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Kurzfassung

Jedes Jahr miissen Blutkonserven in Spitélern vernichtet werden, weil die
korrekte Lagertemperatur der einzelnen Konserven nicht zweifelsfrei ge-
wahrleistet werden kann. Auch im Bereich von Kiihlgiitern ist es wichtig
zu wissen, ob die Kiihlkette im Laufe des Transports oder der Lage-
rung unterbrochen wurde. Es existiert eine Vielzahl von kommerziell er-
héltlichen Temperaturindikatoren, welche hauptsichlich auf chemischen
Reaktionen basieren. Aber es fehlt die Moglichkeit einer einfachen, kos-
teneffizienten und stromsparenden Anzeige. Auch die Langzeitstabilitit
solcher Systeme ist zumeist nicht gewéhrleistet.

Zur Uberwachung der Grenzwerttemperatur sind daher neue Ansitze fiir
miniaturisierte passive Sensorsysteme notwendig. Solche Systeme kombi-
nieren RFID Technologien zum Ubertragen von Informationen und elek-
trischen Energien, Kapazititen zur Zwischenspeicherung der Energien
und die Temperaturaufnehmer zur Uberwachung der Grenzwerte.

Ziel der Arbeit ist das Design und ein proof-of-concept eines passiven
mikro-elektro-mechanischen Temperaturwandlers zur Uberwachung einer
gewissen Grenztemperatur. Der Wandler besteht aus einem thermischen
Aktuator und Einrastmechanismen. Der thermische Aktuator wandelt
die thermische Energie zufolge Temperaturianderungen des Kiihlgutes in
eine mechanische Energie um. Diese Energie wird genutzt um einen Ein-
rastmechanismus zu aktivieren, welcher den Zustand des Sensors unwi-
derruflich dndert sobald eine definierte Grenztemperatur iiberschritten
wird. Ein ausgekliigeltes Design erlaubt die Produktion und den Trans-
port des Sensorsystems bei Raum- oder erhéhten Temperaturen. Nach-
dem das System bei niedrigen Temperaturen aktiviert wurde, kann ein
Uberschreiten einer Grenztemperatur festgestellt werden. Der Wandler
arbeitet dabei komplett passiv und braucht keine elektrische Versorgung
fiir die Uberwachung.

Um zukiinftig sowohl die RFID Antenne, die Speicherkapazitit, die elek-
trische Auswerteschaltung und den mechanischen Temperaturwandler als
eine Einheit zu produzieren, werden nur CMOS kompatible Prozesse zur
Fertigung des Prototypen verwendet. <4 <
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Abstract

A huge amount of blood bottles in hospitals have to be disposed every
year since the proper storage temperature could not be guaranteed. Also
for refrigerator cargo it is important to know if the temperate chain was
broken during the transport. Several temperature indicator labels are
available on the market that commonly bases on chemical reactions and
color change or darkening. But they lack the possibility of an easy, cost
efficient, and low-energy readout. Furthermore, they have issues with
their long-term stability.

Therefore, novel approaches for miniaturized passive sensor systems for
the observation of threshold temperatures are necessary. Ideally, such
systems are a combination of an RFID tag with an antenna for readout
and power transmission, a capacitor device to storage the power during
the readout, and a transducer device including an evaluation circuits.

The aim of the work is the design and a proof of concept of a passive
temperature transducer, which is envisioned as micro-electro-mechanical
system. It composes of two parts: A thermal actuator, and a latching
mechanism. The thermal actuator converts thermal energy, due to a
change in the temperature of the cargo, into mechanical energy. This
mechanical energy is applied to a latching mechanism. At a specific
threshold temperature, the latching mechanism hooks with its counter-
part and irreversible changes the state of the device. A sophisticated
design allows for production, transport, and storage of the devices at
ambient or raised temperatures. Once it is activated at lower tempera-
tures, an exceeding of a specific threshold temperature can be recorded
even when the cargo is cooled down again. The transducer element is
completely passive and does not need any power supply during the mon-
itoring of the transport chain.

Pursuing the goal of a single unit package, it will be considered whether
the RFID-antenna and perhaps even the capacitor and readout circuit
could be manufactured together with the MEMS-transducer on the same
chip. This is a boundary condition for the manufacturing of the MEMS
subsystem. Hence, only standard CMOS compatible manufacturing pro-
cess are applied for the fabrication of the device. <4<
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“Call me

Ishmael.”

Herman Melville, Moby-Dick.
1851

“If I have seen further it is by standing on ye sholders of Giants. [sic]”

Sir Isaac Newton, Letter to Robert Hooke
1676

“To raise new questions, new possibilities, to regard old questions from
a new angle, requires creative imagination and arks real advances in

science.”

Albert Einstein

Introduction

or
The First Step is Always the
Toughest

Mm@ T is always a good idea to start at the beginning. Scientific
g projects start mainly with an idea, how to solve a problem in
P a new manner or facing a new problem. Sometimes, there is
0 also a novel solution and the inventor tries to figure out the
corresponding problem. Both approaches have in common, that the pros
and cons are evaluated and compared to the state-of-the-art. Before the
scientific work can begin, the funding of the project must be raised. This
can be a frustrating process, but belongs also to the work of a scientist as
the actual scientific work. E.g., this project was funded by the Austria
Research Promotion Agency in cooperation with Infineon Austria.

The following chapter describes the principal challenge including a dis-
cussion of state-of-the-art solutions.

1.1 Project Overview

The main aim of the work is an entirely passive temperature thresh-
old sensor. The idea is to apply a small sensor device to a reefer cargo
or other goods that need to be stored at low temperatures. This device
should have an electrical readout, which is easily accessible via an RFID-
(Radio Frequency Identification) reader. Furthermore, it should be able
to track a specific threshold temperature without any power supply, e.g.,



2 1. Introduction

battery. The sensor has to be robust for the use in harsh environments
and a cost efficient fabrication technology is mandatory.

The temperature of a reefer cargo, e.g., in the food industry, is only
checked randomly during storage and transportation, commonly by a
contact thermometer on the out side of the package. Due to accommoda-
tiveness, only easily accessible spots of the goods or cargo are checked.
Hence, the individual temperature distribution of a whole reefer cargo
transporter /container is never examined. It can happen that the cool-
ing chain is somewhere broken [1,2|. This is a huge problem for blood
transfusion bags in the clinical usage [3]. Large amounts of blood bags
have to be destroyed every year, because there is no possibility to check
if a single bag has exceed a defined threshold temperature.

