectric cantilever analytical modeling.

In addition to all what has been said so far, before concluding this section just a
few final remarks related to the piezoelectric effect and piezoelectric sensing in general.
It turns out that the most important properties of the piezoelectric materials and their

ability to sense are coming from their crystal structures which have impact on energy
17



band gaps height and consequently a change in semiconductor resistivity. Therefore,
piezoelectric materials such are ceramics or certain types of single crystals (e.g. GaAs or
Quartz SiO2) are widely used for sensing and actuation purposes. In their applications the
direct effect is normally used for sensing technology, while the inverse effect is used for
actuating technology. Piezoelectric sensors have been widely proven as reliable and
versatile measurement tools in many industrial sensing applications. They have been
successfully used in areas, such are aerospace, medicine, nuclear instrumentation, process
control or for research and development purposes. Beside their well-known classic
applications such are microphones, acoustic modems or acoustic imaging for underwater
or underground objects and many others, now they have found their application in
MEMS technology too, mainly as a pressure, inertia, tactile or flow sensors. The rise of
piezoelectric technology is mainly driven by the piezoelectric materials’ native
characteristics. Their high modulus of elasticity enables the development of piezoelectric
sensing elements with almost zero deflection. This, in nature mechanical property makes
piezoelectric sensors rugged, with extremely high natural frequency and linearity over a
wide amplitude range. Piezoelectric technology is practically insensitive to
electromagnetic fields and radiation. Also, there are some practical piezoelectric
materials, which exhibit high temperature stability. So, all of these enables this type of

sensors to perform measurements under harsh environmental conditions.

2.5 Piezoresistive Sensing

In contrast to the piezoelectric effect, the piezoresistive effect does not produce
electrical charge (voltage) at all. The piezoresistive effect only causes a change in

18



electrical resistance. An electrical resistor will simply change its resistance due to the
applied mechanical stress. This effect is commonly used in the MEMS field for a wide
range of sensing applications [10]. A quite simple physical explanation and
understanding of piezoresistive effect can be efficiently summarized through the use of
general expression for piezoresistivity (16) and graphical illustration of piezorezistance
shown in Figure 3. The rectangular beam of length I, width w, and thickness t is stretched
by tensile force F while a voltage V is applied across beams’ length. Taking into account
geometrical dimensions and material resistivity the resistance value of the beam can be

calculated using the following resistance equation derived from Ohm’s law:

l l
R = Pro = Pr 7 [7] (16)

where p, is the material’s resistivity.
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Figure 3. Piezoresistance [7]
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Considering the equation from above it can be clearly seen that the overall
resistance value as result of applied strain can be changed in a two main ways. First, the
resistors’ length and cross section will change with strain. An increase in length will
likely cause a decrease in resistors’ cross section and consequently an increase in
resistance as carriers that make current have to travel longer distance, while an increase
in cross-sectional area will result in resistance decrease, as carriers in this case can flow
in parallel. Secondly, the change in strain besides having an impact on resistors’
dimensions will cause the change in resistivity of certain materials. The magnitude of
resistance change through the change in bulk resistivity is much greater than in case
related to the change in resistors’ dimensions. Based on this fact piezoresistors are strictly

defined as resistors whose resistivity changes with applied strain [10]. The change in



resistance, caused only by the physical deformation of resistor is a unique property of
metals. In case of semiconductor materials, the mechanical force will not only have an
impact on the resistor’s geometry, but it will also cause a change in the internal crystal
structure by changing the atomic spacing. This type of change will have an impact on
energy band gaps and consequently a change in semiconductor resistivity. Will resistivity
in this case increase or decrease depends on the material type and strain. Different
materials have different energy gaps (smaller or larger), and then it is just a matter of
applied mechanical force to increase or decrease electrons’ (carrier charges) travel
distance and mobility (affected by the number of collisions per travel distance) on their
way to conduction band. Some deformation will simply decrease travel distance and
increase mobility, and make it easier for electrons to be raised into the conduction band,
having for result decreased resistivity while in some cases it is going to be the opposite,
where increased travel distance and decreased mobility will simply result in increased
resistivity. The dependence of resistivity of a semiconductor’ material on the mobility of

charge carriers is expressed by the following mobility formula [10]:

17)

where g is the charge per unit charge carrier, t* is mean free time between carrier
collision events, and m is the effective mass of a carrier in the crystal lattice. So, it is
obvious that piezoresistivity has a much greater impact on resistance than just a simple

change in geometry. As a result of this simplified and brief analysis it can be seen that
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semiconductors in their nature are much more sensitive to applied mechanical force, as
well as to the environmental conditions (e.g., temperature, light) than metals. The
piezoresistive effect in some most popular semiconductor materials, such are silicon
(polycrystalline, amorphous) or germanium can be several orders of magnitudes more
pronounced than the geometrical effect in metals. All these are making semiconductors
more suitable for a variety of sensing applications. There is a wide range of products
using piezoresistive effect. Due to its processing, electrical and a number of other
qualities, silicon is a material of greatest interest for use in the development and
fabrication of piezoresistive devices (e.g., pressure or acceleration sensors).

Furthermore, the transduction (sensing) principle for both detectors types
(piezoelectric and piezoresistive) is that external mechanical excitations (force F,
pressure p) applied at the bending mode element such is cantilever beam will cause
mechanical deformations inducing bending stress in the cantilever. The resulting stress
can be transformed into a measurable output signals by either the piezoelectric or
piezoresistive effect. Piezoelectric sensor, as mentioned in previous section typically
transduces the longitudinal stress as polarization charge proportional to its transverse
piezoelectric coefficient d3; while piezoresistor typically transduces the longitudinal
stress as a change in resistivity proportional to its longitudinal piezoresistive

coefficient 7r;, which is defined as

m, = 22rler 7] (18)

Ox
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where g, is the longitudinal stress defined as F/A. The above equation can be used to
measure the resistance of the beam in both, x and y directions. As indicated in Figure 3a
in case of a measurement in x direction the stress the direction of the electric field is the
same as the direction of the applied stress o,, while in case of measurement in y direction
(Figure 3b) the direction of electric field is perpendicular to that of stress o,. The
piezoresistive coefficients can be obtained experimentally as illustrated in Figure 3a and

b or maybe evaluated from published data [7].

2.6 Piezoelectric vs Piezoresistive

In previous two sections basic theoretical background on the piezoelectric and
piezoresistive sensing has been presented. Special emphasis was given on sensing
principles including review of current and future sensing applications. Piezoelectricity
and piezoresistivity are two transduction mechanisms that are widely used in a variety of
sensing applications. Due to their widespread use in many diverse and often unrelated
fields it is important to compare their performance. Even though an indirect but clearly
visible comparison between these two sensing principles already has been outlined within
respective sections (Section 2.4 and Section 2.5), a brief summary, mainly related to their
differences and limits is presented here, too. Despite their importance and widespread
use, their performance has not been directly compared to date [11]. According to [11] an
indirect but not quality performance comparison can be found in literature survey [12].

The most common fact for both sensing principles is that mechanical stress
(pressure) can be easily transformed into measurable signal by either the piezoresistive or
the piezoelectric effect. As already mentioned in Section 2.4, one but still not fully
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proven disadvantage of piezoelectric sensors is that they cannot be used for fully static
measurements. Based on the fact that pressure sensors use both piezoelectric and
piezoresistive operating principles, here is a brief advantage-disadvantage summary
between these two sensing principles. Piezoelectric pressure sensors have advantages
such as fast response, self-generating signal, and they are rugged, small in size and have a
wide temperature operating range, while their disadvantages are mainly related to low
sensitivity, they are greatly affected by environmental temperature changes, have high
output impedance, and they are vibration sensitive and responsive to AC signals only.
The main disadvantage of piezoresistive pressure sensors is their temperature sensitivity,
while they have several advantages such as DC response, high sensitivity, fast response
and small size. Also, as a general observation [11] in case of other sensing applications
such are piezoresistive and piezoelectric cantilevers, the piezoresistive cantilever has a
slight performance advantage, mainly due to its smaller low frequency noise. In power
constrained applications the performance of piezoresistive sensing greatly declines.
Based on the power dissipation observations, generally piezoresistive sensing
outperforms piezoelectric sensing in application where power dissipation is not an issue.
As a final remark to this comparison the piezoelectricity is in general preferred for
sensing within noisy ambient. This preference is based on the fact that piezoresistive

sensing has lower noise and lower sensitivity than piezoelectric sensing.
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2.7 Piezoelectric Cantilever Analytical Model

Theoretical analysis of the sensing effect of cantilever-based piezoelectric sensor
promotes understanding of the photoacoustic detection of electromagnetic radiation and

allows meaningful exploration of possible sensing solutions.

NN
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Figure 4. Piezoelectric cantilever [13]

As indicated in Figure 4 voltage generation across cantilever piezoelectric plate is
subject to external mechanical excitations such are uniform distribution of photoacoustic
load P, tip force F, and moment M. General analytical expressions (19) and (20) relating
generated electric charge Q to the mentioned excitations have been derived by Jan G.
Smits and Wai-shing Choi [14]. The equations describe the behavior of the single
piezoelectric layer cantilever sensor under static conditions. If an external moment M, an
external force F, a uniformly distributed load p, and an electric voltage V are applied to
the sensor, then the generated electrical charge can be expressed by the following

equations:
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K

F
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Where
K= (Smll)z(tp)4 + 4 Smllspntm(tp)3 (20)

+6 Smllspn(tm)z(tp)z

+ 4 Smllspll(tm)3tp

+ (sP11)%(tm)*

ds1 is transverse piezoelectric coefficient while s™,; and sP;; are elastic compliances of
the elastic and the piezoelectric layer respectively. L is cantilever length and w is
cantilever width. In order to analyze the coupling effect between the two constitutive
layers and consequently their impact on the cantilever sensing performance the above

equations are slightly modified by defining;

SP E t
1 =" and B= — [13] (1)
S™i1 Ep tp

A=
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where Em and Ep are Young’s modulus of elastic and piezoelectric layers respectively.

Substituting (21) into (19) will give

6d31L AB(B +1)
= 2 2 3 2n4 X
t’p 14+4AB+6AB*+4AB3+A%B

Q M (22)

3d3qL2 AB(B +1)
+ 2 2 3 2 np4 X F
t?p 1+4AB+6AB*+4AB%+A’B
ds L*w AB(B +1)
+ 2 2 3 2 X p
t’p 1+4AB+6AB*+4AB3+A*B*
Lwe* AB(1+AB®
+ = (1- 231 ( 2 ) 3, 42 4) XV
tp 1+4AB+6AB“+4AB°+A“B

The cantilever capacitance between bottom side of the top metal plate and top side of the

bottom metal plate is

Lwe™ ;3
tp

AB(1+AB3)
1+4AB+6ABZ+4AB3+AZB4) [15] (23)

c= X (1-k%;

where &%;;= &K>; is the dielectric constant of the piezoelectric material under a free

condition and k?;; is the transverse piezoelectric coupling coefficient. From the

modified constitutive equation (22) when only external load p (uniformly distributed
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pressure, acoustic signal) is applied the total electric charge generated at piezoelectric

plate is

0= ds L3w AB(B +1) y
t’p 1+4AB+6AB*+4AB3+A?B* p
LwWe" 33 2 AB(1+AB?)
+ tp (- ka1 T preanrranmsas ) XV (24)

As by definition voltage V :% , dividing equation (24) by equation (23) will give us

the total open circuit electric voltage generated across cantilever piezoelectric plate

(transducer), i.e.

dsq L2 AB(B+1)
V=—"—x - TR <~ XD (25)
€43tp  1+4AB+6AB*+4AB*+A%2B*—k?;; AB(1+AB3)

Furthermore, above generated voltage can also be related to the tip displacement

by following equation

3ds, t? AB(B+1 R
= T . (B+1) X 8 [13] (26)
4833 SP 1 1*  R—k?*3; AB(1+AB3)  AB+1
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where SP,, :Tlp, O is tip deflection and R = 1+ 4AB + 6AB? + 4AB® + A*B*. By

measuring the tip deflection the electric voltage generated on the piezoelectric cantilever

can be obtained from the above equation.

2.8 Gaussian Statistics

Gaussian statistics has an important role in the statistical analysis of physical
phenomena. This section provides only a brief review of Gaussian statistics in order to
support cantilever stochastic response analysis presented in Chapter I1l. The concept of
statistical problem modeling is based on definition and properties of Gaussian random
variables and Gaussian random process. A random variable U is called Gaussian (or

normal) if its characteristic function is given in the form
My(w) =exp [ja)ﬁ — %] [11] (27)

Well-known Gaussian probability density functions (PDF) is defined as

Py(w) = m=exp[-53] 111 (28)

202
The most important properties of random variable are its

mean value, 0= ffooou Py(u) du, (29)
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mean — square value, 0% = ffooo u® Py(u) du, (30)

variance, o’ = ffooo(u — )% Py(uw) du, (31)
and standard deviation o = Vo2 (32)

The standard deviation describes dispersion of random variables around mean.
Random variables U, U, U;, . . ., Un are called jointly Gaussian random variable if their

joint characteristic function is defined as

My(@) = exp [ jite — 2 wiCo) (33)

where

= [ﬁl; Uy; U3, ---:ﬁn]; o= [0)1; W3; M3, ...,(x)n]
and C is an n x n covariance matrix defined as the following expectation
0% = E[(u; — 0) (uge — Ty)] (34)

Moreover, a random process U(t) is said to be a Gaussian random process if
random variables U(t,), U(t;), U(ts),...,U( ty) are jointly Gaussian random variables for
given sets of times. Then for time instants t,, t;, t5... t, the joint probability density

function is given in the form
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Py(w) = exp [ —% W — )C 1w — ) ] (35)

_r
(2m)a™/2¢1/2
where

u* = [u (t1); u (tz); u (t3)...u (t,) and 0 = [0 (ty); G (t2); u (tz)... 0 (ty)],
C’is once again covariance matrix, with element azij in the i*" row and jt* column

defined as
0% =E[ut) —u )] [ult) —a ;)] (36)

As Gaussian random variables and random process are widely used in most
physics and engineering applications, there is enormously huge amount of literature

available elsewhere detailing their unique properties.

2.9 Kinetic Theory of Gases

Kinetic theory of gases will play an important role in the functionality of the
future terahertz photoacoustic detector. As an accurate model is essential to the function
of a sensor, before progressing with any model simulations the necessary estimation of
the THz photoacoustic pressure range needs to be determined first. In relation to that, this
section presents the Beer-Lambert and ideal gas laws that will be used in Chapter Il to
estimate the pressure change inside the photoacoustic gas chamber as result of absorption

of energy from incoming terahertz radiation.
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The state of an amount of gas is determined by its pressure P, temperature T and
volume V. The relationship between these parameters is expressed by well-known

molecular ideal gas law [15];

PV = NkT (37)

where k is a Boltzmann constant and N is the number of particles in the gas. The measure

of gas absorption can be expressed using the Beer-Lambert law [16]

A= el (38)

where ¢ is the molar absorptivity, [ is the path length and c is the concentration of the

compound in solution. Hence, as already mentioned the only purpose of this section is to
introduce these two laws which will be used in Section 3.5 to describe the intensity of
photoacoustic waves generated inside gas chamber as result of absorption of terahertz

radiation.

2.10 Detector Functionality

As already mentioned in the introduction the photoacoustic detection of radiation
is an experimental technique widely used for spectral detection in solids and gasses [17,
18]. The basic functionality of the proposed terahertz photoacoustic detector and the
photoacoustic effect in general can be efficiently summarized through the illustration of

the block diagram shown in Figure 5.

32



MODULATED BEAM EXCITATION THERMAL EXPANSION ACOUSTIC WAVE

SOURCE

THz w ABSORPTION HEATING PRESSURE CANTILEVER

Figure 5. Signal generation from the laser to the cantilever

As in the case of a number of different spectroscopy applications there is no
exception here, the generation of photoacoustic signal which is going to be detected by
cantilever will be initiated by a laser beam transmission towards target material (solids,
gasses, etc.). An optical source which is integral part of the detector emits terahertz
radiation. When the radiation beam is absorbed by the target sample due to molecular
collisions heat is generated in the material. The generated heat spreads inside material
increasing pressure in a space limited sample. Consequently as a result of the thermal
expansion, generated heat leaves material and in a region of the infrared or light beam
(thermal light) producing acoustic (pressure) wave. A photoacoustic sensor such as
cantilever is going to be used to detect this acoustic wave. The modulation of the
transmitted infrared beam with a desired THz modulation frequency will generate
acoustic signal with a frequency equal to that of the modulation. As the frequency
response of the micromachined cantilever depends on the amplitude of the pressure wave
generated by heating of the sample it is obvious that the choice of infrared modulation by
appropriate terahertz modulation frequency will determine the operation mode. The
cantilever can be simply described as a harmonic oscillator. So, choosing its resonant or
non-resonant frequency as a modulation frequency will determine the mode of operation.

The cantilever is usually used in non-resonant mode due to the better noise performance.
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Furthermore, once terahertz photoacoustic signal has reached the top side of
piezoelectric cantilever will cause its bending and due to the direct piezoelectric effect
the electrical charge generation on the opposite cantilever side will occur. The resulting
cantilever deflection caused by the photoacoustic waves will be measured with optical
interferometers. It is important to keep the cantilever inside a well-sealed evacuated
photoacoustic chamber in order to avoid pressure broadening. Another equally important
reason to keep the photoacoustic cell internal pressure constant but below atmospheric
pressure (vacuum) is related to the photoacoustic spectroscopy detection requirements.
An increase in operating pressure inside the chamber will result in frequency broadened
photoacoustic signals. Conversely a decrease in the pressure will ensure a narrower
photoacoustic response and aid in the identification of signals within the frequency

spectrum for very closely spaced absorption lines.

2.11 Device Fabrication

The initial cantilever fabrication has been performed on a 100mm silicon-on-
insulator (SOI) wafer with <100> crystal orientation and overall thickness of 500um. The
proposed beam geometry with optimal device and Lead Zirconate Titanate (PZT) layer
thickness ratio for maximum voltage sensitivity is intended to be used in the sensing
configuration shown in Figure 6. Fabrication process described in this section is related to
the mentioned cantilever configuration and as such due to the characteristic multi-layer
beam structure without major changes is applicable to all sensing configuration discussed
within this thesis document. Full step by step fabrication procedures can be also seen in
Appendix A. In general, established fabrication procedure consists of the following
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fabrication steps; deposition of oxide layer, deposition of bottom contact metal,
deposition of PZT, deposition of top metal contact, backside etch, and removal of buried

oxide.

Mask alignment marks Top contact lead  1-in x 1-in 5i frame

&mm hole / Top contact pad
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Cantilever Bottom contact lead Bottom contact pad

Figure 6. Cantilever L-Edit design layouts

As depicted in Figure 7 the cantilever physical structure were comprised of three
thin films; a 1 um thick PZT layer sandwiched between two metal contacts with
individual thickness of 0.1 um. The thickness of a device layer is 5 um while the
cantilever length and width are 5 mm and 2 mm respectively. To release the cantilever, a

hole was etched through the backside of the wafer and the buried oxide was removed
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with hydrofluoric acid. Also, in addition to 5 um the cantilever configurations with

device layers of 10 um and 20 um have been fabricated and analyzed accordingly.

Top metal layer PZT  Bottemmetal layer Si0z Si device layer

w=2mm

L=5mm

Figure 7. L-Edit 3D cantilever cross section

Fabrication process brief summary is illustrated in Figure 8 through delivery of
main process steps supported by appropriate diagrams enabling avoidance of unnecessary
broad and detailed steps description. As depicted in the diagram after wafer cleaning, the
fabrication begins with the deposition of 0.25 pm thin film of silicon dioxide onto 100
mm  silicon-on-insulator (SOI) wafer to provide electrical isolation from the silicon
cantilever. This deposition has been accomplished through the use of Plasma Enhanced
Chemical Vapor Deposition (PECVD) process followed by 3 minutes annealing at 900 °
C. To form the sensor layers; photoresist was patterned and lift-off was accomplished
after the deposition of each layer. The bottom metal contact was put down followed by
the piezoelectric layer of RF sputtered PbZrs,Tig 4303, and finally the top metal contact
layer was deposited. The remaining fabrication steps have been mainly used for

cantilever shape definition. This has been accomplished through the use of adequate
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etching solutions. As indicated in Figure 8 (diagram C) the buffered oxide etching (BOE)
has been used to etch patterned window in silicon dioxide layer followed by the Deep
reactive-ion etching (DRIE) of Si device layer. The precise etch stopping has been
provided by buried SiO, layer. The final beam shaping has been accomplished through
the backside substrate etching using DRIE (diagram D) and cantilever release (diagram
E) by HF removal of buried oxide. After every single fabrication step the necessary
inspections, measurements and if required step repetition have been performed in order to
satisfy strict fabrication requirements. The 3D model of released cantilever and almost
fabricated cantilever device before its actual backside etch and HF device layer release is
shown in Figure 8 (F) and Figure 9, respectively. The laser interferometer has been used
to measure the cantilever deflection while the piezoelectric voltage signals are recorded

for identifying detector terahertz sensitivity.