The proposed sensor device can be applied to each individual cargo pack-
age. It holds a transducer element, a read /write antenna and an electric
processing unit with a storage capacitor. The sensor is only powered
during the readout process. The required energy is transferred via the
RFID antenna and temporarily stored in the capacitor. A readout pulse
is transmitted to the device when sufficient power is stored. An elec-
trical processing unit checks the state of the sensor and sends back an
according response.

This thesis focuses on the transducer element, which should be manu-
factured by micro fabrication technologies on wafer level for economical
reasons.

1.2 State-of-the-Art

An easily exploitable intrinsic temperature dependent material param-
eter has to be applied as transduction principle due to the restricted
power supply requirements. A significant measurable change of the state
of the sensor must be obtained when a specific threshold temperature is
exceeded. A summary of the most promising state-of-the-art approaches
is summarized and the individual pros and cons are discussed.

1.2.1 Chemical Principle

Chemical reactions depend strongly on time and temperature. Accord-
ingly to the law of Arrhenius', the rate constant kpeae of a chemical
reaction of the kind

!Svante August Arrhenius, Swedish physicist and chemist, 1859 - 1927.
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react

A+B= o (1.1)

is given as

k'react = AO exp(—l{i—;) : (12)
Hence, a chemical reaction speeds up for higher temperatures. In this
equation is Ay the pre-exponential factor, 4 the activation energy for
the chemical reaction, kg the Boltzmann? constant and 7' the absolute
temperature. The reaction constant k... measures the speed of a chem-
ical reaction. Chemical reactions can be tailored to take place slowly at
low temperatures and speed up about several orders of magnitude for
higher temperatures (when kg7 is in the range of the activation energy).
Hence, the reaction, e.g., change in color, can be exploited as an indicator
for a specific threshold temperature.

Aplenty of temperature indicator labels are available on the market and
they are commonly used to verify the condition of reefer cargo. Most of
them changes their color and can be used as readout out without addi-
tional equipment. But they lack the possibility to monitor fast or only
small over-temperatures. Because the chemical reaction also depends on
time, also the time since when the label was attached to the cargo must
be known to make adequate statements about the condition of the goods,
commonly called time-temperature combination [4,5].

1.2.2 Magnetic Principle

With new advances in material science, especially in the field of magnetic
materials, another possible sensing method arises. Recently, a start-
up developed a temperature indicator sensor, based on magneto-elastic
resonance measurements, which are commonly used for electronic article
surveillance [6,7]. A thin amorphous metal strip is mechanical oscillating
due to magneto-striction in a time varying magnetic field. When this
amorphous strip is excited at its mechanical resonance frequency and
the magnetic field is turned off, it oscillates freely for a few milliseconds.
The resonance frequency is mainly determined by the length and the
Young’s® modulus of the strip. With a constant magnetic bias, e.g.,
provided by a permanent magnet, the mechanical oscillation results in a

?Ludwig Boltzmann, Austrian physicist, 1844 - 1906.
3Thomas Young, British ophthalmologist and physicist, 1773 - 1829.
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changing magnetization that can be monitored by an electrical pick up
coil.

For a temperature indicator sensor, a magnetic shape memory alloy layer
is added between the permanent magnet and the amorphous resonator
strip. The Curie! temperature of this layer can by tailored in accordance
to the application by changing the composition of the alloys. When the
threshold temperature (Curie temperature) is exceeded, the bias mag-
netic field at the resonator is significantly changed. This change results
in a detectable shift of the resonance frequency because of the magnetic
field dependency of the Young’s modulus. Hence, the response frequency
is a measure for the state of the cargo [8,9].

Large coils have to be used to generate sufficient excitation amplitudes
because the magnetic field is proportional to 1/r3, where r is the radial
distance from the center of the coil. When several sensors are place next
to each other, all of them are excited and the response is a superimposi-
tion of all of them. Up to now, it is not possible to distinguish individual
Sensors.

1.2.3 Thermal Latch

A micro fabricated latch mechanism consists of a hook and a counterpart,
where one or both parts a connected to a flexible micro structure. When
a force is applied, e.g., mechanical shock or electrical voltage, both parts
can be brought into contact to each other, establishing an irreversible
mechanical connection [10-15]. Such a latch can also be activated by an
electro-thermal actuator exploiting the thermal expansion of a material
[16-19].

Thermal Expansion

The origin of the thermal expansion of a material can be found in the
thermally induced oscillation amplitude of the atoms in a solid. But the
descriptive model of two atoms, connected by a linear spring, cannot
solely explain the thermal expansion. The interaction-potential of such
a model is symmetric and the mean distance between the atoms would
remain constant when the vibration amplitude is increased. Only a non-
symmetric interaction model, such as the Lennard-Jones® potential, leads
to a thermal expansion. This potential is given by

“Pierre Curie, French physicist, 1859 - 1906.
®John Lennard-Jones, British mathematician, 1894 - 1954.
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r‘mean
o E—

OWe

thermal oscillations

P Otentiq,

Figure 1.1: The interaction between two atoms can be described by
the Lennard-Jones potential. The mean distance between two atoms
increases with larger thermal oscillations due to the non-linearity of the
potential. Hence, a material expands with increasing temperature.

LA (1.3)

Vir)= T6 12

with a, b empirical constants and r the distance between both atoms
(Fig. 1.1). The potential describes a long range attraction (Van der
Waals® force, Dipole-Dipole interaction) and a short range repulsion
(Pauli” repulsion resulting from overlapping electron orbitals) of the
atoms. It can be assumed that the spring becomes stiffer when both
atoms get closer to each other. This non-linearity results in an increased
mean distance 7., for larger thermal oscillation amplitudes and, there-
fore, in a thermal expansion of the material.

Thermal Actuator

The difference in thermal expansion of two materials can be used to
built up an actuator systems. The thermal expansion itself is in the
range of a few ppm/K for most of the technical materials. Hence, the
mechanical elongation must be amplified by a sophisticated design to
gain displacements of several tens of pm. In the recent years, thermal
actuators became popular in MEMS technology [20-22]. Commonly,

6Johannes Diderik van der Waals, Dutch physicist, 1837 - 1923.
"Wolfgang Ernst Pauli, Austrian physicist, 1900 - 1958.
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Figure 1.2: Basic geometries for thermal actuators. U-shaped beams
rely on the temperature difference between a hot and a cold arm. V-
shaped beams exhibit a deflection or buckling perpendicular to the elon-
gation of the beam.

they are heated via Joule® heating up to several hundred degree Celsius’
[23-27]. There are two basic concepts for such actuators; U-shaped and
V-shaped geometries (Fig. 1.2).

The U-shaped actuators exhibit an arm with a low electrical resistivity
and another arm with a higher resistivity. Both are mechanically con-
nected and the temperature increases at the arm with higher resistivity
due to Joule heating. This results in a larger thermal expansion of the
hotter arm and, hence, an in-plane deformation of the whole structure.
The resistivity of the cold arm can be reduced by applying a metal layer
on top of the arm or by an increased width of the arm [28-30].

V-shaped actuators, also called chevron type, rely on two beams with an
inclination angle. When the ends of the beams are fixed and the tem-
perature is increased, the thermal expansion leads to a buckling of the
structure. State-of-the-art V-shaped actuators are heated also by elec-
trical resistivity heating to get a well defined actuation stroke [31-36].
But it is possible to operate such shapes completely passive. Consid-

8James Prescott Joule, British physicist, 1818-1889.
9 Anders Celsius, Swedish astronomer, 1701 - 1744.
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ering a quasi static condition, where the temperature is homogeneously
distributed along the beams. The difference in the thermal expansion
of substrate and actuator material leads to a deflection of the structure
when the temperature changes. Hence, such an actuator can operate
completely passive and only relies on the temperature change of the en-
vironment.

In contrast, the U-shaped design always needs a temperature difference
between both of its arms. This makes this U-shaped principle worthless
for the desired application.

Table 1.1 summarizes deflection, force, occupied chip area, applied tem-
perature difference, thermal sensitivity (deflection per Kelvin'?), basic
shape, and active material of published state-of-the-art thermal micro ac-
tuators. The data are conscientiously gathered from published literature.
The occupied chip area is approximated by measuring the dimensions of
the designs presented in the papers from SEM images or schematics. Of-
ten only the required electrical power is revealed and the temperature
for a specific electric power is extracted by comparing corresponding
literature (conference publications, literature showing simulated results,
...) of the cited work and by interpolating data points from graphs de-
picted in the manuscripts. The shape primary distinguishes between
U-, V-, and special (S)- shaped actuators, marking the basic geometry.
The S-shaped actuators can not be easily addressed to one of the other
types. They summarize geometries like bi-metallic shapes, out-of-plane
actuators, linear expanding meander shapes, or more complex topology
optimized shapes (see subsection 3.2.1 for details).

Figure 1.3 depicts a graphical illustration of the data given in Tab. 1.1
considering only publications with a specific threshold value for an easier
overview. The force per Kelvin over the deflection per Kelvin is depicted
in the upper graph. The force cannot be approximated for every cited
publication. Hence, a vertical dashed line marks the deflection of rele-
vant experimental works with missing data. The lower graph depicts the
area specific work (force-displacement product) per squared Kelvin ver-
sus the deflection per Kelvin per area. The force-displacement product
is a measure for the work the actuator can provide. Both, the deflection
and the force depends on the temperature. Hence, the area-specific work
scales with the applied squared temperature difference.

1OWilliam Thomson, 1st baron Kelvin, British mathematician and physicist, 1824 -
1907.
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Name Date Mat. d F A | AT | d/AT
1st Author pm | mN | mm? | K | pm/K
Ando [37] 2011 Ni 30.0 1.0 170 | 0.176
Arthur [38] 2011 Si 26 [0.08] 0.6 300 | 0.009
Chen [39] 2004 St 1190.0 0.41 | 1500 | 0.127
Chronis [40] | 2002 SU-8 | 42.0 04 | 50 | 0.84
Chronis [41] 2005 SU-8 | 6.0 0.02 55 0.109
Daneshm. [12] | 2009 Ni | 5.0 0.3 | 188 | 0.027
Enikov [43] 2005 Ni 20.0 | 1.67 | 0.11 | 220 | 0.091
Guan [44] 2010 Si 1.1 0.3 | 0.06 | 400 | 0.003
Huang [45] 1999 Si 16.0 0.02 | 720 | 0.022

Khazaai |46] 2010 Si 6.5 |0.04 | 0.44 | 200 | 0.033

Khazaai [47] 2011 Ni 81.0 | 2.4 | 1.26 | 170 | 0.476

Khazaai [48] 2012 Ni 134 | 84 | 0.89 | 180 | 0.074

Lee [49] 2005 50.0

Luo [50] 2009 Ni | 17.5 0.3 | 465 | 0.038
Matoba [51] | 1994 Si | 6.0 0.02

Nguyen [52] | 2004 SU-8 | 7.5 9.0 | 11 | 0.682
Oak [53] 2011 Si | 10.0 | 2.76 | 0.35 | 600 | 0.017
Ogando [54] | 2012 Si | 1.0 0.04 | 300 | 0.003
Paryab [55] | 2009 Si | 5.0 0.03 | 580 | 0.009

w2
<lnlnminn n < << aun < cun << < <|ncn<<c<< << 5
<2

Qiu [56] 2005 Si | 120.0 | 13.0 | 1.56 | 220 | 0.545
Que [57] 1999 Ni | 3.0 |0.75] 0.01 | 600 | 0.005
Que [58] 2001 Si | 30 |0.13] 0.13 | 48 | 0.063
Que [58] 2001 Si | 300 | 0.1 | 1.0 | 680 | 0.044
Sigm. [59] 2001 Ni | 444 | 6.0 | 0.1 | 730 | 0.061
Sigm. [59] 2001 Ni | 192 | 40 | 0.1 | 472 | 0.041
Stevens. [60] | 2007 Si | 35 |006] 03 | 35 | 01

Wei [61] 2008 SU-8 | 7.0 |0.08] 027 | 60 | 0.117
Yan [62] 2004 Si | 2.0 0.02 | 400 | 0.005
Yang [63] 2009 Si [ 250.0 | 2.0 | 19.2 | 700 | 0.357
Zhu [64] 2006 Si | 0.7 |432] 023 | 300 | 0.002

Table 1.1: Overview of design and performance data of state-of-the-art
thermal actuators. The column “shape” reveals the principle actuator
shape, such as V-, U-, or special shapes (S). The column “material”
refers to the active material for the actuator. The data are extracted
from literature by interpolating graphs depicted in the publications and
by comparing corresponding publications. .
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1.3 Summary

Chemical based sensors lack the possibility of an easy electrical readout
because the chemical reaction is mainly designed to change its color.
Their sensitivity is defined by the time-temperature product. Hence,
they become unstable with increasing time and the information value
about exceeding a certain threshold temperature decreases.