Evaporated SiO,
+

Si02 Wafer




DRIE through
backside of substrate

Free standing cantilever
after HF removal of buried
oxide layer

Figure 8. Fabrication process (A-E) and 3-D model view of released cantilever (F)
[19]
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Bottom contact lead

Cantilever

Top contact lead

—Aa 1mm

Figure 9. Image of piezoelectric cantilever sensor before backsides etch and HF
device layer release [19]

2.12  Summary

This chapter outlined the foundation necessary to move forward in this area of
research. The required theoretical background and understanding of terahertz
electromagnetic radiation generation with an accent on its detection has been presented,
including piezoelectric cantilever analytical model, the basis of beam theory and the
importance of Euler-Bernoulli equation in solving MEMS related problems and the basis
of Gaussian statistics, which plays an important role in the statistical analysis of physical
phenomena. Moreover, the basis of Kinetic theory of gasses with accent on Beer-Lambert
and ideal gas laws has been introduced, too. Furthermore, a basic background on the
piezoelectric and piezoresistive sensing has been presented with a special emphasis on
the comparison between these two sensing principles, including a brief performance

based analysis of some current sensing applications. Lastly, the overall functionality of
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the proposed terahertz photoacoustic detector has been summarized and the detector
fabrication process is described step by step, and key points in its physical

implementation have been highlighted.

I11. Modeling

3.1 Chapter Overview

This chapter presents a discussion of the key aspects involved in the modeling of
piezoelectric THz photoacoustic detectors. It covers topics, such as analytical and FEM
modeling method analysis of developed, single piezoelectric layer rectangular and
membrane shape sensor configurations. Furthermore, Photoacoustic Spectroscopy will be
presented as an intended method for detection of terahertz photoacoustic signals. Further
discussion will focus on Kinetic Theory of gasses with accent on Beer-Lambert and ideal
gas laws, which have been used in this research to describe the part of detectors’
functionality associated with photoacoustic cell, and to determine the expected
measurable terahertz photoacoustic pressure range inside the gas chamber. The final three
sections of this chapter will present the Cantilever-based Piezoelectric Sensor and the
Membrane-based Piezoelectric Sensor as main sensor configurations, developed in this

project including a theoretical illustration of stochastic piezoelectric cantilever modeling.
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3.2  Analytical Modeling

Based on the analytical model for the single piezoelectric layer cantilever
presented in Section 2.7 and derived model equations [13] for the capacitance between

cantilevers’ top and bottom metal plates

Lwe
c= —= x (1-k%;
tp

AB(1+AB?) 23
1+4AB+6ABZ+4AB3+AZB4)’ (23)

the generated electrical charge between top and bottom metal plates

0= ds.L3w AB(B +1) y
T T t%p 1+4AB+6AB*+4AB°+4°B* P
Lwe* AB(1+AB?
= (1- k231 ( 2 . 3, 42 4) xV (24)
tp 1+4AB+6AB“+4AB°+A“B

and model equations relating generation of the open circuit voltage across cantilevers’

PZT element as functions of uniformly distributed photoacoustic load p

ds L2 AB(B+1)
T &%3tp  1+4AB+6AB*+4AB3+A2B*—k?;; AB(1+AB?3)

X p (25)

and cantilever deflection ¢
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= X
48%33 8P 112 " R—Kk%3; AB(1+A4AB3)  AB+1

8 [13] (26)

comprehensive cantilever analysis for a wide range of thickness ratios B has been
conducted in order to determine the best beam configuration in terms of maximum
voltage sensitivity. During the modeling process, the device layer thickness t,, has been
kept fixed while the thickness of the PZT layer t,, has been continuously changed in
appropriate thickness increments until the thickness ratio B for maximum voltage
sensitivity has been observed. In respect to the cantilever configurations with variable ¢,
and fixed device layer thickness of t,;,, = Sum and with ¢, ranging from 0.lum up
to t,=3.3um with an increment rate of 100nm have been modeled and continuously
investigated for the entire terahertz photoacoustic pressure range. Moreover, besides
thickness ratios B, the configurations with different geometrical dimensions including
cantilevers’ length, width and PZT coverage area have been modeled and investigated
accordingly. Full investigation process and obtained results analysis of each cantilever
based developed sensing option is presented in relevant sections of Chapter V.
Furthermore, analytical modeling of circular membrane configuration has not been

developed and its sensing performance analysis is based on performed FEM modeling.

3.3 FEM Modeling

In theory, finite element method (FEM) which is generally used in the MEMS
design field is known as a technique in which a given domain is represented as a

collection of simple domains, called finite elements. The FEM modeling does not lead to
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or provide the exact solution of the problem; it offers approximation (simulation) of the
solution based on the series approximations of each problem functional element,
however, when required data is not available this technique provides highly accurate and
satisfactory results. With the current computing resources available to designers and fact
that FEM enables verification of all aspects of MEMS designs with simulations all new
devices are simulated before sending them to fabrication. The CoventorWare®
simulation software is known as the most comprehensive suite of MEMS design tools
and as such has been used extensively in these project investigations. The suite is filled
with MEMS-specific features for accurate and efficient simulation of all types of MEMS,
including inertial sensors, microphones, pressure sensors, resonators, and actuators. The
software field solvers provide comprehensive coverage of MEMS-specific solvers such
as piezoelectric, piezoresistive, electrostatics, electromechanics or damping effects. The
FEM modeling initially starts using software DESIGNER module to create device 2-D
layout in the Layout Editor, or more commonly it imports the actual two-dimensional
device design layout from third-party design tools such as L-Edit or any other software
package capable of providing compatible 2-D model formats. The software Solid
Modeler then uses the imported layout, in conjunction with the properties of the materials
involved in device structure and the written fabrication process information in the Process
Editor to automatically build a 3-D solid model. The properties of materials used during
FEM as well as analytical modeling are listed in Appendix A. During this research work
five different sensing configurations have been developed and full CoventorWare®
Process Editor Fabrication process for each investigated sensing option can be seen in

respective Appendix (A to D). Once a 3-D model has been generated, further work on a
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3-D view is required to prepare the solid model for automatic mesh generation.
Generating a valid, high-quality mesh and performing mesh analysis is a pre-requisite for
using any of the field solvers in the software ANALYZER module. After a mesh has
been generated, the selections from the comprehensive suite of field solvers that simulate
the physical behavior of MEMS device enable the full device modeling. As already
mentioned above using ANALYZER 3-D solvers, it is possible to perform analyses that
incorporate or compute device physical behavior and effects such as deformation from
applied pressure or forces, residual stress (from the fabrication process), modal analysis
of the natural vibration frequencies of MEMS devices, piezoelectric or piezoresistive
effects and many other which are not listed mainly due to the long software capability list
and project relevance. Due to the nature and the purpose of this project’s assignment and
the specific cantilever multi-layer structure advanced CoventorWare® FEM simulations
and testing mainly utilizing the MemMech and piezoelectric domain solver (MEMPZE)
have been conducted, analyzed and presented in Chapter IV.

Although MEMS cantilever based sensors have been widely used in many sensing
and actuating applications, and there is a significant amount of research work detailing
their operational principles and applications, it is found, however, that there is no many
quality analysis of the sensing performance of these devices employing FEM modeling to
predict and demonstrate the accuracy of the numerical models or experimental studies
that were carried out in laboratory. A significant number of research papers have
presented employment of FEM simulations to predict the static and dynamic performance
of single or multi-layer cantilever models under different loading conditions. In all these

cases the FEM simulations have been carried out mainly to model the deformations of the
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cantilever beams under different loading distributions. Furthermore, the FEM modeling
can be successfully employed to demonstrate that a change in cantilever geometry, such
as an increase or decrease in cantilever thickness, width or length under applied periodic
force at the top of the cantilever, will for each result have a change in cantilever natural
frequency [20]. An increase in cantilever thickness or width will result in resonant
frequency increase while an increase in lengths results in resonant frequency decrease.
So, it appears that FEM modeling can be used to perform a wide range of simulations on
any MEMS structure and can provide significantly accurate models, increasing
confidence in the design validity before actual device fabrication. Lastly, in addition to
all that has been said above, it has been found out that there is significant research work
that has been conducted employing FEM modeling in order to investigate MEMS based
detector sensing or actuating ability in a wide range of applications, but at the same time
it seems there is no recent or if any at all well documented work that has employed this
technique in the investigation and modeling the of terahertz photoacoustic radiation
detection. Beside the miniature size of the acoustic cell, combined with the use of the
fabricated piezoelectric MEMS cantilever transducer, this additional FEM modeling
approach distinguishes this work from others in the field giving this project an additional

novelty dimension.

3.4 Photoacoustic Spectroscopy

The intended method for detection of terahertz photoacoustic radiation is a
technique based on photoacustic spectroscopy (PAS) where MEMS cantilever pressure
sensor is a key component of PAS system and as such must be designed with care in
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order to optimize sensing performance in terms of maximum voltage sensitivity. Besides
PAS techniques the absorption spectroscopy methods are most commonly used for
detection of trace gases. The choice of using the photoacoustic method over one of the
absorption techniques is usually based on its ability to detect and retrieve the desired
signal from the relatively noisy background, wide dynamic range of measurement and
most importantly small sample volume requirements which allows the chamber

dimensions to be greatly reduced.

Cantilever

|
|
|

TEzRadiation THz Radiation
P P,
| Diode
| Va
HelNe Laser 7

Figure 10. Chamber setup with piezoelectric cantilever detector [19]

The photoacoustic cell with cantilever as sensing element is shown in Figure 10
above. Cantilever is placed in a closed, low pressure cylindrical shape chamber. When

sample gas is illuminated with incoming terahertz radiation (light) modulated at desirable
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frequency; absorption of radiation results in a periodic heat flow from the sample, which
generates sound (acoustic pressure) that is detected by embedded cantilever-based sensor.
This sensing technique is known as photoacoustic technique. The main source of the
acoustic wave is the repetitive heat flow from the absorbing gas sample to the
surrounding gas, followed by propagation of the acoustic wave. The detection of acoustic
signals by cantilever-based sensors is achieved by measuring the cantilever deflections or
the amount of generated electrical voltage across cantilever piezoelectric plate caused by
generated photoacoustic waves. The deflections are measured with laser optical
interferometers. Besides cantilever deflection the detection of generated photoacoustic
signal will be primarily detected piezoelectrically. Instead of being dissipated as heat, the
absorbed radiant energy transformed into acoustic wave will be detected by piezoelectric
detector/transducer and converted into piezoelectric voltage in a way previously
described in Section 2.7 and Section 2.10, respectively. To date, most investigations
using IR laser sources in conjunction with cantilever-based photoacoustic cells have been
primarily focused on single-species detection, although the detection of multiple species
is highly desirable in an increased number of applications such as atmospheric
monitoring, detection of airborne pollutants, combustion products and volatile
compounds and industrial process monitoring [5]. The detection of multiple species can
be effectively achieved using multiple IR laser sources with corresponding number of
detectors or through the use of a single detector. The simplest detection method involving
one detector is based on sequential gas detection achieved by time-division multiplexing
(TDM) modulation of propagated laser wave or detecting the signals simultaneously

through the implementation of modulation frequency division multiplexing (MFDM) to
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modulate each laser beam at a different frequency [5]. Due to its implementation
simplicity the TDM method is usually preferred option for multispecies detection in
photoacoustic cells containing cantilever-based detectors [5].

In addition to all of what has been said above the cantilever photoacoustic
response besides its geometrical dimensions and the elastic and electromechanical
properties of structural layers is also greatly dependent on the cell sample pressure and
modulation frequency. The curve in Figure 11 depicts the effect of modulation frequency

on cantilever photoacoustic response.
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Figure 11. Variation in the magnitude of the second-harmonic C2H2 photoacoustic
signal at constant analyte concentration (0.5 %) and 1000 mbar with modulation
frequency [5]

The generated plot shows that resonance frequency for a given sample gas

occurred at 300Hz and that cantilever response increase with modulation frequency

decrease. Furthermore, the resulting curve clearly indicates that optimal photoacoustic
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signal generation occurs well below resonance frequency. So, in order to optimize
cantilever sensing performance in terms of maximum voltage sensitivity the modulation

frequency, which in fact determines the detector operation mode, should be chosen

carefully.
A curve which shows the variation in the cantilever response with sample

pressure effect for the same gas species is presented in Figure 12.

Max photoacoustic
4~ signal generation
‘k Oplimum pressung

125 mbar

arb. umits
A

PA signal

200 300 00 RO 1004
Pressure / mbar

Figure 12. Photoacoustic signal response as a function of sample pressure for the
cantilever cell for acetylene (C2Hz2) [5]

The curve shows that photoacoustic signal has been increased in the 0 — 100 mbar
range and then decreased as the pressure in the cell was increased. So, as in a case of
modulation frequency in order to maximize detector sensing performance the pressure
inside photoacoustic cell must be set at the optimum level. Further details regarding

photoacoustic spectroscopy and supporting theories are beyond the scope of this
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document and there is a significant amount of literature and publications detailing this

spectroscopy type.

3.5  The Estimation of Terahertz Photoacoustic Pressure Range

In Section 2.2 and Section 3.4, the basis of photoacoustic spectroscopy was
presented in order to support the description and overall understanding of the
functionality of the proposed terahertz photoacoustic detector. In addition, this section
utilizing the basis of kinetic theory of gasses, primarily the Beer-Lambert and ideal gas
laws, is used to estimate the pressure change in the photoacoustic gas chamber as a result
of absorption of energy from incoming modulated infrared radiation. The accurate
estimate of resulting pressure change Ap is very important for cantilever FEM modeling
and determination of its sensitivity level.

The simple diagram below (Figure 13) shows a beam of monochromatic terahertz
radiation of radiant source power Ps, directed at a cylindrical photoacoustic cell filled
with appropriate gas solution. Absorption takes place and beam of radiation leaving the

cell has radiant power Po.

€ [em ']

Ps I Po '
1

Figure 13 Photoacoustic cell
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The amount of radiation absorbed can be measured in terms of transmittance T or
absorbance A, where

T= I’j—z of  9%T=100T, [21] (39)
and
A =2—log,%T, [21] (40)

The Beer-Lambert law is simply a measure of absorption expressed by following

equation (Section 2.9, Equation 38);

A= &lc

where ¢ is the molar absorptivity, [ is the path length and c is the concentration of the

compound in solution. Molar absorptivity ¢ is a constant for a given gas substance. The

gas with a high molar absorptivity is often desirable for effective absorption and
detection of low intensity light such is weak terahertz radiation. Moreover, the state of an
amount of gas is determined by its pressure P, temperature T and volume V. The
relationship between these parameters is expressed by molecular ideal gas law (Section

2.9, Equation 37);

PV = NKT, [15]
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where P is the absolute pressure of the gas, V is the volume, N is the number of particles
in the gas, T is absolute temperature, and k is Boltzmann constant. The average

translation kinetic energy of the N molecules of gas is given as;

E =2 NKT, [15] (41)

For the given photoacoustic cell dimensions of r =5 mm, [ = 2 inch (5.08 mm) and
terahertz source power of Ps = 1mW the expected pressure change Ap inside the gas

chamber (Figure 10, Section 3.4), which is filled with a gas solution with molar
absorptivity &, can be determined by combining equations (38) and (41). According to

Beer-Lambert law the amount of absorbed power in a small absorption limit can be

expressed as;

Ap =P, — P, = Ple (42)

Per cycle of modulation f,, the average kinetic energy is given in the form of

NE= £ _ Pgel
fm  fm

(43)

Rearranging equations (38) and (41) in terms of 4p and AT gives
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Ap= kAT (44)
and

AE=>NkAT (45)

. 2 AE I . . .
From equation (45) we have N= 3 %ar Substituting for &V into equation (44) gives

AE

4Ap = v (46)

wIiN

Then substituting equation (43) and chamber volume V = Imr? into (46) gives estimated
pressure increase inside photoacoustic cell filled with particular gas having absorption

coefficient &.

(47)

Based on derived equation and actual photoacoustic cell dimensions the Table 1
bellow shows 4p calculations for some randomly selected gas absorption coefficients &,

modulating frequencies of 1Hz and 500Hz and THz radiation of ImW.
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Table 1. Pressure change inside photoacoustic cell for various & and Ps of 1 mW

€ [em ] Ap [Pa], fn = 1 Hz Ap [Pa], f,, = 500 Hz

1 848.82 1.6976
le-1 84.882 0.1697
le-2 8.4882 1.69e-2
le-3 0.8488 1.69e-3
le-6 8.48e-4 1.69e-6
le-9 8.48e-7 1.69e-9
le-12 8.48e-10 1.69e-12

Taking into account all that has been discussed above, the nature of terahertz radiation
and obtained results, it is realistic to expect that terahertz electromagnetic waves will
generate photoacoustic loads within uPa and mPa pressure range. It is important to have
in mind that the obtained results are just estimations that will slightly deviate from actual
results once we know the actual modulation frequencies and the absorption coefficients
of the gases to be used inside the photoacoustic cell. However, the estimated terahertz
photoacoustic pressure range is based on valid scientific assumptions, and as such it can
be considered correct and without any doubt can be used in sensor FEM modeling as
valid data.

Furthermore, in the presented photoacoustic pressure loads calculations
the portion of reflection of the incoming terahertz radiation has not been taken into
account, and the estimations have been based purely on the gas absorption properties.
Based on the fact that there is no gas with 100% absorption, there is always a portion of

incoming radiation that will not be absorbed. However, as already stated, the aim is to use
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gas with a high molar absorptivity in order to ensure effective absorption and detection of

low intensity terahertz radiation.

3.6 Cantilever-Based Piezoelectric Sensor

Beside membrane-based piezoelectric detector consideration as possible terahertz
photoacoustic sensing option, presented in the next section, the detector design on which
the present work is composed is shown in Figure 14. The cantilever-based rectangular
shape piezoelectric sensor is a 5 mm by 2 mm rectangular shape multi-layer device
comprised of two constitutive beam layers, Si device and PZT, followed by a thin

insulation silicon dioxide layer and two metal contact layers.

PZT Top electrode

Sidevicelayer  Bottom electrode Si0;

Figure 14. Piezoelectric photoacoustic cantilever detector [19]

Besides its role as an actuator the proposed cantilever configuration can be
considered as a typical example of piezoelectric device that can be used for acoustic

sensing applications. Cantilever bending caused by external excitations such are a
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uniformly distributed acoustic (pressure) loads p will result in non-uniform stress
distributions in cantilever constitutive layers. Tensile stresses are induced in the upper
cantilever plate (PZT) while compressive stresses are induced in the lower (Si device
layer) plate in the direction of the length of the beam. Consequently, due to this non-
uniformity in stress distribution with maximum values that occur at the top and bottom
PZT sides’ negative electrical charges are generated at the PZT top side while positive

charges at the bottom of PZT element.

Since at the top surface,

P3 = d31T1, [15] (4‘8)

where P3 is polarization in the thickness direction in units of C/m2, T, is stress in the
length direction in units of N/m2, and d3; is the transverse piezoelectric coefficient (C/N);

at the bottom surface,

P3=d3q (-Ty), (49)

ds; is a negative value for piezoelectric materials such as PbZry 5, Tig4503. Therefore, due
to the direct piezoelectric effect an open circuit voltage is built up across PZT sensing
element. For sensing applications, high generated voltage is frequently desired. In respect
to that the effect of variations in models’ geometrical dimensions and impact of materials

electromechanical properties on sensing performance has been investigated. The initial
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modeling and model performance investigations of presented configuration (Figure 16)
has been performed on device with the layer thickness of 5um and the thickness of
remaining layers of 0.1 um. As research progressed, based on this early work a number
of various geometry configurations have been designed and investigated using both;
analytical and FEM modeling methods. The device geometry has been constantly
changed and analyzed until configuration with the best sensing performance in terms of
maximum voltage sensitivity has been observed. Besides presented single beam
configuration another two beam-based sensing options have been designed and
investigated accordingly. One of mentioned configurations is solution involving four

single cantilever based sensors whose L-Edit design layout shown in Figure 15 below.

Bmm gas chamber opening

1-in x 1-in Si frame 2mm x1mm cantilever sensor

Figure 15. Four cantilevers sensing configuration
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All four beams in configuration are of the same length and width; 5 mm and 1 mm
respectively while the initial layers thickness remain the same as before; device layer 5
wm and the remaining layers 0.1 um.

The third and last cantilever based proposed sensing option is so called cross
tethers sensing configuration shown in Figure 16 below. The greatly enlarged version

(device only) can be seen in Figure 44 in Section 4.4.

Sensors
linx lin Siframe 6mm circular

Substrate

Device layer

Buried Oxide

Figure 16. 3D solid model of cross tethers sensing configuration

Besides the obvious difference in geometry, PZT effective sensing area, MEMS
fabrication process, etc., the main distinguishing feature between this and previous two

cantilever based sensing options is the fact that the tethers with deposited PZT
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transducers on their top sides now acting as cantilever with both fixed ends. The expected
impact of this design change and many other design issues relating to this and the other
two configurations on the overall device sensing performance are analyzed and presented

in Chapter IV.

3.7 Membrane-Based Piezoelectric Sensor

This section serves to summarize modeling approach of the two, membrane-based
piezoelectric sensors’ configurations as simulated in CoventorWare®. In addition to
previously presented cantilever modeling the motivation of this work was to investigate
feasibility of different terahertz photoacoustic sensing options using different sensing
element geometry. In recent years acoustic devices such are a thin, flat multilayer silicon
membranes combined with a good quality of piezoelectric thin films have been developed
by MEMS technology resulting in a various novel micro-devices among which are
acoustic sensors, accelerometers, actuators or pressure sensors [21]. Based on some
research reports it has been found that the circular membranes fabrications often have
experienced some difficulties mainly due to its complex traditional bulk micromachining
fabrication process [22]. However, bulk micromachining through silicon substrates using
Deep Reactive lon Etching (DRIE) is possible to achieve high aspect ratio deep etches.
Moreover, MEMS membrane is considered highly sensitive acoustic sensing device
which like piezoelectric cantilever under low pressure loadings produces an electrical
output (voltage). So, all these considerations and requirements for detecting very weak
terahertz photoacoustic radiation imply that the use of piezoelectric membrane as a sensor
sounds as reasonable design solution. One of the sensing options presented here is a thin
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piezoelectric circular membrane configuration whose three-dimensional CoventorWare®

solid model shown in Figure 17 below.