Sensors based on magnetic material properties are an interesting concept
but lack the possibility of an individual readout of devices that are lo-
cated next to each other. Furthermore, they require large readout coils
and, therefore, there is a high energy consumption for the whole readout
process.

Thermal micro actuators are the most promising approach to solve the
challenges of designing a passive temperature threshold sensor. In combi-
nation with latching mechanisms and RFID antennas, they offer a unique
combination of individual identification, easy readability, passive func-
tionality, and well defined behavior when a threshold temperature is
exceeded. The restriction of an activation of the sensor device at low
temperatures can be smartly solved by applying two separate latches,
where the first latch activates the second one when a specific lower tem-
perature is reached.

Important is the thermal sensitivity (deflection per Kelvin) of the ac-
tuator. Most of the state-of-the-art actuators are heated up to several
hundred °C. For the challenging sensor device, only a few tens of °C are
available as temperature difference and several tens of pm of deflection
are required to actuate a latching mechanism. Hence, a sensitivity of
at least 1pm/K is required, with still sufficient forces to push a latch
mechanism and to overcome the friction of the material. Non of the
state-of-the-art actuators meet these requirements. Therefore, the actu-
ator designs have to be improved or complete new approaches have to be
thought off. Technological processes have to be established for manufac-
turing the devices with the required boundary conditions, such as; low
stress gradient, low initial stress levels, reproducible material conditions,
and sufficient aspect ratios.

The design process starts from scratch and has to consider the limitations
due to the technological manufacturing process to push the limits of
thermal actuators to reliable thermal sensitivities. <4<



“The law that entropy always increases holds, I think, the supreme po-
sition amonyg the laws of Nature. If someone points out to you that your
pet theory of the universe is in disagreement with Maxwell’s equations
then so much the worse for Maxwell’s equations. If it is found to be con-
tradicted by observation well, these experimentalists do bungle things
sometimes. But if your theory is found to be against the second law of
thermodynamics I can give you no hope; there is nothing for it but to
collapse in deepest humiliation.”

Sir Arthur Stanley Eddington, The Nature of the Physical World
1927

Second Law of Thermodynamics

or
Why Stones Won "t Fall
Upwards

HIS chapter focus on a fundamental law in nature that results
in the simple rule: Systems tend to a state with lowest en-
ergy. One can say that it is a philosophic point of view, but
the second law of thermodynamics clearly shows why physical

systems try to minimize their energy. Even though it represents an em-

pirical law, firstly stated by Rudolf Clausius', it has never been proved
wrong until now.

The definition of the 2nd Law is given and, subsequently, its impact on
physical systems and models is described.

2.1 Definition

The most common and simplest definition of the second law of thermo-
dynamics is

ds
— > 2.1

!'Rudolf Julius Emanuel Clausius, German physicist and mathematician, 1822-
1888.

11



12 2. Second Law of Thermodynamics

where S is the entropy? in J/K, defined as

AQ
AS > — 2.2
5252 (2.2
or, as stated by Ludwig Boltzmann,
Q
AS =kgln— (2.3)
Qy

with ) as the heat energy in J, T the absolute temperature in K, kg
the Boltzmann constant and €2; » the number of possible micro-states for
the final and initial state. The 2nd law of thermodynamics means, that
the entropy of an isolated® system increases with time and will tend to
a maximum, so that the number of possible micro-states is largest. This
definition may be the easiest by means of its mathematical formulation
but not by means of its physical impact on observable things.

Other equivalent formulations are:

e A perpetual mobile of 2nd kind is impossible.

e There are no naturally spontaneous processes, where the entropy
decreases.

e Every closed macroscopic system tends towards its most probable
state.

e No process is possible in which the sole result is the absorption of
heat from a reservoir and its complete conversion into work.

The second law of thermodynamics enabled the definition of an explicit
time arrow of physical processes for the first time in science. Spontaneous
processes only occur when the entropy increases. Hence, it is possible to
distinguish between initial and final states. If a chemical reaction will
occur spontaneously the state with the higher entropy is, by meaning of
time, the later one and, therefore, the result. The 2nd law of thermody-
namics shows, that in nature, every closed® macroscopic physical system
in equilibrium will be found preferably in a state with its lowest energy.

?Named by Rudolf Clausius from the Greek word 7pomn [tropé| for transformation.
3 An isolated system cannot exchange energy or matter with the surrounding.
*A closed system can exchange energy but not matter.
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When the entropy S (U, X;) of a closed system depends on the inner
energy U (S, X;) and another extensive parameter X;, the system is in
thermodynamic equilibrium when the relations

E)S)
=0 , (2.4)
(8Xi U
and P2
— | <0 , (2.5)
(o),

are fulfilled, where (95/ox;),, means the partial differential for constant U.
When Eq. 2.4 and Eq. 2.5 are satisfied, the entropy is in a maximum with
S (U, X;) = Sp. Using the properties of the implicit function theorem the
differential of S (U (X;), X;) leads to

95N (98N (U _,
0X )y \OU)y \0X/)q

=0 Egq.24
(o)
6U) X ), (8U)
— = —— — — =0 . (2.6)
(aX So (%)X X So
The second partial differential gives
=0 Eq.2.6
—
25\ (0 (95\) TOUN,((#SY (U
0X2 ), \OU\OIX )/ \OX Jg, \\OU? ) \O0X /4
=0 FEq.26
——
L0 (05Y ) ) (A28 (PUY _,
oxX\oUu /), 0X o \OU J \0X2 )¢
0?8 oS 0*U
(o), * (), (5x) = =0

leading to

<0 Eq.25

(625)

2 2 2

(aU) _ o \oxz), (dU> -
So SO

ox7 (7, ax:
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Eq.2.6 and Eq. 2.8 states, that the inner energy of a closed system in
thermodynamical equilibrium is in a minimum for a given total entropy

[65].

This energy minimum principle can be extended to other thermodynami-
cal potentials that are derived by Legendre® transformations of the inner
energy. The Helmholtz® free energy F(T) is derived by exchanging the
entropy S by the temperature 7" as independent variable. For the en-
thalpy H(P) the volume is replaced with the pressure P, and the Gibbs’
free energy G(T', P) is derived by replacing the entropy and volume with
the temperature and pressure as independent variable, respectively [65].