Top metal layer

Botom metal layer 5i0z Device layer

Figure 17. 3D solid model of circular membrane with diameter of 6 mm

The 6 mm diameter circular multi-layer membrane is supposed to be implemented
on a 100 mm silicon-on-insulator (SOI) wafer with <100> crystal orientation and overall
thickness of 500 um. As depicted in Figure 17 above (greatly enlarged 3-D for visibility
reasons), the membrane is comprised of Si device layer, followed by a sandwich stack
with a PZT between two metal layers deposited on the top of very thin SiO, insulation
layer. Once again, as it was case in cantilever FEM modeling the thickness of device
layer (5 um), two metal layers (100 nm) and single insulation layer (100 nm) have been
kept unchanged while the thickness of piezoelectric layer has been constantly changed

until the thickness for maximum voltage generation has been observed.
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The second membrane considered as potential sensing solution is the square
membrane configuration whose L-Edit design layout and 3-D FEM solid model shown in

Figure 18 and Figure 19 respectively.

1-in x1-in 5i frame 6mm acoustic cell opening

i Membrane (Device layer) PZT transducer

Figure 18. L-Edit D square membrane design layout
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PZT transducer Membrane (Device layer)

Figure 19. CoventorWare 3D solid model of square membrane

The membrane has been implemented on the same silicon wafer, having the same
electromechanical properties as it was case in any of the previous sensing configurations
while the CoventorWare® fabrication process for each design option has been slightly
changed due to the different detectors’ geometry. As indicated in Figure 19 above, the
four piezoelectric transducers of the same size (300um x 300pum) and shape have been
deposited on four symmetrically separated membranes’ locations. Besides the obvious
difference in the geometry the most significant and important characteristic which
distinguish this configuration from others is a very small PZT sensing area. After
importing the 2-D device design layouts from L-Edit©, the CoventorWare® 3-D solid
models generation, and conducted mesh analysis and adequate mesh generation both
configurations have been then simulated and analyzed using appropriate FEM domain
solver. The specific membranes’ multi-layer structures have been designed simulated and

tested mainly utilizing the mechanical and piezoelectric domain solvers. The Chapter IV
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discuss, evaluate and compare the sensing performance of both proposed membrane-

based sensing configurations including the way in which analysis has been conducted.

3.8  Stochastic Cantilever Modeling

As mentioned in Section 2.8 statistics has an important role in the statistical
analysis of physical phenomena. In addition to Section 2.4 (Piezoelectric sensing) this
section presents stochastic response analysis of piezoelectric sensor such is piezoelectric
cantilever which has been used and analyzed as sensing element in a number of sensing
configurations presented in this research work. When an acoustic pressure load P is
applied to one side of a single piezoelectric element (beam) as shown in Figure 20, a
fraction of the applied pressure will be converted to an electric charge on the opposite
element’s side. For the purpose of this analysis the applied pressure P and amount of the
created electric charge (Voltage V) has been approximated by a Gaussian Probability

Density Function (PDF) and monotonic transfer function respectively.

Pressure P
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Figure 20. Pressure loaded beam

The main purpose of this analysis was to investigate the conversion relationship

between pressure and electrical charge (voltage) which provides a deeper insight and
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understanding in the area of electromagnetic terahertz radiation sensing. As depicted in
Figure 21 the two main regions where this conversion in fact occurs and on which this
analysis is based are;

Region 1: 0 <P <Pc - V =0 and Region 2: Pc <P <co - V= aP where Pc is critical or

threshold pressure.

A

e
=

—oo 0 Pg- P

Figure 21. Voltage generation as function of applied pressure on top of PZT beam

The applied pressure P (acoustic load) on the top of piezoelectric beam

(transducer) is approximated by Gaussian PDF (Section 2.8, equation 28).

1 —(P=Pp)? . .
P=fpp Vo o exp[ 2, ] where P is the pressure (random variable), and

Pm is mean.
The created amount of the charge (voltage V) on the bottom of piezoelectric beam

is assumed to be as
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V=aP=a(P-P) (50)

Then the function that describes transformation of pressure P into electrical voltage V is

given by monotonic transfer function

fom =fo(P =D | [11] (51)

We need to know what is f,» and Py gy, Where f, ) is the voltage distribution
on the bottom sensors’ side and f, ) is the probability mass function, i.e. probability

thatV = 0.

As fyw = fp(P = DI5 | and
V=aP =a(P—PF.)
V=aP—aP,»aP =V +aP. » P ==+P, then
fyo = fp(P = £+ P)| Z—§|, using Gaussian PDF and substitutes for

P = g + P., gives

1 —(P—Pp)?|, ap
fp(P)_mapexp[ Zsz |dV|'

Once again substitute for j—z = ia into above give us

1
Zap a

<)]

1
fV("):fp(P):mapexp[ 2

65



Rearranging exponential part in numerator for a provide

1 (V+aPc—aPm)? L
_ _ dz 2 - - g - -
from = o exp 2o, |a and further simplification gives

__ 1 ~[V-(aPm—aPy)]?
fV(v) T av2m op exp[ 20%pa? ]

Thus, forV<0 - f,» =0,

—[V—(aPm—aPy)]?
Zazpaz

while forV>0 - f,» = exp

1
avV2m op

Then we can say that voltage distribution on the bottom beams’ side is also random

variable with Gaussian PDF, i.e.
V=N (aP, — aP., d5 a?),
where N is the Normal or Gaussian distribution.

Furthermore, probability that V =0 i.e. P (V =0) (Figure 22)
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Figure 22. PDF for V=0 for Pc > o (P, — P)

By definitiona > 0 and g, > 0,

P(V=O) = P(—OO <P<L PC)

_ (P 1 _(P-Pp)?
Py=g) = f_wm - 2o dp for P, > aPB,, — aP.

e_(%) dx = — % (erfc (_xw)),

Considering integral oy

x 1
an\/E

where erfc is error function; erfc(x) = f;ce‘tzdt = 1 — erfc(x), then

p ) _(P-Pm)?
— c 20?
P(V:O) = f_wm o e » dP

Py=o) = —% {erfc(OO) — [—%erf(_i—;_zm)]}, as erfc(o) =1 then

11 —P.+Ppy,
P=o = —5+zerf (S5

: ). for P. < aP,, — P,
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So, as depicted in Figure 23 for result we have negative distribution.

t f,:x}':x)

Figure 23. PDF for V=0 for Pc > a (P, — P,)

Based on the presented statistical analysis, all what has been said so far in relation
to the voltage distribution (charge distribution) on the bottom side of PZT element can be

summarized through the following two cases;

a. Ifvariance g2 = 1 and mean B,, = 0, and substituting it into obtained

—[V-(aPpm—aP.)]?
Zazpaz

voltage PDF fro = exp , the expected distribution

1
aV2m Op

is as shown in Figure 24.
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Figure 24. Voltage PDF for Variance =1, and mean P, =0

If B, =1ando? = 0 then, as shown in Figure 25 there is no voltage

generation on the bottom of piezoelectric beam.
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Figure 25. Voltage PDF for Variance = 0, and mean Pm =1

Furthermore, pressure is always B,,, and its distribution can be approximated by

Dirac function (Figure 26).

&
fow

_Diracfunction
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Figure 26. Approximated (Dirac) pressure PDF
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Then, as P {P = Py} =1 and P {P # Pn} = 0 the voltage value is always given

asP{V =a(B,—P.)}=1.

In summary, from a statistics point of view this analysis has shown that uniformly

distributed pressure P on the top of piezoelectric beam as a random variable (Gaussian

PDF) will result also in random Normal Gaussian voltage distribution variable

parameters o, and P, on the bottom of PZT beam.

3.9

Summary

The main focus of this chapter was on the modeling process of the proposed
terahertz photoacoustic detector configurations as potential sensing solutions,
firstly with an accent on a theoretical modeling of the sensing effects of
cantilever-based piezoelectric sensors. Next, the sensors’ FEM simulations
modeling approach was covered through the full description of each FEM
modeling stage based on the use of CoventorWare® simulation tools. Moreover,
the importance and the role of the photoacoustic spectroscopy in the terahertz
photoacoustic detection process have been outlined. Due to the high degree of gas
involvement in the photoacoustic sensing process, the kinetic theory of gasses was
used in order to develop firm understanding of the required sample gas pressure
change calculations inside the photoacoustic cell. To complete the whole
modeling process it was important to select the sensors that will be employed. The

ones selected are the cantilever and membrane based piezoelectric sensors. In the
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last chapter section a theoretical approach of stochastic cantilever modeling is

presented.

V. Results and Analysis

4.1 Chapter Overview

This chapter discusses and analyzes five different MEMS sensor configurations
that could be considered as potential sensing solutions for the intended THz photoacustic
detector design. The chapter provides analytical as well as FEM analysis for the three
different cantilever-based single piezoelectric layer rectangular shape sensor
configurations. In addition two sensing options involving multi-layer circular and square

membranes are introduced.

4.2  Rectangular piezoelectric cantilever beam — Configuration |

This section reflects on the analytical and FEM modeling of the single
piezoelectric layer rectangular shape cantilever, whose L-Edit cross section is shown in

Figure 27, and it presents results analysis and discussion of sensing Configuration 1.
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Top metal layer PZT  Bottom metal layer SiO:z Sidevice layer

Figure 27. Cantilever L-Edit cross-section

As already mentioned in Section 2.11 the initial fabrication of the proposed
cantilever is performed on a 100 mm Silicon On Insulator (SOI) wafer with <100>
crystal orientation and overall thickness of 500um. The thickness of the device layer is
Sum while the cantilever length and width are 5 mm and 2 mm respectively. Since the
cantilever will act as a piezoelectric photoacoustic transducer there is a requirement for
deposition of a thin PZT film on top of the 5 um device layer. The additional layers as
shown in the figure above are deposited on top of each other, starting with SiO, as an
insulation layer followed by a sandwich stack with a PZT between two metal (platinum)
layers. The proposed beam geometry with optimal device and PZT layer thickness ratio B
for maximum voltage sensitivity is intended to be used in the following sensor

configuration (Figure 28).
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Cantilever

1-in % 1-in Si frame Bottom electrode electric contact

Top electrode electric contact

Substrate Device layer

Figure 28. CoventorWare 3D solid model cantilever configuration

In addition, the configurations with device layer thickness of 10pum and 20um are
considered and analyzed as possible solution options. The expected functional
performance of the sensor in development mainly depends on the cantilever geometrical
dimensions and the elastic and electromechanical properties of the two beams’
constitutive layers, namely device (mechanical) and PZT layer. The thickness of the
remaining layers in this configuration is kept very small in order to minimize their effects
on detectors’ sensing performance. The cantilever electromechanical properties can be
more or less summarized by defining the Young’s modulus and the dielectric constants of
the piezoelectric and device layers, the transverse piezoelectric coefficient and transverse

piezoelectric coupling coefficient. In recent years PZT has been an attractive choice for
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MEMS application mainly due to its high piezoelectric coefficient. Among others are
zinc-oxide (ZnO), Aluminum Nitride (AIN), polyimide or Polyvinylidene Fluoride
(PVDF), but their use has been restricted in MEMS to certain extent, mainly due to very
low piezoelectric coefficients [23]. Therefore, based on research work and published
results in the past years, Silicon (Si) and PZT are known as materials with the best
electromechanical coupling properties, and as such have been selected as preferred option
for the sensor in development. The selection of silicon as a cantilever mechanical layer
has been based on the requirement for a stiffer mechanical layer with clamping properties
capable to ensure desired PZT dielectric constant decrease.

Based on analytical and FEM modeling methods presented in Chapter I11 and on
all these considerations from above the rest of this section presents cantilever
performance analysis using both analytical and finite element approach. In both cases a

comprehensive investigation for a variety of beams configurations has been conducted. In

this case the different beams’ configurations refer to different thickness ratio B = ttﬂ
14

between the device and PZT layers, while the cantilever length L=5 mm and width w=2
mm remain the same. The thickness ratio B for cantilever maximum voltage sensitivity
can be achieved in two different ways; keeping the piezoelectric layer thickness t,, fixed,
while the elastic layer is etched by appropriate etching solution (wet or dry etching) to
desired thickness t,,, or a more common approach (assumed in this sensor modeling) is
to keep the elastic layer thickness t,, fixed, while the piezoelectric layer of desired

thickness t,, is deposited onto the elastic layer.
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Using either of these two approaches it is obvious that the optimal thickness ratio
B must be somewhere between two limiting cases; between B—0 and B—c. When B—0
the cantilever becomes almost pure monolithic piezoelectric structure as the thickness t,,
becomes negligibly small in comparison with t,. Applying external load p to this
monolithic piezoelectric beam will not produce the expected voltage generation. Simply,
the cantilever will not act as transducer at all. Applied terahertz photoacoustic signal will
cause cantilever bending; however, due to polarization of the piezoelectric beam in the
beam’s thickness direction, the same electric charge will be generated on the top and the
bottom PZT surface. As voltage, by definition is a difference between potentials (open
circuit voltage) in this case the difference is zero and the overall voltage across PZT plate
IS zero. In case B—oo the cantilever becomes very monolithic Si structure. Applying
pressure on the top of this beam configuration will not cause electric charge generation
(no piezoelectric material involved in structure) and electric voltage will once again
approach zero. Therefore, as mentioned above a maximum generated voltage is expected
to be observed somewhere between the boundary conditions.

4.2.1 Theoretical Analysis

Based on the analytical modeling presented in Section 2.7 and Section 3.2 and the
derived model equations for generated cantilever capacitance C (equation 23), electrical
charge Q (equation24) and open circuit electric voltage V (equations 25 and 26),
comprehensive cantilever analysis for a wide range of thickness ratios B has been
conducted in order to determine the best beam configuration in terms of maximum
voltage sensitivity. The sensor in development is supposed to detect relatively weak

(ImW - 3mW) THz radiation signals, which after their conversion into photoacoustic
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radiation are expected to produce very small pressure loads on the top of PZT plate. As
presented in Section 3.4 the expected THz photoacoustic pressure loads fall within uPa
and mPa pressure range. Which photoacoustic range will be employed mainly depends
on the absorption properties (¢) of the gas surrounding the cantilever inside the
photoacoustic cell, the power of the terahertz source and terahertz radiation modulation
frequency. Taking into account the expected sensitivity level the cantilever behavior
investigations have been conducted for the entire uPa and mPa pressure range. The
configurations which have not responded significantly (to measurable level) to the loads
within prescribed pressure range are not considered as possible sensing solution and have
not been subject for the further investigations. During the analysis, device layer
thickness ¢, has been kept fixed while the thickness of the PZT layert, has been
continuously changed in appropriate thickness increments until the thickness ratio B for
maximum voltage sensitivity has been observed. In respect to that the cantilever
configurations with variable ¢, and fixed device layer thickness of t,, = Sum, t;,,=
10pm, and t,,= 20pum with ¢, ranging from 0.1pm up to ¢,=3.3um with an increment
rate of 0. /um have been continuously investigated for a pressure range defined in Section
3.4 (1 uPa up to 1 Pa).

Cantilever response to a range of uniformly distributed pressure loads p has been
observed in respect to each single beam configuration as well as in a case of gradual PZT
layer thickness increments. As expected, in a case of single beam configuration, i.e.
configuration with a unique t,,, and t, an increase in applied pressure load p will cause

more beams’ bending, more electric charge; Q is going to be generated and a linear
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increase in the open circuit voltage V across PZT will be observed while the capacitance
C for analyzed t,, and t, combination remains constant regardless of the pressure
increments. An illustration of the mentioned observation for a beam with L= 5mm, w=2
mm, t,,=5 um and t,=100 nm for entire mPa pressure range (1mPa to 1Pa) can be seen

in Figure 29 and Figure 30, respectively.
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Figure 29. Cantilever PZT charge distribution
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-0.2

-0.4

-0.6

Voltage [V]

-0.8

-1.2

-1.4
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Pressure in [Pa]

Figure 30. Open circuit voltage V across PZT

In addition to presented MATLAB plots the same observations related to the same
beam length L, width w, and thickness ¢, and t, of 0.1 um, 0.5 um, and 1 um for a
pressure range portions of 0.1 mPa, 0.5 mPa, 1 mPa, 0.5 Pa and 1 Pa can be seen in the

following tables: Table 2, Table 3 and Table 4.

Table 2. Voltage distribution for t,=100 nm

p 0.1 mPa 0.5 mPa 1 mPa 0.5 Pa 1 Pa
V [V] -1.3%-7 -6.98e-7 -1.3%-6 -0.69e-3 -1.3%-3
C [pF] 2.31e-6 2.31e-6 2.31e-6 2.31e-6 2.31e-6
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Table 3. Voltage distribution for t, = 500nm

P 0.1 mPa 0.5 mPa 1 mPa 0.5 Pa 1Pa
V [V] -5.94e-7 -2.97e-6 -5.94e-6 -2.97e-3 -5.94e-3
C [pF] 4.74e-7 4.74e-7 4.74e-7 4.74e-7 4.74e-7
Table 4. Voltage distribution for t,=1um
P 0.1 mPa 0.5 mPa 1 mPa 0.5 Pa 1Pa
V [V] -9.74e-7 -4.87e-6 -9.74e-6 -4.87e-3 -9.74e-3
C [pF] 2.42e-7 2.42e-7 2.42e-7 2.42e-7 2.42e-7

Furthermore, keeping the device layer t,, = 5um fixed and increasing t, in
mentioned increments steps, it has been observed that in a case of any t, increment in
comparison with previous beam thickness ratio B even there is less beams’ bending (due
to the overall beam thickness increase) and less electric charge Q generation for the same
pressure loads; the open circuit voltage V across PZT element still increases linearly. This
is true and is going to happen for any t,, increment until thickness ratio B for maximum
voltage sensitivity has been once reached. The reason for this gradual voltage increase is
mainly due to the change in configuration capacitance C. It is true that when
increasing t,, and consequently increasing the overall cantilever thickness there is less

beam bending under the same pressure loads and the amount of generated electric charge
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Q slightly decreases, and in accordance with the direct piezoelectric effect we should

expect an open circuit voltage V decrease, too. However, due to the fact that the

Q : : .
generated voltage V = v and that the total configuration capacitance C decreases much

more rapidly than the decrease in the generation of the electric charge Q is; then the
actual voltage V in fact increases. Therefore, based on the obtained calculation results, the
thickness ratio for the maximum voltage sensitivity occurred to be B=1.96 and it belongs
to the cantilever configuration with the device layer thickness of t,, = 5um andt, =
2.55 um. The following table (Table 5) shows the generated electrical voltages V across

the PZT layers for indicated ¢, increments and applied pressure load p of 1Pa.

Table 5. Generated voltage across PZT layers for p=1Pa

PZT thickness t,, [um] Voltage V [mV]

2 -13.316
2.1 -13.481
2.2 -13.622
2.3 -13.719
2.4 -13.749
2.5 -13.765
2.55 -13.767
2.6 -13.766
2.9 -13.699
2.7 -13.754
2.8 -13.732

3 -13.657

It can be seen that the maximum open circuit voltage V of - 13.767 mV has
been generated across piezoelectric layer with corresponding thickness of ¢, = 2.55 um.

So, the thickness ratio of B=1.96 is a configuration turning point at which the cantilever
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as a photoacoustic sensor for any pressure load p will most likely be able to detect THz
photoacoustic radiation. Any increase or decrease in B, i.e. any deviation from 1.96 will
decrease the overall configuration sensitivity. It basically means (as highlighted in Table
5) that for a cantilever with fixed device layer thickness to 5um any increase in t,, above
2.55 pum or any decrease in t, below 2.55 um will for result have a decrease in the
amount of generated voltage V across PZT layer. These observations are depicted in the
following MATLAB plot (Figure 31) which represents voltage generation across PZT
layer as function of thickness ratio B. It can be clearly seen that analyzed sensing
configuration for any photoacoustic load within predicted pressure range exhibits highest

sensitivity (maximum voltage generation) for B= 1.96.
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Figure 31. Calculated cantilever voltage generation as function of thickness ratio B
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All of what has been said so far can be also summarized through the following
MATLAB graphs (Figure 32) and (Figure 33) which are simple representations of the

performed sensor mathematical modeling.
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Figure 32. Cantilever PZT charge distribution (Different PZT thickness)

The plots in Figure 32 depict the predicted PZT charge distribution based on the
cantilever response to the expected acoustic range of uniformly distributed pressure loads
on the top of PZT surface for a three different beam configurations among which one
belongs to the cantilever configuration with a predicted maximum voltage sensitivity
(t,=2.55 wm) while one belongs to the configuration with at,, which is well below and
another one with a t, above optimal PZT thickness, i.e. PZT thickness that ensure the

highest voltage sensitivity. As it has already been discussed, it can be seen from the
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displayed plots that in a case of variable piezoelectric layer configurations it is not always
true that a configuration with the largest amount of generated charge Q will in fact
produce voltage with highest magnitude across PZT element. From Figure 32 it can be
seen that the highest amount of generated charge Q belongs to the configuration with ¢,
of 1.3 um (well below optimal PZT thickness) while from Figure 33 it can be seen that

the maximum voltage generation actually belongs to the configuration with t,,0f 2.55 um.

Open Circuit Voltage
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Figure 33. Open circuit voltage V across PZT (Different PZT thickness)

Moreover, in relation to Figure 33 it was intended to plot on the same graph the
voltage distributions across cantilever PZT layers for t,, of 2.55 um, 2.5 um and 2.6 um

(i.e. configurations with close PZT thickness) in order to match the Table 5 calculation
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results as close as possible and observe actual turning points in the open circuit voltage
increase/decrease, but due to the extremely small difference between the so called turning
points voltages, the actual plotting would produce graphs overlapping which could not be
used for effective visual model analysis. However, the selections of any t, below and
above 2.55 um that will ensure minimum required plotting visibility do not have any
impact on the analysis validity.

Furthermore, the configurations with the device layer thickness of 10 wum and
20um are considered and analyzed as possible solution options. The mentioned
configurations have been investigated in the same way and under the same analytical
assumptions as 5 um device layer configuration. The brief results summary related to the
configurations’ voltage sensitivity levels and their comparisons among each other for the
randomly selected t,, and t, combinations and pressure load of 1Pa is presented in

Table 6.
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Table 6. Voltage distribution across PZT for p=1 Pa and various ty, t, configuration
combinations

Elastic layer | PZT layer V [mV]
tm [wm] tp [wm]

5 0.1 -1.39
10 0.1 -0.37
20 0.1 -0.10
5 0.2 -3.35
10 0.2 -0.74
20 0.2 -0.19
5 0.3 -3.86
10 0.3 -1.08
20 0.3 -0.29
5 0.4 -4.95
10 0.4 -141
20 04 -0.38
5 0.5 -5.94
10 0.5 -1.73
20 05 -0.47
> 1 -9.74
10 1 -3.13
20 1 -0.89

The presented results show that any increase in the elastic layer thickness ¢,, will
cause decrease in the cantilever voltage sensitivity. It is true that voltage sensitivity for
configurations with elastic layer thicknesses of 10 um and 20 wm can be improved by
finding appropriate thickness ratio B (increasing t,) but it requires further piezoelectric
layer thickness increase that will have for a result an undesirable (already thick) overall
beam thickness increase. Thus, the sensor becomes too thick and too difficult to bend. As
THz photoacoustic pressure loads are expected to be within uPa or mPa pressure range, it
is obvious that bending will not occur and configurations like these cannot be considered
as potential solutions.
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4.2.2 FEM Analysis

The CoventorWare® FEM simulations were performed on the same cantilever
configurations used in the analytical modeling in order to investigate the effect of
variations in the thickness on the microcantilever voltage sensitivity. The simulations
have been conducted, analyzed and compared with the theoretical computations
presented in the previous sub-section (4.2.1). As pointed out in the FEM Modeling
section (Section 3.3) the CoventorWare® simulation software is known as the most
comprehensive suite of MEMS design tools and as such has been used extensively in
these project investigations. Due to the nature and the purpose of this research assignment
and the specific cantilever multi-layer structure, advanced CoventorWare® simulations
and testing, utilizing mechanical (MemMech) and the piezoelectric domain solver
(MEMPZE) have been conducted. MemMech is used to compute the mechanical
solutions for the cantilever, mainly to solve for mechanical stress and displacement as
well as modal analysis calculations in order to compute the natural resonant frequencies
of the sensor structure, while MEMPZE is used to investigate the cantilever piezoelectric
behavior in terms of electrical charge (voltage) generation.

In accordance with the FEM simulation modeling process presented in Chapter
I11, based on the actual 2-D L-Edit© device layout designs, the cantilever 3-D solid
models for configurations with L=5 mm, w=2 mm and device layers thicknesses of 5 um,
10 um and 20 um have been generated first. In each generated solid model configuration,
as it was case during the analytical cantilever modeling the thickness of the top and the
bottom metal layers including SiOz2 layers were 0.1 um, while the thickness of the PZT

layers was varied from 0.1 xm to 3.3 ym with increments of 100 nm.
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An accurate model is essential to the function of a sensor; thus, before progressing
further with a full model simulation and the testing process, utilizing the
CoventorWare® domain solvers, the adequate mesh analysis and model meshing have
been conducted in order to obtain acceptable results accuracy in an acceptable amount of
computation time. In this cantilever modeling, due to its orthogonal geometry the
Manhattan bricks mesh model has been chosen as the most appropriate meshing option.
For this particular beam structure with cantilever length L=5 mm, width w=2 mm and the
overall beam thickness of 8 wm (the device and PZT layer thickness is 5 um and 2.7 um
respectively, plus two metal and one oxide layer each of individual thickness of 0.1 zm)

the same analysis has been run for the models with mesh densities shown in Table 7.

Table 7. Cantilever response to uniformly distributed pressure load of 1Pa

Mesh model Mesh size in x,y, z .
number direction [um% Deflection [um]
1 1000x1000x1000 14.60506
2 500x500x500 14.60506
3 300x300x300 14.27953
4 200x200x200 14.20623
5 100x100x100 14.20623

From the obtained results, presented in Table 7, it can be seen that the analyzed
cantilever configuration deflection response converges to a unique numerical value as the
mesh density increase. As the two meshes (minimum requirement), mesh model number
4 and mesh model number 5 give essentially the same deflection results, the model can be

considered mathematically accurate. It is true that the mesh density could be increased
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further but it will lead to negligible differences in results, but significant increase in
simulation time. Even the difference between mesh model number 3 and mesh model
number 5 is only 0.51%, and any further mesh refining will not have significant impact
on simulation accuracy. Once the model has been appropriately meshed reducing
cantilever geometry into smaller and simpler finite element bricks, the full FEM analysis
using CoventorWare® domain solvers has been conducted with confidence that the
model is producing mathematically accurate results. An illustration of meshed cantilever
configuration with optimal Manhattan bricks mesh density (x = 200 um, y = 200 um and

z = 200 um) that has been used throughout sensor FEM analysis is shown in Figure 34.

Figure 34. Meshed cantilever model for ty, =5 um, t,=2.7 gm metal and SiO20f 0.1 um

The beam is 5 mm by 2 mm, so 250 bricks will be created for the beam layer in
the XY plane. The beam is only 8 um in height, so the mesher will create a single layer of

bricks.
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Once again as in the case of theoretical modeling the FEM simulation analysis has
been performed for a wide range of configurations, where the device layer thickness t,,
has been kept fixed while the thickness of the PZT layer t,, has been continuously
changed in appropriate thickness increments until the thickness ratio B for maximum
voltage sensitivity has been observed. Specifically, the cantilever configurations with
variable t, and fixed device layer thickness of t,, = 5 um, t,,= 10 um, and t;,= 20 um
with t, ranging from 0.1 um up to t,=3.3 um with an increment rate of 100 nm have
been simulated and analyzed for a pressure loads ranging from / uPa up to 1 Pa covering
entire uPa and mPa photoacoustic pressure range. As expected and already observed
during the theoretical modeling there is no exception here; different configurations have
responded differently, exhibiting different sensitivity levels under the same pressure
exposure. Before presenting and discussing the numerical collection of the obtained
results, an example of simulated cantilever configuration just as a visual illustration of
CoventorWare® FEM modeling can be seen in Figure 35. The resulting profile belongs
to the cantilever configuration with device and PZT layer thickness of 5 um and 2.7 um
respectively and optimal mesh density with Manhattan bricks element size of 200 um X
200 um x 200 um. The individual thickness of metal and oxide layers is 0.1 um. It can be
seen that the FEM simulation, in contrast to the analytical cantilever modeling, produces
a very smooth bended profile under the same uniformly distributed photoacoustic
pressure loads. The different resulting profiles produce different numerical descriptions

of cantilever piezoelectric sensing behavior in terms of electrical charge (voltage)
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generation. The reasons and justification for these deviations between the two modeling

methods are presented and discussed later within the results comparison section.

Displacement Z: -1 4E+01 -1.1E+01 -7AEs00 -3 BE+00 70E33
Hm COVENTOR

Figure 35. Typical cantilever FEM simulation results

The CoventorWare® FEM simulations (Figure 35) were performed on a vast
number of beam configurations to investigate the effect of variations in thickness on the
cantilever voltage sensitivity. In order to determine the level of voltage response, in
addition to the geometry models the FEM analysis takes into account the cantilever
electromechanical properties, too. Hence, the FEM simulated voltage across cantilevers’
PZT layers is not just function of pure model geometry and mechanical properties of
materials involved in the structure; it is also a function of cantilever electrical (mainly
piezoelectric) and coupling properties. Furthermore, beside the numerical results, the
CoventorWare® FEM modeling offers a deeper meaningful insight into the device
behavior through its simulations, during the actual sensing process. It enables

visualization (see Figure 35 and Figure 36) of the expected amount of beam bending, the
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stress distributions in cantilever thickness and length direction or expected charge

distributions across the cantilever surface.

Maximum Mises stress generation
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Figure 36. Mises stress distribution of piezoelectric cantilever

4.2.2.1 Observations

The same investigation approach, previously used in theoretical cantilever
modeling, has been implemented, here but this time utilizing CoventorWare® FEM
modeling tools. Once again cantilever response to a wide range of uniformly distributed
pressure loads p has been investigated in both cases; single beam configurations and
configurations involving gradual PZT layer thickness increments. As pointed out

previously, the single beam configuration assumes observations related only to the beam
92



with unique elastic and piezoelectric layer thickness, i.e. observing the change in
cantilever response due to the change in applied acoustic load p only, but for the same
thickness ratio B. As expected, based on the performed observations and the obtained
simulation results, the way the cantilever responds is found to be the same as in the case
of mathematical modeling. In case of single beam configurations, any increase or
decrease in applied pressure load p will cause linear increase or decrease in open circuit
voltage generation. An illustration of the mentioned observation for investigated beam
configuration with L=5 mm, w=2 mm, ¢t,,,=5 um and t,, of 100 nm and 1 um and pressure

load range of 1 mPa to 1 Pa can be seen in Figures 37 and Figure 38.

x 10* FEM Open Circuit Voltage for tm=5microm and tp=100nm

Voltage [V]
N

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Pressure in [Pa]

Figure 37. FEM voltage across 100 nm PZT layer
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x 10~ FEM Open Circuit Voltage for tm=5microm and tp=1microm
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Figure 38. FEM voltage across 1um PZT layer

In addition to the above plots the same observations for randomly selected
pressure loads p and piezoelectric layer thickness t,, are presented in Table 8, Table 9 and

Table 10 respectively.

Table 8. CW FEM voltage distribution for t, = 100nm

0.1 mPa

0.5 mPa

1 mPa

0.5 Pa

1Pa

VIV

-4.87e-8

-2.43-Te

-4.87e-7

-2.49e-4

-4.87e-4
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Table 9. CW FEM distribution for t, =1pm

p 0.1 mPa 0.5 mPa 1 mPa 0.5 Pa 1Pa
V[V] -3.08e-7 -1.54e-6 -3.08e-6 -1.55e-3 -3.09e-3
Table 10. CW FEM distribution for tp =2.5um
p 0.1 mPa 0.5 mPa 1 mPa 0.5 Pa 1 Pa
V[V] -4.09e-7 -2.05e-6 -4.09e-6 -2.05e-3 -4.09e-3

Furthermore, in order to determine the cantilever configuration with thickness
ratio B for a maximum voltage sensitivity, FEM modeling using the piezoelectric domain
solver, and MEMPZE have been conducted and analyzed for the wide range of beam
configurations, where the device layer thickness t,, has been kept fixed (5um), while the
PZT layer thickness t,has been continuously changed in appropriate thickness
increments until the thickness ratio B for a maximum voltage sensitivity has been
observed. In the same fashion as in the case of theoretical sensor modeling, the cantilever
configurations with variable ¢, and fixed device layer thickness to t,, = 5 um, t,,,= 10
um, and t,,= 20 um with t,, ranging from 0.1 zm up to t,=3.3 um and an increment rate
of 100nm have been continuously simulated and investigated for pressure loads ranging
from 1 uPa up to 1 Pa. The brief results summary for selected portion of simulated

results with highlighted open circuit voltage V that has been observed across piezoelectric
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layer that belongs to configuration with maximum voltage sensitivity is shown in Table

11.

Table 11. CW FEM voltage across PZT layers for p=1Pa

PZT thickness t,, [um] Voltage V [mV]

0.1 -0.48733

1 -3.08735
2.5 -4.09210
2.65 -4.09832
2.7 -4.09836
2.8 -4.09569
2.9 -4.08995

3 -4.09836

On the strength of the FEM simulation results, the thickness ratio for the
maximum voltage sensitivity occurred to be B=1.85, and it belongs to the cantilever
configuration with the device layer thickness of t,, =5um andt, = 2.7 um. Once
again, as depicted in the MATLAB plot in Figure 39, it has been observed that any
change in thickness ratio B that deviates from 1.85 will cause the change (decrease) in

detector sensitivity.

96



x 10 FEM B for Maximum V Sensitivity, te=5microm
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Figure 39. FEM cantilever voltage generation as function of thickness ratio B

The more detailed analysis related to the cantilever behavior under uniform
distribution of pressure loads on the beam’s top surface is already discussed in the
theoretical analysis section (Section 4.2.1), and as such is fully applicable here. Due to
the same reasons, the analysis related to the configurations involving beams with device
layers of 10 um and 20 um and wide range of variable piezoelectric layers thickness are
intentionally omitted; however, will be discussed and analyzed within the results
comparisons section.

Finally, modal frequencies and shapes of a cantilever finite element model have
been calculated and visualized using CoventorWare® MemMech solver and 3D viewer.
The resonant frequencies and their associated mode shapes are of particular interest in
designing this, as well as the other sensor configurations presented in this research work
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because they indicate when the sensor will have its maximum response under uniformly
distributed photoacoustic pressure loads. The initial cantilever modal analysis has been
performed for the 100 Hz to 1600 Hz harmonic frequency range on the 10 mPa pressure-
loaded beam configuration with requested 10 frequencies display. The device is
examined for various mode shapes and its resonant frequencies are determined. The
resulting vibrating pattern of the investigated cantilever configuration for various modes
and the calculated natural resonant frequencies when the pressure load of 10 mPa is

applied on its top side is shown in Figure 40.
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Figure 40. Resulting vibrating pattern and resonant frequencies for a load of 10
mPa
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Besides analyzing mode shapes (the deformation of the mechanical structure), the
understanding of the impact and the contribution of the individual mode shapes to the
harmonic cantilever response can be acquired by looking at the generated generalized

harmonic response results shown in Table 12 below.

Table 12. MemMech generalized harmonic display table

Frequency
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6
[Hz]
0 100 0.0331 7.574e-8 4.480e-4 1.810e-10 | 3.358e-5 6.220e-11
1 116.4 0.0336 7.578e-8 4.482e-4 1.810e-10 | 3.358e-5 6.220e-11
2 136.3 0.0343 7.584e-8 4.484e-4 1.810e-10 | 3.358e-5 6.220e-11
3 162.5 0.0354 7.593e-8 4.487e-4 1.810e-10 | 3.359e-5 6.220e-11
4 205.9 0.0379 7.612e-8 4.494e-4 1.811e-10 | 3.359%-5 6.220e-11
5 402.2 0.0785 7.754e-8 4.546e-4 1.814e-10 | 3.364e-5 6.224e-11
6 445.6 0.0109 7.799e-8 4.563e-4 1.815-10 3.366e-5 6.225e-11
7 471.9 0.0137 7.829e-8 4.573e-4 1.816e-10 | 3.367e-5 6.225e-11
8 491.8 0.0156 7.852e-8 4.582e-4 1.816e-10 | 3.368e-5 6.226e-11
9 508.2 0.0159 7.873e-8 4.58%-4 1.817e-10 | 3.368e-5 6.226e-11

The table lists the real components of the generalized displacements for each
requested frequency in the harmonic frequency range. The presented results clearly show
that all six modes contribute to the cantilever response. The corresponding generalized
Displacements plots (displacement as function of frequency) for each mode shape are

presented in Figure 41.
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Figure 41. Generalized Displacements plots
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Among the various modes, the mode 1 shown in Figure 36 was found to be the
suitable one for the operation of rectangular piezoelectric cantilever beam because of its
first harmonic type oscillation wave patterns. As depicted in Figure 36, in comparison
with other modes, Mode 1 with corresponding resonant frequency of 508.22Hz will
provide maximum cantilever response (displacement) to a uniformly distributed pressure
loads.

Moreover, it is important to have in mind that during mode-based harmonic
analysis the harmonic response is also reconstructed from a modal damping factor. In a
case of vibration of an undamped structure the magnitude of the oscillation is constant. In
reality, the energy is dissipated by the structure’s motion and the magnitude of the
oscillation decreases until the oscillation stops. The energy dissipation is known as
damping. Most engineering problems involve some kind of damping, in general small.
During this and all other sensing configurations modal analysis, the direct modal
damping has been taken into account, i.e., the fraction of critical damping associated with
each mode has been defined through direct modal damping. This is achieved through the
use of CoventorWare® MemMech Settings typically involving values in the range of 1%
to 10% of critical damping. In a case of each developed sensing configuration the modal
analysis involving 10% of critical damping factor has been performed. An example that
illustrates the impact of changing the Modal Damping Coefficient on the device
photoacoustic response can be seen in the Figure 42, Figure 43, and Figure 44,

respectively.
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Figure 44. Frequency response involving Modal Damping Coefficient of 0.01

The above plots belong to the 5 mm x 2 mm rectangular shape multi-layer
cantilever sensing configuration with device layer thickness of 5 um, PZT of 2.65 pum
and the rest (SiO2 and two metal layers) of 100 nm. Figure 42 is a result of performed
harmonic analysis involving Modal Damping value of 10% of critical damping, while
Figure 43 and Figure 44 depict frequency response in case of 5% and 1% respectively.
These figures illustrate that a decrease in damping value will result in a cantilever
response (deflection) increase and generation of narrower THz photoacoustic pulse which

with a further decrease of damping coefficient becomes more like Delta function pulse.
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4.2.3 Results Summary and Comparisons

This section discusses, evaluates and compares the sensing performance of
rectangular piezoelectric cantilever sensing configurations as well as the level of
agreement/disagreement between the analytical and the simulated results presented in
Section 4.2.1 and Section 4.2.2. The analysis has been performed using both
mathematical calculations and FEM simulations. In both cases a comprehensive analysis
for a variety of beam configurations has been conducted in order to determine the
cantilever voltage sensitivity range. As presented and discussed in Section 4.2.2.1, the
cantilever configurations with variable t, and fixed device layer thickness of t, =5 um,
tm=10 pum, and t,=20 pm with ty, ranging from 0.1 um up t,=3.3 um with appropriately
chosen increment rates have been continuously investigated for a pressure loads ranging
from 1 pPa up to 1 Pa until the thickness ratio B for maximum voltage sensitivity has
been observed. Based on the obtained results it has been found out that in each analysis
the analyzed cantilever models under simulated THz radiation environment exhibit pretty
much the same sensing behavior. Saying that, it mainly means that both analyses have

predicted cantilever linear voltage response as it can be seen in Figure 45.
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Figure 45. Analytical and FEM cantilever response observed for maximum voltage
sensitivity thickness ratios B.

Furthermore, both analyses have clearly indicated and confirmed the same
reasons for the open circuit voltage changes. At the end both models have indicated
almost the same thickness ratio B for maximum voltage sensitivity. In the case of FEM
modeling the B is found to be 1.85, while the calculated value is 1.96. So, the difference
between the two predictions is just about 5.6% which can be considered as reasonably
good match and results agreement. The ratios B could be considered even much closer to
each other if we just observe one of the two tables (Table 5, Table 11) which are
indicating the turning points at which voltage changes its decrease direction from the
maximum value. In Table 11 it is clearly indicated that FEM maximum open circuit

voltage V of -4.098 mV has been observed for piezoelectric layer thickness of 2.7 um.
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However, if we look at the voltage of -4.092 mV which has been observed for
piezoelectric layer thickness of 2.5 um, then what is the difference between these two
observed values? The difference is just in the third digit after decimal point or 0.1%.
Hence, based just on this fact and taking into account software error tolerance we could
easily say that maximum voltages have been observed across the same PZT thickness that
will give us a perfect thickness ratio B match. However, as we are dealing here with
numerical analytical analysis involving high accuracy, it is reasonable to avoid
approximations and stick with calculated and simulated results.

All having been said above looks promising, and in general there is a good
agreement between the two models. However, the major concern which could cause
certain level of doubt in the validity of the obtained results (in either way) is their
numerical difference. Table 13 below shows brief results summary and comparison
between randomly selected voltages that have been observed across piezoelectric layers
for cantilever configurations with maximum voltage sensitivity in the case of FEM

simulations and analytical calculations.

Table 13. FEM and calculated cantilever response for the maximum voltage
sensitivity ratios B

Pressure p MATLQZBL\QG[V] for FEM YV [V] for B=1.85
0.1mPa -1.37e-6 -4.09e-7
0.5mPa -6.88e-6 -2.05e-6

1mPa -1.37e-3 -4.09e-6
0.5Pa -6.88e-3 -2.05e-3
1Pa 13.76e-3 -4.09e-3
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According to Table 13 data, it can be clearly seen that the two models predict
different detector sensitivity levels. In comparison with FEM, the theoretical predictions
are pointing to configuration with much higher sensitivity. It turns out that the FEM
based cantilever configuration (THz sensing solution) in comparison with the theoretical
solution is more than three times less sensitive (3.36). Now, it does not matter which
solution among the two is going to be chosen. Of course as THz radiation is very weak,
low pressure acoustic signals are expected; then we obviously prefer a detector with
higher sensitivity. A problem arises in deciding which of the two possible solutions the
correct solution is. The reason for running two different models is to confirm validity of
the obtained results through their agreement and disagreement, and based on the obtained
data to verify the design solution as acceptable (feasible) or not. Thus, the main problem
and question is why there is such a difference in the obtained results between the two
different models and is the difference as such acceptable?