The inner energy and the Helmholtz free energy are commonly the most
relevant thermodynamic potential for physical systems. The energy min-
imum principle results in a minimized Helmholtz free energy for a closed
system in thermodynamical equilibrium when the temperature is kept
constant (temperature reservoir). The inner energy for such systems is
in a minimum, when the entropy is constant. All potentials are equiva-
lent formulations but from a different point of view [65].

2.2 Examples

2.2.1 Jumping Stones

Considering a closed system of a stone with the mass m, held at height
ho above a plain (Fig.2.1). The stone has potential and kinetic energy
(Epot; Exin) which is in this case also the inner energy of the system:

Epot + Ekin =U= mgho . (29)

At first, the stone is at rest and with a kinetic energy of Fy, = 0. The
potential energy converts into kinetic energy in accordance to

2

Fyin = 5 = mg(ho —x) (2.10)
where x is the covered distance directed towards the plain. It is obvious
that a gravitational attractive force acts on the stone, resulting in a fall
down. From a philosophic point of view, one can state that the ther-
modynamically driving mechanism for the complete physical process is

® Adrien-Marie Legendre, French mathematician, 1752 -1833.
SHermann von Helmholtz, German physician and physicist, 1821 - 1894.
"Josiah Willard Gibbs, American physicist, 1839 -1903.
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Figure 2.1: A stone with mass m is placed at height h above a plain.
The potential energy is converted into kinetic energy. When the stone
hits the ground this energy is transformed into thermal energy AQ which
is released into the surrounding.

the maximization of the entropy or the minimization of the inner energy.
Finally, the potential energy is zero and the kinetic energy is transformed
into thermal energy AQ after the stone hits the ground (x = hg). Hence,
the change in entropy is calculated to

AQ AU  mghg
T T T
The entropy increases (maximizes) when the stone converts its energy

into thermal energy. Question: How large is the probability that the
stone will spontaneously jump upwards?

AS =

>0 . (2.11)

As funny as it sounds, there is a possibility that a stone can spontaneously
jump upwards to a height h;. The change in entropy for such a case is

mgh
AS = ——— . 2.12
5=-"2 (212)
Considering that the change in entropy is the change of the probabilities
Q
AS =kgln— (2.13)
Q,

where €2y is the probability to find the stone in a height h and €25 is the
probability that the stone is found on the bottom (h = 0) if the stone can
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freely decide. The later one can be set equal to 1. €; can be calculated
to

h
Ql = Qg exp k’BAS = QQ exp (—mg ) . (21—1)
kgT

For m = 1kg, h = 0.3m, and 7" = 300K the probability that a stone
will spontaneously jump up to 30 cm is Q; = exp (—2 - 10723). This is an
impressively small number and, therefore, the event is extremely unlikely
to happen.

2.2.2 Falling Stone in Air

Another model for the stone can be described by considering the energy
loss due to friction in the fluid (Fig.2.2). The inner energy of a stone in
a surrounding air volume consists of the potential and kinetic energy of
the stone

U= Epot + Exin - (2.15)

The moving stone in the fluid converts its potential energy loss only
partially into kinetic energy, so that the velocity of the stone v can be

calculated by
v =1/29T . (2.16)

The kinetic energy will be partially converted into thermal energy due
to friction force F, (Stokes® drag force) within the fluid

F.=6mrvv , Q= /Fda: = /67r7"1/\/29xdx = 47r7"1/\/293:%
(2.17)
The change in the entropy is therefore

AS = AQ/T = dxrvy/2gAz2 |T >0 . (2.18)

The temperature T' can be assumed to be constant because the volume
of the fluid is large. It can be seen, that the entropy change is positive.
Hence, the falling of the stone will happen spontaneously. The change
in the inner energy of the system is

2
AU = AQ + AE, o + AEy, = —6- gWTV\/QgAZL“% —mgAzr +mgAx <0
(2.19)

8Sir George Gabriel Stokes, 1st Baronet, Irish physicist and mathematician, 1819 -
1903.
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Figure 2.2: Simple model of a falling stone with the corresponding
potential energy, kinetic energy and energy loss due to friction.

and, therefore, decreases. The stone “tries” to minimize its internal en-
ergy by falling down.

In absence of a fluid (vacuum, interplanetary space) the stone will follow
a constant energy surface, converting the kinetic and potential energy in
accordance to the gravitational field?, resulting in an orbital curve around
the earth (neglecting the influence of other gravitational forces, e.g., sun,
moon, and other planets). As soon as friction takes place, the energy loss
will result in a descendent orbit, till the stone hit the surface of the earth,
or vanishes in a temperature induced evaporation and rapid oxidation
reaction releasing electro-magnetic waves in the frequency range of 1013 —
10'¢ Hz, leaving behind only particles.

2.3 Impact on the Design of MEMS

The fact that a system tends to minimize its energy has a large influence
on the functionality and the design of MEMS devices. In the following,
two major examples are given. First, the stiction (static-friction) due to

9The potential energy is only valid near to the surface of a star or planet. For
increased distances to the surface, the Newton’s (Isaac Newton, English physicist and
mathematician, 1642-1727.) law of universal gravitation or the general relativity
theory takes place.
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attractive forces between flat surfaces, which has a large influence on the
producibility of a design and second, the rest position of two connected
and deflected springs.

In later chapters, the energy minimum principle will be used widely. Such
as in section3.4 (concerning the material choice) and subsection 3.5.3
(dealing with the analytical model for the thermal actuator).

2.3.1 Stiction

Stiction means static-friction and describes a failure mechanism in
MEMS devices when two movable parts get into contact and stick to-
gether permanently. This can happen during the fabrication (so called
release-stiction) and also during the operation of the device. Wet chemi-
cal processes lead to capillary forces during the fabrication of the devices
when the liquids evaporate. These forces can pull adjacent surfaces into
contact to each other. A direct contact can be established also dur-
ing the operation of devices due to overload shocks or high electrostatic
forces [66-70].

Stiction happens when the surface energy of two separated areas is larger
then the elastic energy stored in the deformed shape of the device when
a contact is established. The surface energy is an intrinsic property of
interfaces due to free valences.