The only reasonable explanation that can be used to approach and justify this
distinction is by analyzing the cantilever’s beam deflection in both models resulting from
application of pressure. The analytical model results in an almost straight line deflection
with curved bend at the fixed end, whereas the simulated model results in curved
deflection. However, both deflections have almost the same length at the loose end with
only 5.1% difference, which is negligible. The voltage difference can be assigned to the
curve at the fixed end of the stiffer beam deflection produced by the analytical model.
The stiffer beam deflection results in higher curve only at the fixed end which produces
higher voltage. The simulated model, on the other hand, results in flexible curving

deflection with less voltage production at the fixed end. In support of this explanation are
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the equations (25) and (26) used in the analytical model to calculate the deflection, which
directly depends on the calculated voltage. The result of this calculation matches the
deflection results in the simulated model (see Table 14), indicating correctness in
generated voltage predictions and the above explanation as valid results disagreement
justification.

Table 14. Calculated and simulated cantilever deflection and voltage generation for
different PZT layer thickness and applied pressure of 1Pa

Calculated Simulated Simulated Calculated
PZT thickness
Deflection Deflection Voltage Voltage
2.7 um -15.05 um -14.27 pm -4.098 mV -14.75 mV
2.5 um -16.87 um -15.34 um -4.092 mV -13.91 mV
1 pum -28.87 um -27.37 um -3.07 mV -9.747 mV
Difference 5.1% Simulated < Calculated~3.3 times

Furthermore, considering the obtained results from another perspective, some sort
of additional justification and certain acceptance level could be still considered. It is true
that the difference between the observed open circuit voltages across sensing element is
more than three times higher or lower in case of these two analytical models. Also, based
on the fact that the observed voltages for both analytical models and for any investigated
configuration always fall within the same expected sensitivity range (mV and pV) it

could be considered as not so bad results agreement, too.
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In addition, as it is already pointed out several times throughout this thesis, the
cantilever sensitivity depends on the model geometry, i.e. on the variations in the
thickness, length and width, as well as on the electromechanical properties (Em, Ep,

ds1, k34, and £%;3) of the materials involved in the structure. During each configuration

analysis all these parameters have been kept the same for both models. Considering the
equations (24), (25) and (26), beside geometry, it is clear that charge and voltage
generation across PZT mainly depends on dz; and %33, while it is partially dependent on
coupling coefficient k3. In each modeling approach the way these parameters have been
used is more than obvious except of k3, in a case of CoventorWare® FEM modeling. It
has been found out that coupling coefficient is not involved in FEM modeling at all, and
that there is no possibility for its inclusion. Hence, all that has been said here is that no
use of k3; by FEM modeling is not one of the main reasons for the different voltage
generations but its involvement could further minimize the occurred difference by ~ 20%
(based on calculations involving k3,=0.344). The nominal piezoelectric coupling
coefficient value for the selected PZT is unknown and is going to be determined during
actual device lab testing. Based on research results, the ks, for the majority of the PZT
materials usually takes values of 0.333, 0.334, 0.344, 0.35, or in some cases 6 or 8, but it
is most often a small value ranging below 1. In the case of all analytical modeling
presented in this report k3, of 0.344 has been used.

Geometry can be attributed for additional effects on the cantilever sensitivity. The
analytical model is based on the governing equations (24), (25) and (26), considering two

layers (elastic and piezoelectric) involvement only, while in the case of FEM modeling,
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as mentioned earlier, the full multi-layer device structure has been used. The full
configuration involves additional three layers (SiO2 and two metal electrodes) with total
increase in cantilever thickness of 0.3pum. It is obvious that in case of the thicker beam,
there is less bending and consequently less voltage generation for the same applied
pressure loads. Thus, if we simulate device structure involving only two constitute layers
as in the mathematical modeling then the difference in voltage generation between two
models is going to be further reduced. The following table (Table 15) shows FEM
simulation results for the full multi-layer structure and for the so called reduced device

structure, structure without SiO2 and two electrodes’ layers.

Table 15. FEM voltage generation for full and reduced layers structure

Full Reduced

Pressure P tm=5um,t,=2.5um +0.3um | ¢, =Sum, t,=2.5um only
V [Volts] V [Volts]
1mPa -4.09e-6 -4.54e-6
10mPa -4.09e-5 -4.54e-5
100mPa -4.09e-4 -4.54e-4
500mPa -2.04e-3 -2.22e-3
1Pa -4.09e-3 -4.54e-3
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From the presented results it occurs that in the case of FEM model simulation
without SiO, and electrodes layers an increase of 10% in voltage generation has been
observed (~0.5 mV in case of 1mPa pressure load). Therefore, taking into account this
fact and the previously discussed coupling coefficient impact (20%) on the voltage
generation in case of FEM modeling, it turns out that the expected simulated detector
sensitivity is in fact more than 30% higher than initially observed. Based on all these
considerations at the end the total difference in cantilever sensitivity predictions between
the analytical and the FEM modeling is further reduced. Taking into consideration an
increase of 30% in the FEM modeling predictions, the predicted analytical model
detector sensitivity is now about two times (2.352) higher than the detector sensitivity
predicted by the FEM modeling.

Before concluding this paragraph it is important to clarify that the expected
cantilever sensitivity in the case of FEM simulation modeling remains the same as
predicted by simulations based on the full model (including SiO, and both electrodes
layers) analysis. The full model is the potential sensing solution that is going to be
implemented and integrated within the sensor configuration shown in Figures 6 and 28.
The reduced model analysis from above and associated 30% increase in sensitivity level
in case of FEM modeling is just a descriptive insight and justification why the difference
in predictions (results) between two models occurred. In other words results validation
and verification.

In addition to all that has been said above, just as a final remark to this
comparison overview, there is another important discussion issue that must be addressed.

Based on the actual cantilever design considerations and its physical implementation
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feasibility, there are some indications related to the insulation layer (SiO2) thickness
increase requirement. This requirement is directly related to the bonding issue between
SiO; and PZT layers. In all analyzed cantilever configurations so far the thickness of
SiOz2 layer has be assumed to be negligibly small (100 nm) and its effect on the detector
sensing performance has been ignored. Now, due to the bonding effect between SiO2 and
PZT layers and the facts that PZT layer in that bond tends to curl-up while SiO, layer
tends to curl-down, another requirement for the thickness balance between these two
layers has arisen. In order to achieve this balance and avoid cantilever curling there are
some indications that the SiO2 layer thickness is going to be increased from 100 nm up to
250nm or 500nm (or even more). If this is going to be the case then it is obvious that due
to the overall beam thickness increment for another 400 nm (in addition to initial 200 nm
thickness) the overall predicted detector sensitivity is going to fall down for
approximately 27%. Taking into account this sensitivity drop, according to the previous
sensor modeling analysis and the designs related to the cantilever configurations for
maximum voltage sensitivity (B=1.96 and B=1.85) there is a concern that the detector
will then lose the portion of its capability related to the detection of THz signals which

belong to lower pV measurable voltage range.

4.3 Rectangular piezoelectric cantilever beam — Configuration |1

This section presents a brief investigation summary of the cantilever configuration
as another possible THz sensing solution intended to be used in the following sensor

configuration (Figure 46).
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Figure 46. Rectangular cantilever L-Edit design layout (Configuration I1)

in case of previous model investigation, the full analytical
CoventorWare® FEM modeling has been conducted once again. In comparison with the
previous modeling the new proposal is in fact a beam with the same geometry
(rectangular shape) but with different cantilevers’ length L and width w. The new sensing
configuration (Figure 43) consists of four identical, symmetrically arranged, one side
fixed beams inside a 6mm circle. The beams’ length and width are 2mm and 1mm
respectively. As already pointed out each single beam from the presented sensing option
is identical in geometry (shape) as the beam whose investigation results have been
presented and analyzed in previous section. Therefore, the descriptive mathematical and

physical behavior of the same beam, which has been just integrated as a sensing element
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within a different sensing configuration has been already presented before and all that has
been said there without exception is applicable here, too. Of course, due to the change in
geometrical dimensions (L, w) different sensitivity levels (voltage response) under the
same photoacustic exposure range (lpPa-1Pa) are expected, observed and discussed
accordingly. With respect to that, based on the previously derived model equations (24),
(25) and (26) for generated electrical charge Q, open circuit electric voltage V and
observed thickness ratios B of 1.96 and 1.85, corresponding maximum voltage sensitivity
configurations have been analyzed and compared with Configuration | sensitivity levels.
The brief results summary related to the maximum voltage sensitivity beams’
configurations with L=2 mm, w=1 mm, and t,, of 2.55 um (analytical model) and 2.7 um
(FEM model) for a pressure load range of 1 mPa to 1 Pa can be seen in the following
tables: Table 16 and Table 17, respectively. Both tables depict the open circuit electric
voltage sensitivity levels response for randomly selected uniformly distributed pressure
loads p from expected THz acoustic pressure range. The presented results for voltage
generation in each modeling case associated with Configuration Il belong to individual
cantilever voltage generation. So, the total (cumulative) sensor voltage generation is four
times higher (four cantilevers in sensing configuration) than depicted in Table 16 and

Table 17.
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Table 16. Calculated voltage response for maximum voltage sensitivity
configuration (B=1.96) for t»,=5 pm and t,=2.55 pm in case of Configuration | and
Configuration Il modeling (comparison)

Voltage V, Configuration |

Voltage V, Configuration Il

Pressure p L=5 mm, w=2 mm L=2 mm, w=1 mm
0.1mPa -1.37e-6 V -2.202e-7V
0.5mPa -6.88e-6 V -1.101e-6 V

1mPa -1.37e-5V 2.202e-6 V
0.5Pa -6.88e-5 V -1.101e-5V
1Pa -13.76e-3 V -2.202e-3V

Table 17. FEM simulated voltage response for maximum voltage sensitivity
configuration (B = 1.85) for tm =5 pm and tp = 2.7 pm in case of Configuration I
and Configuration 11 modeling (comparison)

Voltage V, Configuration |

Voltage V, Configuration Il

Pressure p L=5 mm, w=2 mm L=2 mm, w=1 mm
0.1mPa -4.09e-7V -71.24e-8 V
0.5mPa -2.05e-6 V -3.62e-7V

1mPa -4.09e-6 V -7.24e-7V
0.5Pa -2.05e-3V -3.62e-4 V
1Pa -4.09e-3 V -7.24e-4V

As expected and already observed before, different configuration has responded

differently, exhibiting different sensitivity levels under the same pressure exposures. Due

to the change in length and width for the same maximum voltage thickness ratios B=1.96

and B=1.85 the new beam configuration in comparison with the previous one has shown

tremendous sensitivity decrease. The 2.5 times shorter and twice less wide beam with the
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same overall thickness as the previous one obviously becomes more difficult to bend for
the same pressure loads. Smaller electrical charge amount Q has been created and
reasonably lower open circuit voltages across PZT have been observed. From the
obtained results (Table 16, Table 17) it appears that the new cumulative sensing
configuration solution (Configuration II) is 1.56 (calculated) or 1.41 (FEM simulated)
times less sensitive to acoustic THz radiation then the single L x w (5 mmx 2 mm) beam
solution (Configuration I). Once again for the reasons mentioned earlier the calculated
(theoretical) and simulated (FEM) results are different, but reasonably close to describe
the actual beam behavior in each case.

So, Configuration Il is less sensitive THz radiation sensing solution, and as such
is less acceptable (preferred) than Configuration I. As mentioned several times
throughout this thesis, the predicted THz acoustic radiation (Section 3.5) is expected to
occur within pPa and mPa pressure range. So, based on the modeling predictions in either
case (theoretical, FEM) the new beam configuration proposal which is approximately 1.5
times (or 5.5 times per individual cantilever in configuration) less sensitive will not be
able to detect appearance of any measurable THz signal within lower half if not entire
pPa range.

It is true that Configuration Il sensitivity could be significantly improved if we
use another, the earlier mentioned approach in achieving thickness ratio B for maximum
voltage sensitivity. The way of doing it is to significantly reduce device (elastic)
layer t,, in order to decrease beams’ overall thickness and increase cantilever bending
feasibility. Assuming the device layer to be let say t,,= 2 um instead of 5 um and using

one of the thickness ratios B (1.96 or 1.85) for maximum voltage sensitivity we could
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have much more sensitive configuration with L=2 mm, w=1 mm, t,,= 2 um and t,= 1
um (based on B). This configuration, let say for a pressure load p of 1Pa will give us an
open circuit voltage generation across PZT of V=-5.5 mV (calculated) which compared
with the initial t,;=5 um configuration generated voltage of V=-2.2 mV (Table 16) is
~2.5 times higher. It is obvious that this approach has increased cumulative configuration
sensitivity for ~2.5 times (-22.02 mV), and comparing it with Configuration | sensitivity
of V=-13.76 mV (Table 16) this configuration is ~1.6 times more sensitive and as such is
considered as preferred THz sensing solution. However, according to some overall sensor
design considerations, the cantilever physical implementation with device layer thickness
below Sum is not currently considered as an acceptable option. Several attempts to
fabricate cantilever with device layer thickness of 5 um failed. Thus, Configuration I still
remain preferred sensing option only based on sensor physical implementation feasibility

rather than on sensing performance.

4.4 Cross tethers sensing configuration

As stated in Section 3.6 the cross tethers sensing configuration is the last
cantilever based sensing option, the sensing performance of which has been analyzed and
investigation findings have been presented within this research work. The proposed
sensing configuration (greatly enlarged version of Figure 16 from Section 3.6) is as
shown in Figure 47 below. Besides configuration geometry the main difference between
this and previous two cantilever sensing configurations are greatly reduced PZT covering
area and tethers (beams’) movement freedom (no loose beams ends) when exposed to

pressure loads.
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1-inx 1-in Si frame PZT transducer 6mm long tethers 6mm cylindrical cell opening

5um Device layer 0.1um buried Si02

Figure 47. 3D solid model of cross tethers sensing configuration

The device design and FEM simulation modeling have been conducted in the
same fashion as it was case in previous two analyzed configurations. After initial 2-D L-
Edit© layout designs the CoventorWare® 3-D solid models have been generated, the
mesh analysis has been conducted and the adequate mesh models have been generated.
The 3-D mesh model that belong to the configuration with thickness ratio for maximum

voltage sensitivity (B=1.85) is shown in Figure 48.
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Figure 48. Manhattan bricks mesh model with mesh optimal density of x = 200 pm,
y =200 pm and z = 200 pm

The device behavior and sensing performance in terms of maximum voltage
generation have been analyzed by series FEM simulations through the use of the
CoventorWare® MemMech and piezoelectric solvers. The simultaneous voltage
generation across each PZT layer (four) under uniformly distributed pressure loads from
expected terahertz photoacoustic range (Section 3.5) has been observed and analyzed.
The FEM calculated amounts of generated electrical voltage at the top of each PZT plate

for a randomly selected photoacoustic pressure loads are as presented in Table 18.
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Table 18. Generated voltages for the cross tethers beam based sensing configuration

Voltage Voltage Voltage Voltage V Total

Pressure P
PZT-top 1 PZT-top 2 PZT-top 3 PZT-top 4 Voltage
0.1 mPa -0.22 v -0.22 uv -0.22 v -0.22 pv -0.87 pv
0.5 mPa -1.08 uv -1.08 uVv -1.08 uv -1.08 uv -4.33 uv
1 mPa -2.16 pv -2.16 uV -2.16 pv -2.16 uv -8.67 uv
500 mPa -1.07 mV -1.07 mV -1.07 mV -1.07 mV -4.29 mV
1 Pa -2.15 mV -2.15 mV -2.15 mV -2.15 mV -8.59 mVv

As can be seen from obtained results the equal amount of the generated voltage
has been observed on the top of all four PZT plates. This equal voltage distribution is a
result of perfect device solid model and mesh modeling. Less accurate solid or mesh
models usually produce more or less different voltage generation levels on the
symmetrically arranged PZT transducers. What is the most important is the fact that this
device responds significantly and most importantly responds to a measurable voltage
levels even for a very low pressure loads such are those generated by weak terahertz
electromagnetic radiations. An example is a voltage (total cumulative value) of 0.86 uV
which has been generated as result of uniformly distributed pressure load (100 nPa) from
a bottom of uPa photoacoustic pressure range. Thus, based on the obtained results, the
new sensor design had an expected impact on the device overall sensing performance
with pay off in improved detector sensitivity. The Table 19 provides brief results
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summary and comparison in sensitivity levels between this and the sensing options
analyzed in Section 4.2 and Section 4.3. The results in the last two table columns
represent the total (cumulative) voltage generation across all four symmetrically arranged

configurations’ transducers shown in Figure 43 (Section 4.3) and Figure 44 above.

Table 19. Generated voltages across PZT for three different sensing configurations

Voltage Total Voltage Total voltage
Pressure p
Configuration | Configuration Il Cross tethers beams

0.1 mPa -0.41 pv -0.29 uv -0.86 uV
0.5 mPa -2.05 uv -1.445 pv -4.33 uV
1 mPa -4.09 uv -2.89 uv -8.67 uv
500 mPa -1.45 mV -1.45 mV -4.29 mV
1 Pa -4.09 mV -2.89 mV -8.59 mVv

The results indicate that the single rectangular shape cantilever sensor
(Configuration 1) is approximately about 30% more sensitive than Configuration Il but
52% less sensitive than cross tethers sensing option. So, the cross tethers (beams) based
configuration in terms of maximum voltage sensitivity performs much better than the
CoventorWare® MemMech other two previously analyzed options.

Furthermore, using solver the modal analysis of the structure has been performed.
The aim of this analysis was to investigate the device mechanical response (deformation

modes) under uniformly distributed photoacoustic pressure loads and to calculate the
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natural resonant frequencies associated with each modal shape. The investigation results
have indicated which mode will ensure maximum device response based on its
displacements and consequently the maximum amount of electrical charge generation as
result of induced stress in device X, y, and z directions. The analysis has been performed
for the very low 100Hz to 1600Hz harmonic frequency range on the 10mPa pressure-
loaded tethers configuration with requested 10 frequencies display. The device is
examined for various mode shapes and its resonant frequencies have been determined

accordingly. The obtained results for each modal shape are shown in Table 20.

Table 20. Calculated resonant frequencies for cross tethers beam configuration

Modes Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

Resonant
201kHz | 432kHz | 433kHz | 6.23kHz | 7.89 kHz | 10.12 kHz
frequencies

Once again it has been found that Mode 1 impact on the device response is much
higher than are impacts of the other modal shapes. The resulting vibrating pattern (greatly
enlarged) of this mode and its generalized displacement response as a function of
frequency is presented in Figure 49 and Figure 50. The remaining mode shapes of
vibrating pattern with associated resonant frequencies and generalized displacements

response can be seen in Appendix B.
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Figure 49. Mode 1 vibrating pattern with resonant frequency of 2013.2 Hz
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Figure 50. Sensor Generalized Displacement for Mode 1

45  Circular membrane sensing configuration

The first of two membrane based sensing configurations which were considered
and analyzed as a potential THz sensing solution is a multilayer circular membrane. The
main consideration objective was to design, analyze and then if it turns out to be
reasonably good sensing option to fabricate a flat, thin multilayer circular membrane with
a high quality piezoelectric thin film which could be then used as effective sensing
element in the detection of electromagnetic terahertz radiation.

The initial plan was to conduct membrane modeling and performance analysis
using FEM simulations, and then if the simulated results give us strong indication that the

simulated membrane could be considered as possible THz sensing option, the simulations
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will be validated by analytical calculations based on appropriate analytical sample case.
Based on actual L-Edit© design layout and using CoventorWare® FEM Simulation
Process Editor Tools, the device solid model generation (Section 3.7, Figure 17), the

mesh model analysis and adequate model meshing (Figure 51) have been performed.

Figure 51. Membrane 3D FEM mesh model

Due to the membrane specific circular geometry and huge computing time
required the extruded tetrahedrons with parabolic element order has been selected as the
appropriate meshing option. The mesh sometimes looks irregular (as in case above),
however, the Extruded/Pave meshing in general generate accurate results for all solvers
[24]. The mesh analysis has been performed and it has been found that two meshing
options with different mesh density produce the same results. The Table 21 provides a

brief summary of the performed mesh analysis.
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Table 21. Membrane deflection response to uniformly distributed pressure loads

Element size 1000 um | Element size 600 um Element size 300 pum
Pressure p Deflection ‘z’ Deflection ‘z’ Deflection ‘z’
luPa -2.7e-11 um -5.3e-11 um -5.3e-11 ym
1mPa -2.7e-8 um -5.3e-8 um -5.3e-8 um
1Pa -2.7e-3 pm -5.3e-3 um -5.3e-3 um

From the obtained results it can be seen that the two meshes (minimum
requirement) with parabolic element order and element size in planar direction of 600 um
and 300 um and 5 um in extruded direction, generate essentially the same deflection
results; therefore, the model can be considered mathematically accurate. Due to the
significant difference in computing time the mesh model with mesh density involving
element size of 600 um in planar and 5 um in extruded direction has been used
throughout entire model simulation and testing process.