Considering a simple model (Fig. 2.3) of two surface areas A, where one
is fixed and the second one is attached to a spring with spring stiffness
k. The surface area is zero, as long as the contact between the areas
is established. Two surfaces are created when the areas are separated,
holding the surface energy

Usurf =2- As Vs (220)

with 7, the surface energy density in J/m2 An extension of the spring
x is introduced, resulting in a deformation energy (elastic energy)

1
Uaet = 5 - kx® | (2.21)

stored within the linear spring. For x = 0, the surfaces are in contact
and the spring is at rest, so that Ug,s and Uges are zero. At a specific
deflection © = x5 the deformation energy equals the energy needed to
create two separated surfaces. In accordance to the energy minimum
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Figure 2.3: Model for stiction. The spring will be elongated progres-
sively from the left to the right. The areas at the left will stick together
until the energy in the spring equals the surface energy.

principle, any further stretch of the spring leads to a break of the bond
interface, because the total energy

Utot - Usurf + Udef (222)

is lower when the surface areas are created and the energy of the spring
is released.

A peel-number Np can be defined, which indicates the probability for the
occurrence of stiction. When Np > 1 stiction will not become a problem.
Stiction is likely to occur for peel-numbers Np < 1 . In the described
spring model the peel-number is

Np _ Udef _ l k?JZQ ’
Usurf 4 ’YSAS
and can be avoided by increasing the stiffness k£ and the deformation z

that is required to establish a surface contact or by decreasing the surface
energy density v and the contact area As.

(2.23)

2.3.2 Mechanical Deformation

Its obvious that a mechanical deformation of a structure will take place
until a force equilibrium is reached. This equilibrium again is a result of
the energy minimum principle stated before. The deformation energy is
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AR
— -
x=0

Figure 2.4: Two connected springs will push against each other, until
a force equilibrium is reached and the total energy is minimal.

dUdef = Fdx (2.24)
where F' is the force in N. The energy is at an extremum when
dU
—=F=0 . 2.25
. (2.25)

The resulting force is zero when the deformation energy is in a minimum.
Considering two connected springs with k; and ko, where one spring
is initially elongated along the z-coordinate and the second is at rest
(Fig.2.4). The total energy of the system is therefore

2

2
The elongated spring will try to get back into its rest position, elongating
the second spring about a value of z, so the total energy becomes
kl(l'l — LL’)Q 4 k2$2

2 2

Utot = Udes1 + Udet2 = +0 . (2.26)

Ut0t<x> = Udef,l + Udef,2 = (227)

Combination with Eq. 2.25 leads to
Fl F2
—k1($1 - I‘) + kgl‘ =0 3 (228)
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which is again equal to the force equilibrium F; 4+ F5 = 0. In this simple
model, the minimization of the energy equals a force equilibrium. For
more complex systems, e.g., comb drives, the force can not be calculated
such easy and, therefore, the deflections have to be calculated using the
overall electrical and mechanical energies [71]. <4<






“There is always an easy solution to every human problem - neat, plau-
sible, and wrong.”

H. L. Mencken
1917

“No real problem has a solution.”
Smiths’s Law

Design

or

Limitation of the Diversity of
Solutions

m’\, OR every technical problem there is a wide variety of solutions.
This diversity can be limited by defining boundary conditions
for the given problem. But even then, there is aplenty of
possible solutions. Hence, a rough breakdown and review for
different approaches has to be made in order to compare the strengths
and weaknesses. Afterwards, the most promising approach is chosen and
the details are clarified. The way of finding a solution is often an iterative
one and at some point, one can see that there is no ultimate solution,
because every benefit has its own very special drawbacks.

This chapter summarizes the boundary conditions for the thermal thresh-
old sensor, the design approaches, and a promising design with a corre-
sponding analytical model.

3.1 Definition of the Problem

A temperature threshold sensor has to be developed that remembers
if a specified upper threshold temperature is reached. The whole sen-
sor device consists of the temperature transducer element, an electronic
readout, an electrical circuit and an RFID antenna. The idea is to apply
the sensor to a reefer cargo and to check if the temperature has exceeded
a specific limit during transportation and storage due to insufficient han-

23
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dling or cooling failures. The state of the cargo can be checked by an
RFID transponder. At first, energy is contactlessly transferred from an
RFID reader to the sensor to wake up the electronics. The state of the
sensor is checked with an electrical circuit and the RFID part transmits
the answer to the reader. In between those checks, the device operates
completely passively. The presented work focuses on the temperature
measuring element.

3.1.1 Boundary Conditions

The boundary conditions for such a temperature sensing element are:

e Passive operation.

e Temperature range from +50°C down to —40°C.
e Activation at low storage temperatures.

e Easy readout.

e Small spatial dimensions.

e Robustness.

e Self check ability.

The functionality of the sensor has to be completely passive. The sensor
has to track constantly the temperature and must remember a temper-
ature that exceeds a specific threshold. Hence, an inherent physical ma-
terial property has to be exploited for measuring the temperature. The
sensor has to keep its functionality in a temperature range from +50°C
down to —40°C. It should be inactive until it is applied to the cooled
reefer cargo (until a specific lower temperature boundary is reached).
The sensor is manufactured at room temperature and should be acti-
vated when it is applied to the cooled cargo. It has to remember a
threshold temperature that is commonly somewhere between the man-
ufacturing temperature and the activation temperature. Since the total
energy transmitted and stored in the sensor device is limited, an easy
electrical readout is preferred. The dimensions of the transducer ele-
ment have to be small for a simple combination with the RFID parts.
Additionally, a reduced size enhances the usability when applied to small
sized cargo packages. Also, the total costs of the product are minimized
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because the spatial volume used for MEMS devices is directly propor-
tional to their fabrication costs.

Furthermore, the sensor has to be robust with respect to mechanical
shocks. The transportation of cargo can be rough and the sensor has
to withstand accidental dropping of the cargo. Moreover, stiction is
a common problem during MEMS fabrication when movable parts are
pulled into contact to each other due to caterpillar forces or mechanical
shocks. Thus, the sensor has to be stiff enough to reduce the probability
for such failures. A self check ability is desired to prove the state of the
sensor and to increase the reliability of the whole device.