The initial FEM simulations and analysis have been firstly performed on the
standard, then on the reduced in thickness membrane configurations. Standard manly
refers to the membrane model implemented on a 100 mm Silicon On Insulator (SOI)
wafer with device and piezoelectric layer thickness of 5 um and 2.7 um (B=1.87)
respectively. So, the model with an overall membrane thickness of 8 um (including SiO2
and two metal layers) has been exposed to the expected THz photoacoustic pressure
range (/uPa - 1Pa). After the performed simulations it has been found out that the

membrane does not respond to the prescribed acoustic pressure levels at all. Due to the
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relatively high overall thickness and the fact that the membrane has been entirely fixed all
around its circumference the applied loads have not been able to produce any significant
device deformation or any deformation at all. Just as an illustration of the membranes
insensitivity, here are a few deflection results (Table 22) related to the pressure loads of

10 Pa, 20 Pa and 40 Pa, respectively.

Table 22. Membrane deflections for maximum voltage sensitivity configuration
(B=1.85) for t,=5 pm and t,=2.7 pm

Pressure p Deflection z
10 Pa -0.53 nm
20 Pa -1.06 nm
40 Pa -2.2nm

The typical 3D FEM simulation result of the piezoelectric membrane simulations

is presented in Figure 52.
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Figure 52. FEM simulation result of circular membrane for a pressure load of
10 Pa

As can be noticed, due to negligible membrane deflection, even for a uniformly
distributed pressure load of 10 Pa, the visible sensing deformation could not be observed

without huge simulation enlargement, as shown in the following figure (Figure 53).
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Figure 53. Enlarged FEM simulation result of circular membrane for a pressure
load of 10 Pa

From the obtained results, even for simulations related to pressure loads that are
well outside the THz photoacoustic range, there is no indication of any electric charge
and voltage generation. Based on presented, the observed membrane configuration with
an overall thickness of 8um, without a question, is not a sensing solution that we are
looking for. In respect to all these, it is obvious that if we want a membrane as integrated
open circuit sensing solution, in that case the membrane must a be really thin device with
a high quality PZT. Furthermore, as an attempt, and of course as a part of research work,
in order to get an estimation insight into thin membranes’ sensitivity levels, and how far

we can go in membranes’ thickness decrease, another so called reduced model membrane
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(reduced in thickness) has been designed, simulated and investigated. Due to some
considerations associated with the sensor physical implementation feasibility it is still
unknown (testing required) how far below 5 um we can go in device layer thickness
decrease. With respect to that, in order to analyze a reasonably feasible thin membrane
and to observe its sensitivity level the t, =1.5 um has been randomly selected. So, based
on the FEM thickness ratio (1.85) for a maximum voltage sensitivity, the membrane
configuration with an overall thickness of 2.6um (ty =1.5 um, t,=0.8 um, SiO2 and metal
layers 0.1 um) has been investigated. The selected portion of obtained results for selected

pressure loads of 1 Pa, 5 Pa and 10 Pa are as presented in Table 23.

Table 23. Membrane deflections and corresponding voltage response in a case of
reduced thickness configuration (B=1.85) with t;,=1.5 pm and t,=0.8 pm

Pressure p Deflection z Generated V
1Pa -0.1 nm -0.029 nv
5 Pa -0.51 nm -0.15 pv
10 Pa -1 nm -0.29 uv

Once again the obtained results show that membrane even with a decrease in
overall thickness of almost three times in comparison with previous version is not
sensitive enough to be able to detect any measurable signal from THz radiation range.
The reason for membrane sensing inefficiency, as already pointed out, is due to the fact
that the membrane in contrast to cantilever (one or both sides fixed) is fully fixed around

entire circumference. As a result, as observed, much higher pressure levels are required to
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produce the same deflections in “z” direction, and consequently to cause the same
piezoelectric deformation in the membrane edge areas, where the electrical charge in fact
IS going to be generated. Thus, based on observed device insensitivity the membrane as
such should not be considered as potential terahertz sensing option.

In addition to all that has been said above in relation to the circular membrane
insensitivity, Appendix C contains FEM results related to membrane Modal and the
Mises Stress analysis which give a deeper insight into the behavior of the membrane

under uniformly distributed photoacoustic pressure loads.

4.6  Square membrane sensing configuration

This section presents a brief FEM investigation summary of the square membrane
sensing configuration. Its L-Edit© design layout and the generated 3-D solid model are
shown in Figure 18 and Figure 19 (Section 3.7) respectively. Due to the device specific
geometry the extruded bricks with parabolic element order has been selected as the
appropriate meshing model. The mesh analysis has been conducted and the adequate

mesh model has been generated, which can be seen in Figure 54.
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Figure 54. FEM 3D meshed model of the square membrane

As indicated in Figure 51, the four piezoelectric transducers of the same size (300
um x 300 pm x 3 pm) and shape have been deposited on four symmetrically separated
membrane locations. The transducers belong to configuration with thickness ratio B=1.85
for maximum voltage sensitivity where the thickness of device and PZT layer is 5 um and
2.7 um respectively and the individual thickness of the metal (top and bottom) and SiO2
layers is 0.1 um. The membrane behavior and sensing performance in terms of maximum
voltage generation have been analyzed by a series of FEM simulations utilizing the
CoventorWare® mechanical and piezoelectric solvers. As it was case with cross tethers
cantilever configuration, the simultaneous voltage generation across each PZT layer
(four) under uniformly distributed pressure loads from the expected terahertz

photoacoustic range (Section 3.5) has been observed and analyzed. The FEM calculated
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voltage generation at the top of each PZT plate for selected pressure loads from terahertz

photoacoustic pressure range is as presented in Table 24.

Table 24. Generated voltages for the square membrane sensing configuration

Voltage Voltage Voltage Voltage V Total
Pressure P
PZT-top 1 PZT-top 2 PZT-top 3 PZT-top 4 Voltage

0.1 mPa -0.87 uv -0.87 uv -0.87 uv -0.86pV -3.46 uv
0.5 mPa -4.31 pv -4.31 uvV -4.31 pv -4.30pV -17.21 pv
1 mPa -8.68 uv -8.68 uv -8.68 uv -8.62uV -34.66 pV
500 mPa -4.34 mV -4.34 mV -4.34 mV -4.31mV -17.33 mV
1 Pa -8.57 mV -8.57 mV -8.57 mV -8.51mV -34.22 mV

As can be seen from the obtained results an equal amount of generated voltage
has been observed on top of the three PZT plates, while the voltage generated on the
fourth PZT plate is slightly different. The reason for this negligible difference (0.72%),
which does not have any impact on the validity of the performed device performance
analysis due to a small deviation in dimensions between the fourth and the other three
transducers that occurred during membrane L-Edit© layout design. The most obvious
reason could be extremely small misalignment in the overlapping layers that occurred in
the case of the fourth transducer design. This deviation from the exact overlapping layers
had an impact on the generated mesh accuracy and consequently produced negligibly

small error in voltage generation.
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However, the most important observation is that this device with a significant
change in configuration geometry exhibits tremendously high voltage sensitivity level
like no one of the sensing options whose sensing performance have been discussed in this
research work. Just as an illustration (Table 24) of its high sensitivity is a voltage
generation of even 3.46 puV (cumulative value) as a response to uniformly distributed
pressure load (100 nPa) from a very bottom of puPa photoacoustic pressure range. Having
in mind the estimated terahertz photoacoustic pressure loads, ranging between pPa and
mPa pressure levels (Section 3.5), this level of detector sensitivity is exactly what we are
looking for. Based on the obtained results there is no doubt that a square membrane
sensing configuration will be able to detect weak THz electromagnetic radiation.

The Table 25 provides brief results summary and comparison in sensitivity levels
between the square membrane and other two out of the four remaining analyzed sensing

configurations, which were among the options with achieved better sensitivity results.

Table 25. Generated voltages across PZT for three different sensing configurations

Voltage V Total voltage V Total voltage V
Pressure p
Configuration | Cross tethers beams | Square membrane

0.1 mPa -0.41 pv -0.86 uVv -3.46 uV
0.5 mPa -2.05 pv -4.33 uvV -17.22 v
1 mPa -4.09 uv -8.67 uv -34.66 pvV
500 mPa -1.45 mV -4.29 mV -17.33 mV
1 Pa -4.09 mV -8.59 mVv -34.22 mV
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The presented results clearly show that all three sensing configurations have
demonstrated the ability to respond effectively to any pressure load from entire terahertz
photoacoustic radiation range. These results indicate that the square membrane sensing
performance is by far superior compared to the other two solutions, exhibiting by
approximately about four times more sensitivity than the configuration involving cross
tethers beams, and more than eight times more sensitivity than Configuration I.

As it was case with any of the previous configuration investigations, FEM
simulations were also performed on square membrane in order to determine its resonance
frequency and mechanical vibration mode patterns. The resulting vibrating pattern for the
first six modes and associated resonant frequencies for a pressure load of 10 mPa and

harmonic frequency range from 100 Hz to 1600 HZ is shown in Figure 55.

136



75601 10Ev00
COVENTOR

Mode 1 (1246.03 Hz)

4"’ '
=z

i [ A ]
%% Mode Diplcararthiag O0EW0 | 251 | SEG)  TEEG! | 10Ew0
COVENTOR

Mode 3 (2806.17 Hz)

k - wo: D0EMD e | SIEOV  TAEM | 10Ek00
COVENTOR

Mode 2 (2805.52 Hz)

}(

:

+00
COVENTOR

Mode 4 (3734.37 Hz)

_-—

COVENTOR

k Mogal Displacemant Mag E+00

Mode 5(5869.87 Hz)

Figure 55. Resulting vibrating pattern and resonant frequencies for a load of 10

mPa

Modal Displacement Mag

COVENTOR

Mode 6 (7046.84 Hz)

137




From presented it can be clearly seen that all six modes more or less contribute to
the membrane response. Among presented, the Mode 1 shown in Figure 48 with
corresponding resonant frequency of 1246.03 Hz will provide maximum membrane
response (displacement) to a uniformly distributed pressure loads. The corresponding

generalized Displacements plot (displacement as function of frequency) is shown in

Figure 56.
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Figure 56. Square membrane generalized displacements plot

In addition to the above the Mises stress is used to show the generalized stress

distribution in the square membrane. Figure 57 shows that maximum Mises stress of 11
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kPa is concetrated outside the 0.3 um x 0.3 um PZT coverage ares. In order to maximize
configuration response (increase sensitivity) as part of FEM sensor optimization the PZT
sensing area has been increased from 0.3 um x 0.3 pm to 0.52 pm x 0.52 um in order to
cover membranes’ areas where Mises stress is most pronaunced. However, the expected
increase in voltage sensitivity has not been achived. The obtained results in Apendix D
shows that an increase in PZT area did not provide expected sensitivity increase so, the
previous sensing geometry with PZT area of 0.3 um x 0.3 um is still prefered sensing
option. The reason for this is that maximum Mises stress will always occur just below
PZT ares where silicon membrane is thiner while the effective bending in PZT covered
areas will happened close to the fixed membranes ends. The obtained results for voltage
generation of this optimization attempt for rendomly selected photoacoustic pressure
loads and their comparison with configuration results involving 0.3 pm x 0.3 um PZT

transducers are presented in Appendix D.
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Figure 57. Mises stress distribution of a square membrane configuration

4.7  Summary

This chapter went through the analysis of the sensing performance of five
different MEMS detector configurations that can be used as potential THz photoacoustic
sensing options. Analytical, as well as FEM modeling results were discussed. In each
case the effect of variations in models’ geometrical dimensions and impact of materials
electromechanical properties on sensing performance have been investigated and
presented accordingly. Based on the obtained results the sensing options have been

evaluated and compared with each other to determine the best sensing performance. After
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the conducted investigations, it has been discovered that there is some level of
disagreement between theoretical (calculated) and FEM simulated results. The possible
reasons and justification for the observed disagreement have been discussed within
relevant chapter sections. According to the obtained results, the square membrane is the
best terahertz photoacoustic sensing solution. Compared to the others, the square
membrane has demonstrated the ability to respond effectively to any radiation level from
the entire THz photoacoustic range, while exhibiting tremendously high sensitivity. In
addition to the square membrane, the cross tethers beam configuration has demonstrated
reasonable high sensing performance, being able to respond significantly well with a
significant measurable voltage response. The remaining configurations have
demonstrated much lower sensitivities and inability to effectively cover the entire THz
photoacoustic range or even to demonstrate almost any ability to respond to any

photoacoustic pressure input.

V. Conclusions and Recommendations

The objective of this research work was to design and develop a novel
photoacoustic detector responsive to sub-millimeter/terahertz radiation. Due to the nature
of the proposed research activity, many different terahertz sensing configurations were
designed and analyzed. Initially, when the research began, it was not clear what the
expected detector functionality was and which MEMS based sensing configuration would

respond effectively and which would not; however, at this stage it is possible to draw
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some conclusion about the outcomes, whether positive or negative, and based on these

recommendations can be made.

51 Conclusions

The expected outcome of this research is a terahertz photoacoustic detection that
may lead to the development of the hand held THz chemical sensors and THz detector
arrays for imagining. Besides a number of other components that will be used to build a
photoacoustic system, there is a requirement for the development of highly sensitive
detector as the vital part of the intended terahertz photoacoustic sensor design. Based on
the fact that THz electromagnetic radiation is a very short and weak pulse emission, the
feasibility of its detection is seen in the utilization of MEMS cantilever-based sensors.
This research has gone through the whole process of detector development with the main
focus on sensor analytical and FEM modeling. Initially, based on L-Edit© detector
surface modeling designs and fully developed device fabrication process, several
cantilever sensing configurations have been intended to be fabricated and tested. The
observed sensing performance was to be compared with analytical and simulated results.
This research modeled five different detector configurations whose sensing performance
has been evaluated, assessed and compared among each other. In each case, the effect of
variations in the models’ geometrical dimensions and impact of materials’
electromechanical properties on sensing performance has been investigated. After
conducted investigations, it has been determined that the square membrane sensing
performance is by far superior compared to the other solutions and as such is
recommended as the preferred terahertz sensing option.
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5.2 Recommendations

After completion of this investigation there are many recommendations that can
be made. Some of them are obvious and already have been more or less recognized and
stated within relevant thesis sections. First of all, during this research work several
sensing configurations have been developed whose sensing performance have been
assessed by analyzing the collections of analytical and simulated data results. Some of the
configurations have been identified as potential terahertz sensing solution while some are
not. Hence, to confirm assessment validity, verify and evaluate configurations that have
been identified as potential sensing option the fabrication and actual device sensitivity
measurements and comparison with simulated results would be required. Furthermore,
based on the requirement for the development of highly sensitive MEMS based detector,
responsive to a weak terahertz electromagnetic radiation in order to improve its
sensitivity the modeling and sensing performance analysis of cantilever based sensing
configurations involving double piezoelectric layer would be one possibility for
improvement. This research work has been focused on the sensing options with single
piezoelectric layer configurations, however based on some published research results [13]
the use of double layer configurations with the same geometrical dimensions could
significantly improve detectors sensitivity. Another recommendation could be to conduct
an investigation related to device layer thickness decrease. From the sensor physical
implementation point of view it is still unknown how far below Sum device layer
thickness it is possible to go. As mentioned earlier, several attempts of fabricating
cantilever with Sum device layer failed; hence, in order to determine the reason of failure

and thin device layer fabrication feasibility an investigation into material properties and
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fabrication process would be required. A sensing configuration with defined thickness
ratio for maximum voltage sensitivity involving thinner device layer would increase
detector sensitivity significantly as discussed and presented in Chapter IV. Besides the
recommendations related to detector sensing performance improvement there is always
room for sensor optimization options which mainly involve investigation in new
configuration shape (geometry), optimal piezoelectric coverage area or possibility of
using materials with different electromechanical properties. The last mentioned
recommendation would be required especially in the case of MEMS membrane-based
sensing configurations development, where thickness, shape and membranes’ elasticity

are main factors that define detectors sensing performance.

53 Contributions

Some valuable contributions were made in the completion of this research work. These

contributions are listed below.

- The thickness ratio B for maximum voltage sensitivity has been observed and
as such can be used as a valid data in the future cantilever sensing
configurations designs involving Si and PZT materials as main device

structural layers.

- Two out of five developed sensing configurations, namely cross tethers and
square membrane sensing configurations are unique sensing options which

have demonstrated high sensitivity level and as such with a further
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optimization can be thought as a possible THz radiation sensing solutions for

a detector in development.

This research modeled five different sensing configurations with full L-Edit
design layouts and FEM simulation results for the voltage generation across
PZT sensing elements for the entire estimated terahertz photoacoustic pressure
range. Based on the obtained results future work may require only device
fabrication, its testing and obtained test results comparison with the already

provided simulated results.
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Appendix A

A-1  THz Photoacoustic Cantilever Fabrication Procedures
Wafer Purpose Mask # 1 Process Print Date
Wafer ID SEM CONF SUBSTRATE BOTTM  WAFER CLEANING
Init. Process Step Notes Date
Time
INSPECTWAFER: Start Date
X Mote any defects Start Time

SOLVENT CLEAN WAFER:

30 sec acetonerinse at 500 rpm

30 sec methanolrinse at 500 rpm

30 secisopropyl alcohol rinse at 500 rpm
Dry with nitrogen at 500 rpm

Dry waferwith nitrogen on clean texwipes

B B

DEHYDRATION BAKE:
1min 110°C hot plate bake

SF-11 RESIST COAT:
Flood waferwith SF-11
30secspinat 4,000 rpm
2min 200°C hot plate bake

1805 COAT:

Floodwaferwith 1805

30secspinat4,000 rpm

Thsec 110°C hot plate bake

lUse acetone to rermove 1805 on backside with swab

EXPOSE 1805 WITH MIT MATERIAL MASK:
Mo alignmentforfirstlevel mask needed, however mask should be straight
3.0 sec exposure using EVG 620

1805 DEVELOP:

45 sec developwith 351:01(1:5), at 500 rpm
30sec Dl waterrinse at 500 rpm

Dry with nitrogen at 500 rpm

Dry waferwith nitrogen on clean texwipes

EXPOSE WITH DUV {~1.5 pm / cycle):
200 sec DUV exposure @ 35 mWicm?, 254 nm

SF-11 DEVELOP:

60 sec bucket develop with SAL 101

20 secrinse with DI water

Drywaferwith nitrogen on clean texwipes

INSPECT RESIST:
Inspect photoresistunder microscope

OXYGEN PLASMA ASHER:
5 min at 7AW

MIT DEPOSITION:
Sputter 200 nm Vo2
Oz plasma ash 2 min at 75'W

LIFT-OFF MIT:

Heat 1165 removerto 90°C (set hot plate to 170°C)
Full off metal with scotch tape

5 min (until metal lifts off) ultrasonic bath in acetone
5minsoakin 1165 at 90°C

30secDlrinse at 500 rpm

Drywaferwith nitrogen on clean texwipes

INSPECTMETAL:
Inspect metal under microscope

TENCOR MEASUREMENT:
Measure metal step height

T___ c__ B
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Wafer Purpose Mask # 2 Process Print Date
Wafer 1D SEM CONF DEPOSITION of Si02-SUBSTRATE BOTTOM SPUTTER 100nm Si02
Init. Process Step Notes Date
Time
INSPECTWAFER: Start Date
X MNote any defects Start Time

SPUTTERING Si02:
X Sputter 100 nm Si02

DEHYDRATION BAKE:
1 min 110°C hot plate bake

SF-11 RESIST COAT:
Flood wafer with SF-11
30secspinat4,000 rpm

2 min 200°C hot plate bake

1805 COAT:

Floodwaferwith 1805

30secspinat 4,000 rpm

75 sec 110°C hot plate bake

Use acetone to remove 1805 on backside with swab

EXPOSE 1805 WITH MIT MATERIAL MASK:
Mo alignmentforfirstlevel mask needed, however mask should be straight
3.0sec exposure using EVG 620

1805 DEVELOP:

45 sec developwith 351:DI1(1:5), at 500 rpm
30sec Dl water rinse at 500 rpm

Dry with nitrogen at 500 rpm

Drywaferwith nitrogen on clean texwipes

EXPOSE WITH DUV {(~1.5 uym / cycle):
200 secDUV exposure @ 35 mW/cm?, 254 nm

SF-11 DEVELOP:

60 sec bucket develop with SAL 101
30secrinse with DI water

Drywaferwith nitrogen on clean texwipes

INSPECTRESIST.
Inspect photoresist under microscope

OXYGEN PLASMA ASHER:
5 minat 75W

MIT DEPOSITION:
Sputter 200 nm Vo2
Oz plasma ash 2 min at 7oW

LIFT-OFF MIT:

Heat 1165 removerto 80°C (set hot plateto 170°C)
Full off metal with scotch tape

5 min (until metal lifts off) ultrasonic bath in acetone
5minsoakin 1165 at 90°C

30secDlrinse at 500 rpm

Drywaferwith nitrogen on clean texwipes

INSPECTMETAL:
Inspect metal under microscope

TENCORMEASUREMENT:
Measure metal step height

T__ c_______ B
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Wafer Purpose Mask # 3 Process Print Date
Wafer ID SEM CONF PHOTRESIST ON SiO2 BOTTOM RESIT COAT
Init. Process Step Notes Date
Time
INSPECTWAFER: Start Date
O Mote anydefects Start Time

SOLVENT CLEAN WAFER:

30 sec acetonerinse at 500 rpm

30 sec methanolrinse at 500 rpm

30 secisopropyl alcoholrinse at 500 rpm
Dry with nitrogen at 500 rpm

Dry waferwith nitrogen on clean texwipes

[P

DEHYDRATION BAKE:
X 1 min110°C hot plate bake

SF-11 RESIST COAT:

X Floodwaferwith SF-11

X 30 secspinat 4,000 rpm
X 2 min200°C hot plate bake

1805 COAT:

X Floodwaferwith 1805

X 30secspinat4,000 rpm

X 75 sec 110°C hot plate bake

X Use acetone to remove 1805 on backside with swab

EXPOSE 1805 WITH MIT MATERIAL MASK:

X Mo alignmentforfirstlevel mask needed, however mask should be straight

X 3.0 sec exposureusing EVG 620

1805 DEVELOP:

X 45 sec developwith 351:01(1:5), at 500 rpm
X 30 sec Dlwaterrinse at 500 rpm

X Dry with nitrogen at 500 rpm

X Dry waferwith nitrogen on clean texwipes

EXPOSE WITH DUV {~1.5 pm [ cycle):
X 200 sec DUV exposure @ 35 mWicm?, 254 nm

SF-11 DEVELOP:

X 60 sec bucket develop with SAL 101

X 30 secrinsewith DI water

X Drywaferwith nitrogen on clean texwipes

INSPECTRESIST:
X Inspect photoresistunder microscope

OXYGEN PLASMA ASHER:
X B minat75W

DEEP REACTIVE ION ETCHING
X 5i02 6mm hole on the bottom side

LIFT-OFF MIT:

X Heat 1165 removerto 80°C (set hot plateto 170°C)

X Repeat SOLVENT CLEANWAFER PRCEDURE FROM THE TOP
X Lift Off Photoresist

X 5 min (until metal lifts off) ultrasonic bath in acetone

X 5minsoakin 1165 at 90°C

X 30secDlrinse at 500 rpm

X Dry waferwith nitrogen on clean texwipes

INSPECTMETAL:
X Inspect metalunder microscope

TENCOR MEASUREMENT:
X Measure metal step height

T c__ B
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Wafer Purpose Mask # 4 Process Print Date
Wafer ID SEM CONF S5um DEVICE LAYER CLEANING
Init. Process Step Notes Date
Time
INSPECTWAFER: Start Date
X Mote any defects Start Time

SOLVENT CLEAN WAFER:

30 sec acetonerinse at 500 rpm

30 sec methanolrinse at 500 rpm

30 secisopropyl alcohol rinse at500 rpm
Dry with nitrogen at 500 rpm

Dry waferwith nitrogen on clean texwipes

e B

DEHYDRATION BAKE:
X 1 min110°C hot plate bake
X Si02 100nm Sputtering

1805 COAT:

X Floodwaferwith 1805

X 30secspinat4,000 rpm

X 75 sec 110°C hot plate bake

X Use acetone to remove 1805 on backside with swab

EXPOSE 1305 WITH MIT MATERIAL MASK:

X Mo alignmentforfirstlevel mask needed, however mask should be straight

X 3.0 sec exposure using EVG 620

1805 DEVELOP:

X 45 sec developwith 351:01(1:5), at 500 rpm
X 30 secDlwaterrinse at 500 rpm

X Dry with nitrogen at 500 rpm

X Dry waferwith nitrogen on clean texwipes

WetEtch 5i02
X Wet Etch 5i02

INSPECTRESIST:
X Inspect photoresistunder microscope

OXYGEN PLASMA ASHER:
X 5 minat75W

LIFT-OFF MIT:

X Heat 1165 removerto 80°C (set hot plateto 170°C)

X Repeat SOLVENT CLEANWAFER PRCEDURE FROM THE TOP
X Lift Off Photoresist

X B min {until metal lifts offyultrasonic bath in acetone

X 5minsoakin 1165 at 90°C

X 30sec Dl rinse at 500 rpm

X Dry waferwith nitrogen on clean texwipes

INSPECTMETAL:
X Inspect metalunder microscope

TENCOR MEASUREMENT:
X Measure metal step height

T c___ B
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Wafer Purpose Mask # 5 Process Print Date
Wafer ID SEM CONF GOLD 1 EVAPORATION
Init. Process Step Notes Date
Time
INSPECTWAFER: Start Date
X Mote any defects Start Time

SOLVENT CLEAN WAFER:

30sec acetonerinse at 500 rpm

30sec methanolrinse at 500 rpm
30secisopropyl alcoholrinse at 500 rpm
Dry with nitrogen at 500 rpm

Dry waferwith nitrogen on clean texwipes

PR

DEHYDRATION BAKE:
X 1min110°C hot plate bake

SF-11 RESIST COAT:

X Floodwaferwith SF-11

X 30secspinat4,000rpm
X 2min200°C hot plate bake

1805 COAT:

X Floodwaferwith 1805

X 30secspinat4 000rpm

X Thsec 110°C hot plate bake

X Useacetoneto remove 1805 on backside with swab

GOLD 1:
X Moalignmentforfirstlevel mask needed, however mask should be straight
X 3.0 sec exposure using EVG 620

1805 DEVELOP:

X 45sec developwith 3571:01(1:5), at 500 rpm
X 30sec Dl waterrinse at 500 rpm

X Dry with nitrogen at 500 rpm

X Dry waferwith nitrogen on clean texwipes

EXPOSE WITH DUV {(~1.5 pm [ cycle):
® 200 sec DUV exposure @ 35 mW/cm? 254 nm

SF-11 DEVELOP:

X B0sec bucket developwith SAL 101

X 30secrinse with DI water

X Dry waferwith nitrogen on clean texwipes

INSPECTRESIST:
A Inspect photoresistunder microscope

OXYGEN PLASMA ASHER:
X B minat 7TBW

GOLD 1:

X Evaporation

LIFT-OFF MIT:

X Heat1165 removerto 90°C (set hot plate to 170°C)
X Pull off metal with scotch tape +whole solvent clean wafer procedure fromtop
X B min (until metal lifts offjultrasonic bath in acetone
X 5 minsoakin 1165 at 80°C

X 30secDlrinseat 500 rpm

X Dry waferwith nitrogen on clean texwipes
INSPECTMETAL:

X Inspect metal under microscope

TENCOR MEASUREMENT:

X Measure metal step height

T c____ B
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Wafer Purpose Mask # 6 Process Print Date
Wafer ID SEM CONF PZT PZT SPUTTERING
Init. Process Step Notes Date
Time
INSPECTWAFER: Start Date
X Mote any defects
Start Time

SOLVENT CLEAN WAFER:

30sec acetonerinse at 500 rpm

30sec methanolrinse at 500 rpm
30secisopropyl alcoholrinse at 500 rpm
Dry with nitrogen at 500 rpm

Dry waferwith nitrogen on clean texwipes

[

DEHYDRATION BAKE:
X 1min110°C hot plate bake

SF-11 RESIST COAT:

X Floodwaferwith SF-11

X 30secspinat4,000rpm
X 2 min200°C hot plate bake

1805 COAT:

X Floodwaferwith 1805

X 30secspinat4,000rpm

X T75sec110°C hot plate bake

X Useacetoneto remove 1805 on backside with swab

PZT:
X Moalignmentforfirstlevel mask needed, however mask should be straight
X 3.0 sec exposure using EVG 620

1805 DEVELOP:

X 45sec developwith 351:D1(1:5), at 500 rpm
X 30sec Dl waterrinse at 500 rpm

X Dry with nitrogen at 500 rpm

X Dry waferwith nitrogen on clean texwipes

EXPOSE WITH DUV {~1.5 pm / cycle):
X 200 sec DUV exposure @ 35 mWicm?, 254 nm

SF-11 DEVELOP:

X 60sec bucket developwith SAL 101

X 30secrinse with DI water

X Dry waferwith nitrogen on clean texwipes

INSPECT RESIST:
X Inspect photoresistunder microscope

OXYGEN PLASMA ASHER:
X Bminat 75w

PZT:
X Sputter 200 (100) nm PZT

LIFT-OFF MIT:

Heat 1165 removerto 90°C (set hot plate to 170°C)

Full off metal with scotch tape + whole solvent clean wafer procedure fromtop
5 min (until metal lifts off) ultrasonicbath in acetone

5 minsoakin 1165 at 80°C

30secDl rinse at 500 rpm

Dry waferwith nitrogen on clean texwipes

PPV

INSPECT METAL:
X Inspect metal under microscope

TENCORMEASUREMENT:
X Measure metal step height

T c______ B
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Wafer Purpose Mask # 7 Process Print Date
Wafer ID SEM CONF GOLD 2 GOLD2 EVAPORATION (on top PZT)
Init. Process Step Notes Date
Time
INSPECTWAFER: Start Date
X MNote any defects .
Start Time

SOLVENT CLEAN WAFER:

30sec acetonerinse at 500 rpm

30sec methanolrinse at 500 rpm

30 secisopropyl alcohol rinse at 500 rpm
Dry with nitrogen at 500 rpm

Dry waferwith nitrogen on clean texwipes

B2 K KK

DEHYDRATION BAKE:
X 1 min110°C hot plate bake

SF-11 RESIST COAT:

X Floodwaferwith SF-11

X 30secspinat4,000rpm
X 2min200°C hot plate bake

1805 COAT:

X Floodwaferwith 1805

X 30secspinat4,000rpm

X 75s5ec 110°C hot plate bake

X Useacetoneto remove 1805 on backside with swab

GOLD 1:
X Moalignmentforfirstlevel mask needed, however mask should be straight
X 3.0 5ec exposure using EVG 620

1805 DEVELOP:

X 45secdevelopwith 357101 (1:5), at 500 rpm
X 30sec Dl waterrinse at 500 rpm

X Dry with nitrogen at 500 rpm

X Dry waferwith nitrogen on clean texwipes

EXPOSE WITH DUV (~1.5 pm [ cycle):
¥ 200 sec DUV exposure @ 35 mWicm?, 254 nm

SF-11 DEVELOP:

X B60sec bucket developwith SAL 101

X 30secrinse with DI water

X Dry waferwith nitrogen on clean texwipes

INSPECTRESIST:
X Inspect photoresistunder microscope

OXYGEN PLASMA ASHER:
X 5minat75W

GOLD 1:

X Evaporation

LIFT-OFF MIT:

X Heat1165 removerto 90°C (set hot plateto 170°C)
X Pull off metal with scotch tape +whole solvent clean wafer procedure from top
X 5 min {until metallifts off) ultrasonic bath in acetone
X Sminsoakin 1165 at 90°C

X 30secDlrinse at 500 rpm

X Dry waferwith nitrogen on clean texwipes
INSPECTMETAL:

X Inspect metal under microscope

TENCOR MEASUREMENT:

X Measure metal step height

T c__ B
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Wafer Purpose Mask # 8 Process Print Date

Wafer ID SEM CONF PHOTORESIT PR on top of 5i02-Device Layer ech
Init. Process Step Notes Date
Time

INSPECTWAFER: Start Date

X MNote any defects Start Time

SOLVENT CLEAN WAFER:

30sec acetonerinse at 500 rpm

30sec methanolrinse at 500 rpm
30secisopropyl alcohol rinse at 500 rpm
Dry with nitrogen at 500 rpm

Dry waferwith nitrogen on clean texwipes

5 3 B 5

DEHYDRATION BAKE:
X 1 min110°C hot plate bake

1805 COAT:

O Floodwaferwith 1805

O 30secspinat4,000rpm

O T75sec110°C hot plate bake

O Useacetone to remove 1805 on backside with swab

1805 COAT:

X Floodwaferwith 1805

X 30secspinat4,000rpm

X Thsec110°C hot plate bake

X Useacetoneto remove 1805 on backside with swab

EXPOSE DEVICE LAYER 6mm hole mask:
X alignmentforfirstlevel mask needed, however mask should be straight
X 3.0 sec exposureusing EVG 620

1805 DEVELOP:

X 45secdevelopwith3571:01(1:5), at 500 rpm
X 30sec Dl waterrinse at 500 rpm

X Dry with nitrogen at 500 rpm

X Dry waferwith nitrogen on clean texwipes

EXPOSE WITH DUV {~1.5 ym / cycle):
o 200 sec DUV exposure @ 35 mW/cm?, 254 nm

SF-11 DEVELOP:

O G0secbucketdevelopwith SAL 1071

O 30secrinse with Dl water

O Drywaferwith nitrogen on clean texwipes

INSPECTRESIST:
X Inspect photoresist under microscope

OXYGEN PLASMA ASHER:
X 5minat75W

Si02 on top Device layer:
X Wet etch Si02 100nmfor30 sec

SOLVENT CLEAN WAFER:

30sec acetonerinse at 500 rpm

30sec methanolrinse at 500 rpm
30secisopropyl alcohol rinse at 500 rpm
Dry with nitrogen at 500 rpm

Dry waferwith nitrogen on clean texwipes

P

INSPECTMETAL:
X Inspect metal under microscope

TENCOR MEASUREMENT:
O Measure metal step height

T c____ B
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A-2  Configuration | CoventorWare® Process Editor Fabrication Process

MNumber | Step Name Layer Mame Material Mame | Thickness | Mask Name |Photoresist |Depth | Mask Offset | Sidewall Angle

- 1 Thermal Oxidation Buried Si02 OXIDE 0.5

-2 Planar Fill Device Layer SILICOM_100 |5

- 3 Device Layer Etch L1300 + 0 0
- 4 Sputtering Isolation OXIDE 0.3

- & Generic Dry Etch L4500 + 0 0
-6 Evaporation Bottom Electrode 0.3

-7 Bottom Electrode Etch L4500 + 0 ]
ki Sputtering PZT PZT 1

- & PZT Etch L5100 + 0 0
-|10  |Evaporation Top Electrode PLATINUM 0.3

(11  |Top Electrode Etch L5200 + 0 0
- 12 |Substrate Etch L5300 + 23 1] 1]
| 13 Si02 Etch L4300 + 0 0

Step No: 0

Step Mame I Substrate

Action & Substrate
Layer Mame |Substrate Thickness
Distribution ISE|EF ;I
{* Mask | L5300 |
Nominal Value | 20 Edit |
" Bounding Box 1 Y1
I 0 I 0 Material I <choose = LI
X2 Y Display Color I B Dark yellow j
IEI IIJ
Step No: 1
Step Mame IThermaI Oxidation
Action = Conformal Shell
Layer Mame IBuried Si02 Thickness
Material IDXIDE LI Distribution ISmIar LI
[¥ Front Side Nominal Value |0.5 Edit |
I Back side Display Color I [ White j
[ Underside Coating Surfacs |1
[ Round Corners Conformality
[ | Factor (sCP)
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Step No: 2

Step Mame IP'Ianar Fill

Action

= Planar Fill

Layer Mame IDE'ui::e Layer Thickness
Material  [SILICON_100 | Distribution ~ |Scalar =l
W Front Side Nominal Value |35 Edit |
I Back side Display Color I [ Light gray j
Step No: 3

Step Name |Device Layer Etch
Action £ Straight Cut

" CutLast Layer Completely e ILHDO ﬂ

" By Depth Iepﬂ1=D,Globa|Top... Edit | Photoresist I+ LI

— Sidewall Angles{deqgrees)
¥ By Layer(s) IDevice Layer vl Edit |
Distribution |Smlar j

™ By Material(g)

Ic:hnuse:b v| Edit |

% Front Side

Mominal Value IU Edit |

[ Antisymmetric Increments:

" Back Side S |':'
Step No: 4
Step Mame I Sputtering
Action = Conformal Shell
Layer Mame IIsuIaﬁun Thickness
Material IDXIDE ﬂ Distribution ISmIar j

¥ Front Side
[~ Back Side

[~ Underside Coating

|— [ Round Corners

Mominal Value I 0.3

Display Color I [ cyan

Surface
Conformality
Factor (SCF)

[1
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Step No: 5

Step Name IGeneric Dry Etch

Action £4 Straight Cut

™ CutLlastLayer Completely

" By Depth

'epﬂ'u=D,GIu:-balTop... Edit |
IIsoIah’on vl Edit |
Ic:choose> vI Edit |

¥ By Layer(s)

~ By Material(s)

% Front Side

Mask

| L45D0 |

Photoresist I + ;I

— Sidewall Angles(degrees)

ISmIar LI
Mominal Value IU Edit |

[ Antisymmetric Increments:

Distribution

" Back Side SR ID
Step No: 6

Step Mame IEuaporaﬁun

Action = Conformal Shell

Layer Mame IBnttom Electrode — Thickness

Material |<d'1:mse:=~ LI Distribution ISmIar

¥ Front Side
[~ Back Side

[¥ Underside Coating

Nominal Value |0.3 Edit

|<_|_I;

Display Color I B Magenta

Action

Surface I 1
[~ Round Corners Conformality
[ | Factor (SCF)
Step No: 7
Step Mame IBottom Electrode Etch
£4 Straight Cut

" CutLast Layer Completely Mask I L4500 j
Photoresist |+ :I

" By Depth

Iepﬂﬂ=D,GlnbaITop... Edit |
IBottom Electrode vl Edit |
Iq:chnnse:b vl Edit |

' By Layer(s)

" By Material(s)

' Front Side
" Back Side

— Sidewall Angles{degrees)

ISmIar ;I
Mominal value I a Edit |

[ Antisymmetric Increments:

Distribution

X Faces [0
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Step No: 8

Step Mame I Sputtering

Action = Conformal Shell

Layer Mame I PZT

Material  |PZT |
¥ Front Side
[~ Back Side

¥ Underside Coating

Thickness
Distribution ISmIar

|
Nominal Value |1 Edit |
~

Display Color I M Green

Step Name |PZT Etch

Action A Straight Cut

Surface |1
[ Round Corners Conformality
[ | Factor (5CF)
Step No: 9
™ CutLast Layer Completely Mask |L51D0 LI
Photoresist -
" By Depth 'epﬂﬂ=D,G|0ba|T0p... Edit | oraresis |+ —I
— Sidewall Angles{degrees)
' By Layer(s) IPZT "I Edit |
Distribution ISmlar j

{~ By Material(s) Ic:d'u:u:use:> vI Editl

' Front Side
" Back Side

Step No: 10

Mominal Value IU Edit |

[~ Antisymmetric Increments:

X Faces [0
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Step Mame I Evaporation

Action

= Conformal Shell

Layer Mame ITup Electrode

Materil  |PLATINUM
[¥ Front Side
I™ Back Side

[ Underside Coating

|— [” Round Corners

Thickness

Distribution ISmIar

Mominal Value | 0.3

Step Name ITop Electrode Etch

Action

Display Color I [ Yellow j
Surface I 1
Conformality
| Factor (5CF)
Step No: 11
£ Straight Cut
" CutLast Layer Completely Mask L5200 x|
Photoresist |+ LI

" By Depth
& By Layer(s)

" By Material(s)

Iepﬂ'u:D,GIobaITop... Edit |
|T0|:| Electrode vl Edit |
I<:t:honse:> vl Edit |

& Front Side

— Sidewall Angles(degrees)

Distribution |5alar

Maminal Value IO Edit |

=

r Antisymmetric Increments:

f'\l -
Back Side — I':'
Step No: 12
Step Name |Substrate Etch
Action £4 Siraight Cut
™ CutLast Layer Completely Mask ILESDO j
Photoresist + -
¥ By Depth 'Epﬂ1=23,GIObaITD... Edit | I —I
— Sidewall Angles(degrees)
{~ By Layer(s) Iq:n:hoose:b vI Edit |
Distribution ISmIar ;I

™ By Material(s)

I::choose) vl Edit |

" Front Side
¥ Back Side

Step No: 13

Nominal Value IU Edit |

[~ Antisymmetric Increments:

X Faces [0
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Step Mame | Si02 Etch

Action E£A Straight Cut
Mask L4300
" CutLast Layer Completely a8 | j
Photoresist + -
" By Depth epth=0,Global Top... Edit | J
Sidewall Angles(degrees)
* By Layer(s) uried 5i02 | Edit
Distribution  |Scalar -
" By Material(s) <choose > Edit | J
Nominal Value |0 Edit

% Front Sid
ront side [ Antisymmetric Increments:

(" Back Side

¥ Faces | 0

A-3  List of material properties used in the analytical and FEM modeling

- Si <100> Young’s modulus E = 130.18 GPa

- PZT Young’s modulus E = 89 GPa

- Gold Young’s modulus E = 57 GPa

- Platinum Young’s modulus E = 145 GPa

- Transverse piezoelectric coefficient d3; = 274e-12 m/V

- Electromechanical coupling coefficient k3; = 0.344

- Dielectric constant of the piezoelectric material under free conditions;

£%3=1700 F/m

159



Appendix B

B-1  Cross Tethers CoventorWare® Process Editor Fabrication Process

Eumber Layer Mame Material Name Mask Name | Photoresist |Depth | Mask Offset | Sidewall Angle
20 Substrate Substrate 20 Substrate
-1 Thermal Oxidation | Buried Si02 OXIDE 0.2
-2 Flanar Fil Device Layer SILICON_100 |5
-3 Device Layer Etch Dev + i} 0
- g Sputtering Isolation OXIDE 0.1
-5 Generic Dry Etch Si02 + a 0
| 6 Evaporation Bottom Electrode | PLATINUM 0.1
- 7 Bottom Electrod Etch Pt_bottom + a 0
-3 Sputtering PZT PZT 1
-9 PZT EEtch PZT + a 4]
~(10  |Evaporation Top Electrode PLATINUM 0.1
~|11 | Top Electrode Etch Pt_top + a 0
- 12 Substrate Etch BOX + a 2]
- 13 Si02 Etch BOX + o] [¥]

Step No: 0

Step Mame | Substrate

Action EP Substrate

Layer Mame I Substrate Thickness

Distribution ISmIar
o Mask | Substrate ;l

=l
Nominal Value |20 Edit |
" Bounding Box X1

i
IEI ID LI
X2 ¥2 Display Color I M Dark yellow j
ID

—

Step No: 1

Material I <choose >

Step Name |Therma| Oxidation

Action = Conformal Shell
Layer Mame IBuried Si02 Thickness
Material IDXIDE j Distribution ISmIar j
¥ Front Side Nominal Value [0.2 Edit |
I Back side Display Color I B Red j
[~ Underside Coating b Il

[ Round Corners Conformality
[ | Factor (SCF)
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Step No: 2

Step Mame I Planar Fill

Action = Planar Fil

Layer Name IDeuice Layer Thickness

Material  [SILICON_100 ~| Distribution  [Scaler =

¥ Front Side Mominal Value IE Edit |

[ Back Side Display Calor I [ Light gray j
Comments |

Step No: 3

Step Name IDevice Layer Etch
Action 4 Straight Cut

™ Cut Last Layer Completely Mask IDEV LI

Photoresist + -
" By Depth iepﬂn:D,GIDbaITUp... Edit | araress I —I

—Sidewall Angles({degrees)
{* By Layer(s) IDevice Layer vl Edit |

Distribution  |Scalar -
" By Material(s) |<chnnse:> vl Edit | I J
Mominal Yalue ICI Edit |