3.1.2 Proposed Solution

A thermal actuator exploiting the difference in the thermal expansion
of a device and a substrate material can operate completely passively.
Thermal actuators achieve displacements, only by relying on tempera-
ture changes of the surrounding environment and the thermal expansion
of the material. These displacements can be used to trigger a latch mech-
anism, which can be designed to be activated at lower temperatures and
to remember the exceeding of a specific threshold temperature. The basic
idea for the given problem is the use of two latch mechanisms. At first,
a mechanical deflection due to shrinking of a material at decreasing tem-
peratures activates the first latch mechanism. At this point, the sensor is
put into operation. When the temperature is raised again, the expansion
pushes against the already triggered latch, which activates itself another
latch mechanism. When this second latch mechanism is triggered, it gets
struck irreversibly, jamming further movements. The state of the sensor
can be checked with help of an electrical resistance measurement. The
resistance between the second latch and its counterpart is high if there
is no electrical contact and is only limited by leak currents between the
two separated leads. Once the second irreversible latch-contact is estab-
lished, a short circuit is created and the resistance changes by several
orders of magnitude. Fig.3.1 depicts the schematic operating principle
of the proposed latch mechanisms.

3.2 Thermal Actuator

A properly designed thermal actuator is essential for the proposed so-
lution. On the one hand, it has to be compact and small, and on the
other hand, it has to exhibit deflections in the range of several tens of
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Figure 3.1: The proposed solution compose of a thermal actuator and
two latch mechanisms. The first latch is triggered during cooling down
the device. upon reaching an upper threshold temperature, the second
mechanism is activated. This leads to an irreversible electrical contact
that can be measured via electrical resistance measurements.

micrometers. Both aims are opposite objectives. The deflections can be
increased, by enlarging the dimensions of the structure. An optimum
between these contrary objectives has to be found. Large deflections are
needed due to the minimum gap sizes between the latch mechanisms.
These gaps are defined by the manufacturing process and the aspect
ratios. The gap sizes are in the range of several microns for state of
the art micro machining technologies. Hence, the deflection has to over-
come at least those gaps for a temperature range of a few tens of °C.
When the gap is estimated to be 10 pm and the temperature difference
of 20K is taken into account, the actuator has to exhibit a sensitivity
of at least 0.5 um /K. In addition, it has to achieve forces in the order of
mN to overcome the friction between the latch and its counterpart. The
most promising design relies on V-shaped beams. But since single stage
V-shaped beams only exhibit thermal sensitivities of up to 0.1 pm/K,
cascaded designs and designs with lever transmissions are investigated.
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Figure 3.2: The change in length Aa is large for flat triangles with
small angles .

3.2.1 Design Considerations

The V-shaped beam results from simple triangle mathematics. When
one arm of the V-shaped beam is identified with the hypotenuse ¢ of a
rectangular triangle (Fig.3.2) and the beam becomes longer about Ac
due to thermal expansion while the adjacent b is fixed, the change in
length of the opposite a becomes

Aa:\/CQ(l—i—aAT)Q—b?—a . (3.1)

Here, a is the coefficient of thermal expansion (CTE) and AT the tem-
perature change. For a flat triangle with a small angle v, Aa becomes
large in respect to a temperature change (Fig.3.2). This basic consider-
ation assumes a hinge condition in the interconnection of the beams, but
does not take into account that not only a deflection but also a force must
be applied on the tip of the triangle. Nevertheless, this model is sufficient
for a generic actuator design. The deflection Aa can be increased by a
transmission, e.g., a cascaded triangle or a lever beam. These two basic
designs are depicted in Fig. 3.3.

The thermally induced energy has to be efficiently transformed into me-
chanical work. The product of force and displacement at the tip of the
structures is a measure for the work the structure can provide. Basically,
a large deflection is needed for actuation, but the resulting force has also
to be kept in mind. It has to be sufficiently large to push against the
latch mechanism that exhibits a specific spring stiffness and friction, once
a contact is established with its counterpart.

The primary V-shaped beam is stacked in parallel several times to in-
crease the thermally induced energy. Also the beam width of the V-
shaped beams has to be large to increase the total work provided by
the actuator. The transformation into mechanical work has to be effi-
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Figure 3.3: The generic developed designs rely on V-shaped beams.
The deflection can be increased by either a cascaded V-shaped beam or
a lever transmission.

cient with low energy losses. These losses arise from the elastic energy
of the deformation of the structure. The elastic deformation energy is
proportional to the mechanical stress within the material. Care must be
taken that the yield strength of the material is not exceeded. Otherwise,
there will be plastic deformations that leads to a non-linear behavior of
the device. Consequently, reducing the stress within the structure will
help to avoid plastic deformations and to reduce the energy loss. The
occurring mechanical stress of a deformed structure can be described by
a simple model of a single clamped beam featuring a height h, a width
b, a length [, and a deflection d. The maximal momentum is given by
M = 3Ell§hl% and the elastic section modulus by Sy = th.Q. Hence, the
occurring mechanical stress is calculated to be

M 3FE-d
Omech = S_A - 5 l2
where E is the Young’s modulus of the material. It is assumed that
the neutral axis is equal to the symmetry plane of the rectangular beam
shape for simplification of the calculations. The corresponding elastic
deformation energy is calculated to be

b, (3.2)

1., FEh-&,
Udet = §kd =SB b’ (3.3)
where k is the spring stiffness of the cantilever, given by k£ = i’;ﬁz‘”’. The

mechanical stress can be reduced by scaling the width of the beam, which
is in contrast to maximizing the induced thermal energy. Quasi-hinges
with a reduced beam width are designed and implemented in the most
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affected regions, such as: the connections of the beams and the coupling
bars to the lever. But the width of the hinge beam has to be sufficient
to withstand the compressive forces. Buckling occurs in the worst case,
resulting in a loss of the functionality of the actuator. The design is
always a trade-off between mechanical stress, displacement, and force.
Finite element model simulations are carried out to optimize the generic
designs. These simulations are explained in detail in subsection 3.2.2.

Topology Optimization

Aside from generic and analytic designs, the concept of topology opti-
mization was utilized [72-74]. This concept was presented in [75] for op-
timizing thermally activated micro grippers, demonstrating the usability
of the method for thermo-mechanical problems. Topological optimiza-
tion is the optimization of an area with regard to a requested extreme
of an output value. In context of the presented work, topology can be
reduced to a general structure geometry that fits within a well defined
area.

Two regions are defined for the design optimization. One is the opti-
mization area that has to be adapted and formed and the second on
provides the feedback for the evaluation algorithm (Fig.3.4). The op-
timization process involves a specific value, which has to be maximized
or minimized. A structure should be generated within the boundaries
of the optimization area. It should exhibit a maximum in-plane deflec-
tion or force at a specific point when the temperature is changed and
thermal stress is induced within this area. The energy or work (force-
displacement product) that can be applied against a spring is chosen as
control value and should be maximized.