- Antisymmetric Increments:

% Front Side

" Back Side — |':'
Step No: 4

Step Mame I Sputtering
Action = Conformal Shell
Layer Name IIsuIaﬁun — Thickness
Material IDxIDE j Distribution ISE|EF j
¥ Front Side Nominal Value [0.1 Edit |
I Back Side Display Color I [ vellow j
[ Underside Coating FrEas Il

[ Round Corners Conformality

Factor (SCF
fai = 2
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Step No: 5

Step Name |Generic Dry Etch

Action £4 Straight Cut

" Cut Last Layer Completely

" By Depth

iepﬁ1=D.GIObaITOp... Edit |
IIsoIat’on vI Edit |
|<choose> vl Edit |

* By Layer(s)

™ By Material(s)

& Front Side

Mask |sio2 x|
Photoresist I + ;I
—Sidewall Angles{degrees)

Distribution ISaIar j

MNominal Value IU Edit |

r Antisymmetric Increments:

" Back Side X Faces |°
Step No: 6

Step Mame |Euaporaﬁnr1

Action = Conformal Shell

Layer Mame IEcttom Electrode Thickness

Material IPLA‘I‘INUM LI Distribution |Smlar LI
[V Front Side Nominal Value 0.1 Edit |
I Back side Display Colaor I [T Cyan j
¥ Underside Coating S Il

[ Round Corners CnnFor;naIit;'

Factor (SCF
[ [~
Step No: 7
Step Name IBottom Electrod Etch
Action £ Straight Cut
" CutLast Layer Completely Mask IPt_bottom LI
" By Depth 'epﬂ1=D,GIObaITOp... Edit | Photoresist |+ ;I
— Sidewsall Angles(degrees)
{* By Layer(s) IEottom Electrode vl Edit |
Distribution ISmIar LI

™ By Material(z)

I <chooge > b I Edit |

& Front Side
" Back Side

Mominal Value I 0 Edit |

- Antisymmetric Increments:

¥ Faces |0

¥ Faces [0
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Step No: 8

Step Name ISputtering

Action = Conformal Shell

Layer Name |PZT

Material  |PZT |
¥ Front Side
™ Back Side

¥ Underside Coating

Thickness

Distribution

ISmIar j
Mominal Value I 1 Edit |

Step MName  |PZT EEtch
Action £ Straight Cut

Display Color I 0 Gray j
Surface I 1
[” Round Corners Conformality
[ | Factor (SCF)
Step No: 9
" Cut Last Layer Completely PEsx IPZT LI
Photoresist |+ x|

" By Depth
& By Layer(s)

" By Material(s)

'epiﬁ:D,GlobalTop... Edit |
IPZT VI Edit |
|<choose> 'I Edit |

% Front Side

— Sidewall Angles({degrees)

Distribution ISmIar j
Mominal Value IU Edit |

r Antisymmetric Increments:

" Back Side - | =
Step No: 10
Step Mame |Evaporatinr1
Action = Conformal Shell
Layer Mame ITnp Electrode Thickness
Material IPLA‘I‘INUM LI Distribution ISmlar LI

v Front Side
[~ Back Side

[” Underside Coating

|- [ Round Corners |

Mominal Value IU. 1

Display Color I [ Yellow j

surface I 1
Conformality
Factor (SCF)
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Step No: 11

Step Mame |To|:| Electrode Etch

Action L4 Straight Cut

¢ CutLast Layer Completely
" By Depth
' By Layer(s)

" By Material(s)

'epﬁﬂ=D,GIobalTop... Edit |
ITo|:| Electrode vI Edit |
I::choose:5 vI Edit |

& Front Side

Mask |Pt_top |
Photoresist | + |
— Sidewall Angles{degrees)

Distribution |Smlar |

Mominal Value IU Edit |

- Antisymmetric Increments:

(- -
Back Side e ID
Step No: 12
Step Name |Subsh’ate Etch
Action £ Straight Cut
Mask BOX
™ CutLast Layer Completely = I j
Photoresist + hd
" By Depth 'epﬂ1=D,GIObalT0p... Edit | I J
—Sidewall Angles({degrees)
% By Layer(s) ISubstrate vl Edit |
Distribution Scalar hd
" By Material(s) I J

I::choose:s vl Edit |

" Front Side
% Back Side

Step No: 13

MNominal Value IU Edit |

r Antisymmetric Increments:

X Faces [0

Step Mame  |Si02 Etch

Action £ Straight Cut

" Cut Last Layer Completely
" By Depth
' By Layer(s)

" By Material(s)

iepﬂ'u=IZI,GInbaITo|:-... Edit |
IBuriEd Sig2 'I Edit |
|<cho-:se> vl Edit |

& Front Side
" Back Side

Photoresist | +

Mask | BOX |
— Sidewall Angles(degrees)

|Sr.3|ar |
Mominal Value IU Edit |

r Antisymmetric Increments:

Distribution

X Faces [0
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Table 26. Cross Tethers Configuration FEM resonant frequencies results

Cross tethers configuration modal analysis results

Freguency |Genera|ized Mass| Damping

ol | = e D —

2.013202E03
4. 325667ED3
4. 325A675E03
6.229202E03
7.B96943E03
1.012032E04

4.100907E-04
3179320E-08
3.17935E-08
63273 BE-08
4.33351E-08
2.115958E-08

0
0
0
0
0
0

Table 27. Cross Tethers generalized harmonic display results

Freguency |

tade 1

tade_2

Mode_3

Mode_4

tade &

Mode_6&

O~ |f|wikal— 10O

100
1.60269E02
2.33447ED2
3.29979E02
4.89437EED2
1.210562E03
1.370021E03
1.466553E03
1.539731E03
1600

7.986002E-03
8.016475E-03
8.073045E-02
8.181992E-02
8.455856E-02
1.226301E-02
1.43835E-02
1.621132E-02
1.801017E-02
1.985732E-02

1.282658E-09
1.283713E-09
1.2859655E-09
1.289338E-09

1.29827E-09
1.388364E-09
1.421402E-09
1.444249E-09
1.463129E-09
1.479756E-09

T.891118E-10
T.897363E-10
7.6088558E-10
7.B30653E-10
7T.B33516E-10
2.216715E-10
2.412244E-10
2.547455E-10
2.659191E-10
8.747598E-10

4 2068329E-10
4 207996E-10
4.211062E-10
4. 216862E-10
4.230859E-10
4 366753E-10
4.414302E-10
4. 446506E-10
4.472714E-10
4.4955E-10

2.635309E-04
2.635959E-04
2.637153E-04
2.639411E-04
2.64485E-04
2.696974E-04
2.714924E-04
2.726993E-04
2.736775E-04
2.74524E-04

I9TE1T4E-10
I9TETTIE-10
3.977EEBE-10

3.97994E-10
3.984927E-10
4.032318E-10
4.042475E-10
4.059296E-10
4.068031E-10
4.075573E-10
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Figure 58. Cross tethers resulting vibrating pattern and associated resonant
frequencies for a load of 10 mPa
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Figure 59. Cross Tethers Generalized Displacements plots
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Appendix C

C-1 Circular Membrane CoventorWare® Process Editor Fabrication Process

Mumber | Step Mame Layer Mame | Material Name | Thickness | Mask Mame |Photoresist | Depth | Mask Offset | Sidewall Angle

= 0 Substrate Substrate
Pl 1 Grow Crystal Silicon |Devicelayer |SILICOM_100 | 1.5

z Evaporation Si02 OXIDE 0.1
13 Evaparation Platinum1 PLATIMUM 0.1
4 Sputtering PZT PZT 0.8
5 Evaporation Platinum2 PLATIMUM 0.1

[ Generic Dry Etch L5200 + 550 o [¥]

7 Generic Dry Etch L1300 + 550 a [v]

Step No: 0

Step Mame I Substrate

Action £ Substrate
Layer Mame |Subsh’ate Thickness
Distribution |5E|Er ;I
* Mask | L1300 |
Nominal Value | 500 Edit |
" Bounding Box %1 Y1
I 0 I 0 Material I <choose > LI
K2 Y2 Display Calor I B Dzark magentz j
Il:l Il:l
Step No: 1
Step Mame IGrow Crystal Silicon
Action = Stack Material
Layer Mame IDeui::eLayer Thickness

Material  [SILICON_100 | Distribution  |Scalar

[~
[ Front Side Nominal Value | 1.5 Edit |
=l

[~ Back Side Display Color I M Red
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Step No: 2

Step Mame IEvaporatinn

Action = Conformal Shell
Layer Mame |5i02 Thickness
Material IDXIDE LI Distribution ISEIar ;l
¥ FrontSide Nominal Value |0.1 Edit |
I Back Side Display Color I B Cark red j
V¥ Underside Coating P I 1
[ Round Corners Conformality
[ . Factor (5CF)
Step No: 3
Step Mame IEvaporaticn
Action = Conformal Shell
Layer Mame IPIaﬁnuml Thickness
Material  [PLATINUM ~| Distribution |[Scalar

[~ Back Side

=
[ Front Side Nominal Value [0.1 Edit |
[

Display Color I B Green

¥ Underside Coating Surface I 1
[~ Round Corners Conformality
[ | Factor (scP)
Step No: 4
Step Name ISputtering
Action = Conformal Shell
Layer Mame IP.':'T Thidmness
Material IPZT ;I Distribution ISraIar LI
[¥ Front Side Nominal value |0.8 Edit |
I Back Side Display Colar I B Cark areen j
¥ Underside Coating Surface Il
[ Round Corners C“”ﬂ”?a"t'-]"
Factor (SCF
[l |
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Step No: 5

Step Mame IEvaporaﬁnn
Action

= Conformal Shell

Layer Name I Platinum2

Material [PLATINUM
¥ Front Side
[~ Back Side

W Underside Coating
[~ Round Corners

Jal

Thidkness

Distribution ISEIar

Mominal Value I 0.1

Step Name IGeneric Dry Etch

Action

Display Color I M EBlu= j
Surface I 1
Conformality
Factor (SCF)
[7
Step No: 6
£3 Straight Cut
" CutLast Layer Completely Mask ILEZUU x|
Photoresist |+ x|

% By Depth
" By Layer(s)

" By Material(s)

ﬁepﬁ:SSD,GlobalT... Edit |
I zchoose > hd I Edit |
I zchoose > hd I Edit |

% Front Side

— Sidewall Angles(degrees)

Distribution

Mominal Value I i} Edit |

r Antisymmetric Increments:

ISmIar

" Back Side XFaces |5
Step No: 7
Step Mame IGeneric Dry Etch
Action 4 Straight Cut
" Cut Last Layer Completely Mask I L1300 =l
% By Depth Photoresist |+ LI

" Bylayer(s)

" By Material(s)

ﬁepﬁw:ESD,GIohaIT.. Edit |
Iichoose) vl Edit |
Iichoose) vl Edit |

& Front Side
" Back Side

— Sidewall Angles{degrees)

Distribution

=l
Mominal Value IO Edit |

r Antisymmetric Increments:

ISmIar

X Faces [0
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Circular Membrane FEM Modal and Mises Stress analysis results

As mentioned in Section 4.5 the additional results presented in this appendix

section provide a deeper insight into circular membrane insensitivity. As can be seen in

Table 29 that depict modal analysis results, membrane (with overall thickness of 2. 6um)

does not respond at all even for photoacoustic pressure load of 5 Pa. Responses

associated with Mode 3, Mode 4, and Mode 6 is clearly zero while response associated

with remaining modes are well below measurable levels. The same observations can be

seen from Figure 57 and Figure 58.

Table 28. Circular membrane FEM natural resonant frequencies results

Fregquency

|Generalized ru15|55| Damping

o m = D =

1.638382E04
5.033934E05
5.419242E04
5.432301E0%
6.467304E04
7.108156E04

1.241242E-07
9.671391E-08
1.299672E-07
1.348089E-07
1.062242E-07

1.78974E-07

1]
1]
1]
1]
1]
1]

Table 29. Circular membrane generalized harmonic display results
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Frequency |  Mode_1 | wode_2 | Mode_3 | Mode 4 | Mode 5 | Mode_ b
0 100 5.156708E-07 | 3.921286E-09 0 0 1.538287E-09 0
1 1.60269E02 = 515671E-07  3.921287E-09 0 0 1.538287E-09 0
2 2.23447E02 | 5156T16E-07  3.921287E-09 0 ] 1.538287E-09 0
3 3.29979E02 | 5156726E-07 @ 3.921288E-09 0 L1 1.538288E-09 0
4 4.894376E02 | 5.156751E-07  3.92129E-09 0 0 1.538288E-09 0
5 1.210562E03 | 5.156982E-07 | 3.921309E-09 0 0 1.538293E-09 0
] 1.370021E03 | 5.157059E-07 @ 3.921315E-09 0 0 1.538294E-09 0
7 1.466553E03 | 5157T111E-07 | 3.921319E-09 0 0 1.538295E-09 0
8 1.538731E03 | 5157152E-07 | 3.921322E-09 0 0 1.538296E-09 0
] 1600 S157187E-07  3.921325E-09 0 0 1.538296E-09 0
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Figure 60. Circular membrane resulting vibrating pattern and resonant frequencies
for a load of 5 Pa
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Figure 61. Circular Membrane Generalized Displacements plots
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maximum deflectionin ‘z’

BT O |
Displacement Z: -5.1E+00 -3.8E+00 -2 BE+00 -1.3E+00 B3E-04
i COVENTOR

Figure 62. FEM model result of the deflection of a clamped circular membrane for 5
Pa photoacoustic load.

As can be seen in Figure 62 the maximum deflection of 5.1um occurs at the
center of membrane. The figure also shows that the deflection at fixed boundary (red
color) between the membrane and the surrounding silicon frame is only 0.83nm. This
deflection in critical stress area is so small that will not create any effective stress and
charge generation at all as explained in Section 4.5. Furthermore, Figure 63 below, which
is FEM Muises stress representation, clearly indicates that there is no radial and tangential

stress generation as result of uniformly distributed pressure load.
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Migses Stress: 0.0E+00 0.0E=00 0.0E =00 0.DE+QD OOE+DD
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Figure 63. Circular Membrane FEM Mises stress distribution for 5 Pa
photoacoustic pressure load
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Appendix D

D-1  Square Membrane CoventorWare® Process Editor Fabrication Process

Eumber Step Name Layer Name |Material Name | Thickness | Mask Name |Photoresist |Depth | Mask Offset | Sidewall Angle

| 1 Grow Crystal Silicon |Dev SILICON_100 |5

- 2 Straight Cut Dev + 0 a
| 3 Evaporation Si02 OXIDE 0.1

- 4 Straight Cut S5i02 + 1] o]
- 5 Evaporation Pt_bottom PLATINUM 0.1

-6 Straight Cut Pt_bottom + 0 0
|7 |Sputtering PET PZT 2.7

ki Straight Cut PZT + 1] a
- Evaporation Pt_top PLATIMUM 0.1

- 10 Straight Cut Pt top X 0 o]

Step No: 0

Step Mame I substrate

Action &= Substrate
Layer Mame ISubstrate Thickness
Distribution |S:3Iar ;l
* Mask | L47D0 |
Nominal Value | 500 Edit |
" Bounding Box X1

Y1
II:I ||:| Material I::::huuse::
X2

[
Y7 Display Color I B Dark cyan j

Step No: 1

Step Mame IGmw Crystal Silicon

Action = Stack Material

Layer Mame IDe'u Thickness

Materisl  [SILICON_100 | Distribution  |Scalar =~

¥ Front Side Mominal Value IE Edit |
I Back Side Display Color I B R=d j
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Step No: 2

StepName | Straight Cut
£ Straight Cut

Action

% CutLast Layer Completely Mask |Dev =l
" By Depth IeDﬁ\=G.GSohaIT:JD... Edit | ik ; I+ 2
—Sidewall Angles(degrees)
By Layer(s) Icchuase‘.- -| Edit | : ;
Distribution  |Scalar hd
" By Material(s) |<-:hoose> 'I Edit I { J:
_ ] MNominal Value |0 Edit
£ Pkt ke r Antisymmelric Incements:
" Back Side XFaces [3
Step No: 3
Step Mame |Euapora1jnr1
Action = Conformal Shell
Layer Name ISiDZ Thickness
Distribution IStﬁlar

Material foxIDE
¥ Front Side
[” Back Side

W Underside Coating

Morminal Value | 0.1

<]
L]

Display Color I B Dark red

Surface |1
[ Round Corners Conformality
[ | Factor (5CF)
Step No: 4
Step Name | Straight Cut
Action £3 Straight Cut
% CutLast Layer Completely Mask | sioz2 Ra
" By Depth Ientl'==0,GlobaI Top...  Edit | Photoresist |+ -]
" By Layer(s) [<hoose> ] Edt |
" By Material(s) [<choose> ] Edt | ‘ Distribution | Scalar =l
| Nominal Value |0 Edit
= | I et |
e [~ Antisymmetric Increments:
" Back Side

XFaces [0
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Step No: 5

Step Mame | Evaporation

Action = Conformal Shell

Layer Mame I Pt_bottom

Material  |PLATINUM

¥ Front Side

Thickness

Distribution ISmlar

=l
Nominal Value |0.1 Edit |
=

I Back Side Display Color I I Green
W Underside Coating Surface Il
[ Round Corners Conformality
[ .| Factor (50F)
Step No: 6
Step Mame | Straight Cut
Action 24 Siraight Cut
% CutlastLayer Completely Mk [Pt bottom =l
" By Depth ie‘;ﬂ'l=G',G|obal Top... Edit | i ' I+ |
Sidewall Angles(degrees)
. By Lg».rgf(s) I <choose> - I Ecit |
" By Material(s) |:ﬂ1obm; -I Edkt | = I :I
NominalVale [0 Edt
&
Fii [T Antisymmetric Increments:
" Back Side X Faces [0
¥ Faces [0
Step No: 7
Step Mame |5puttering
Action = Conformal Shell
Layer Name IF‘ZT Thickness
Material IPZT ﬂ Distribution |Smlar LI
¥ Front Side Nominal Value |2.7 Edit |
I Back Side Display Color I B Dark areen j
W Underside Coating Surface 1
[ Round Corners Conformality
[, | Factor (5cF)
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Step No: 8

Step Name I Evaporation

Action = Confo

rmal Shell

Layer Mame IPt_top

Material fPLATINUM
¥ Front Side
[~ Back Side

|¥ Underside Coating

Thickness

Distribution ISEIar

Mominal value IU. 1

Display Color I B Elu=

Surface Il
™ Round Corners COﬂﬁ:rEnalit;
Factor (SCF
Jal ]
Step No: 9
Step Name  |Straight Cut
Action £3 Straight Cut
| & CutLast Layer Completely Mask [pzr =
" By Depth epth=0,Global Top...  Edit I Pholorestst [+ =
~Sidewall Angles(degrees)

" Bylayer(s) [<cwose> ] Edit |

" By Material(s) Ia‘d’wosev vI Edit | Distribution IS:” |
: Nominal value [0 Edit I
| - |

e [~ Antisymmetric Increments:
. " Back Side e[
Step No: 10

Step Name | Straight Cut
Action 23 Straight Cut

(% CutLastLayer Completely S |Pt_top =
" By Depth [erth=0,Global Top...  Edit | Photoresist I+ =

—Sidewall Angles(degrees)

By Layer(s) |<chous-e> 'l Edit I
" By Material(s) |:dwnose'» --| Edit |
&+ Front Side
" Back Side

| Distrbution |Scatar =l
Nominal value [0 Edit |
™ Antisymmetric Increments:

X Faces [0
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D-2  Square Membrane FEM results for 0.52 um x 0.52 um PZT transducers

0.52um x 0.32um PZT transducers 5i device laver

Figure 64. FEM 3D meshed model of the square membrane (Extruded bricks,
element order parabolic, element size in planar direction 200, element size in
extrude direction 5)

180



Table 30. Generated voltages for the square membrane sensing configuration
involving PZT transducers of 0.3 um x 0.3 pm and 0.52 pm x 0.52 pm

Voltage Voltage Voltage Voltage Voltage Voltage Voltage Voltage
Pressure

PZT-topl PZT topl PZTtop2 PZT top2 PZT top3 PZT top3 PZT top4 PZT top4

P

03x03pm | 32x32pum 03x03pm | 32x32pm | 03x03pm | 32x32pm | 03x03pm | 32x32pm
0.1mPa | -0.87uV 0.73uV 0.8TuV 0.73uV 08TV 0.73pV -0.86uV 0.73uV
0.5mPa | 431pV 365V -431uV =365V 431V -3.65pV -4.30pV 365V

lmPa | -8.68uV -7.31pWV -8.68uV -7.31pWV -3.68uV -7.31pV -8.62uV -7.31pWV

300mPa | 4.34mV S3.63mV -4.34mV S.63mV -434mV -3.65mV -4.31mV S3.63mV

1Pa -8.3TmV -7.22mV -8.3TmV -.22mVo | -85 TmV -7.22mVo | SB35 ImV -7.22mV

Maximum device laver
0.52um x 0.52um PZT transducers

deflection in z direction

BT T | e

Displacement Z: -9,0E-01 -6.7E-01 -4.5E-01 22E01 37E-08
um COVENTOR

Figure 65. Square membrane deflection for 10mPa uniformly distributed pressure
load
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0.32um x 0.52um PZT transducer Maximum Mises stress generation

O\

Mises Stress: 0.0E+00 2.6E-01 5.1E-01 7.7E-01 1.0E+00
MPa
COVENTOR

Figure 66. Mises stress distribution of a square membrane configuration involving
0.52 um x 0.52 um PZT transducers
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