The topology optimization toolbox of COMSOL Multiphysics@®) provides
a solver and an iteration algorithm for such optimization problems. The
area which needs to be optimized has two fixed boundaries. One bound-
ary is modeled with a roller bearing condition which represents a sym-
metry axis for the resulting structure (Fig.3.4). The Young’s modulus
E(z,y) in each point in the area is defined as

E(ZL‘, y) = EO : ,00(13, y)p ) (34)

where p,(z,y) is the optimization parameter (p,(x,y) €|0,1]), p the pe-
nalization parameter (p = 3), and Ej the Young’s modulus of the mate-
rial (Ey = 210 GPa). The area should induce a maximum elastic energy
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Figure 3.4: Simulation model for the topology optimization with the
defined areas and the boundary conditions. The narrow area is the
control area which provides the control variable for iteration algorithm.
The optimization area defines the area in which the Young’s modulus is
adapted to built up the optimized geometry.

in the control area, which is modeled as a narrow beam. The Young’s
modulus in this control area is Fc =1 GPa and small compared to Ej.
A thermal stress oiperm 1S induced in the optimization area by apply-
ing a thermal expansion and a temperature change. This stress should
be converted to an in-plane deflection, pushing against the control area.
Therefore, the energy difference U,,;,, = Ur — Upp between the elastic en-
ergy of the optimization area Uy and the elastic energy of the control area
Uy is used as control value for the optimization algorithm. The elastic
energy of the control area equals the thermally induced elastic energy of
optimization area when the energy difference is at a minimum. Due to
the low Young’s modulus of the control area, the elastic energy is high
when the deformation (compression) of the control area is large. This
means that the deflection is large at the point where the optimization
area is connected to the control area.

The optimization parameter p, in each point within the optimization
area is varied in order to reduce Uy, during the iteration process. This
leads to areas where the Young’s modulus is either zero or Ey. The
penalization parameter suppresses areas with an intermediate Young’s
modulus. Figure 3.5 shows the evolution over time of the optimization
process and how the resulting structure is formed. The basic, rudimen-
tary, and replicated structures that can be found are triangles, pushing
against other triangle geometries (Fig.3.6). These geometries can be
identified as beams with a non-linear width. The single beams are broad
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Figure 3.5: Iteration steps of the simulation for optimizing the topol-
ogy of the structure. The optimization parameter p, is plotted after
iteration step 1, 7, 11, 15, 18, and 67, respectively. In the beginning, the
optimization parameter is homogeneously distributed and set to 0.1. In
each individual step, the parameter is adjusted to meet the optimization
goal. In the shown case, the elastic energy difference between the control
area and the optimization area should become minimal.

gax: 154465206

in the middle and small at the interconnections. In this way, the elastic
energy output is increased, while the losses due to bending deformations
in the hinges are decreased.

The stability of the solution of the simulation is sensitive to the chosen
initial and boundary conditions, such as:

e Initial optimization parameter
e Upper and lower boundary for the optimization parameter

e Maximum occupied area of the resulting structure

These parameters were found by a trial and error approach. The initially
homogeneously distributed optimization parameter is the starting point
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Figure 3.6: The resulting structure features beams with a non-linear
width and only narrow interconnections between the beams. The design
is approximated by linear beams and hinges with a small width. A rudi-
mentary, basic triangle structure can be identified that pushes against
other triangles to converts the thermally induced stress into an in-plane

deflection.
Young’s modulus Ey 200 GPa
Young’s modulus Ec 1GPa
CTE Q@ 16.5ppm /K
Poisson’s ratio v 0.33
Temperature difference | AT 60 K
Initial p,(z,y) Pini 0.1
Occupied area max Aqn 16%
Optimization area Aopt | 600x370 pm?
Lower boundary le-4
Upper boundary 1

Table 3.1: Parameters used for the topology optimization.

for the simulation. The upper boundary for the optimization parameter
is 1. When the lower boundary is set to zero, the simulation becomes
unstable and, hence, 10™* is chosen as lower boundary. The maximum
occupied area of the resulting structure is the area that the structure is
allowed to cover (percent of the total optimization area). The parameters
used in this simulation are listed in Tab. 3.1.
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Figure 3.7: A thermal actuator based on the approximated geometry
resulting from topology optimization. Two actuators are placed facing
each other, connected to a lever, which moves up- and down in accor-
dance to temperature changes.

The resulting structure is approximated by linear beams (Fig.3.6) to
obtain a geometry that can be mapped onto a lithography mask. The
hinges for the interconnections between the beams are approximated by
narrow beams. Based on the approximated structure, a thermal actuator
is designed. Two of them are arranged facing each other with a small
offset, connected to a lever which increases the thermally induced de-
flections. A sample geometry is plotted in Fig.3.7. The whole actuator
is created by a Matlab@®) script and automatically simulated regarding
the thermo-mechanical behavior using COMSOL Multiphysics@®). The
design is manually adapted to decrease the arising stress and to increase
the work that the actuator can provide.

3.2.2 Finite Element Model Simulation

Finite Element Model (FEM) simulations are carried out to predict the
behavior of the designs. The geometries are parametrized created with
Matlab@®), which offers an interface to COMSOL Multiphysics@®). The
parameters in the simulations were varied to find optimal designs regard-
ing the deflections, the forces, and the mechanical stresses.

The structures are modeled as 2D plain-strain geometries, including a
thermal expansion of the material and an initial stress resulting from the
manufacturing of the devices. The plain-strain condition means that the
strain in z-direction (perpendicular to the 2D-plane) is zero. A nonlinear
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simulation mode is chosen because the deflections cannot be considered to
be small compared to the width of the beams. This condition takes into
account stress and strain effects of second order and instead of the linear
strain and stress the Green' strain and Piola’-Kirchhoff® stress are used.
The mechanical deformation is linked to a moving mesh application. The
boundaries of the anchors are fixed, whereas the rest is free moveable.
The simulation is carried out in two steps to simulate the deflection and
the force at the tip of the structures. At first, the geometry is simulated
at a specific temperature difference including the thermal expansion and
also the intrinsic stress. This leads to the deflection d,.. of the tip at
elevated temperatures. The maximum occurring von Mises® stress is
evaluated by searching for the maximum stress within the geometry [76].
In the next step, the temperature difference is removed and only the
deformation of the structure due to the intrinsic stress diy, is evaluated.
The deflection sensitivity per Kelvin is calculated to be

dmax - dintr -

dK == T y (3))
with AT the temperature difference. With the moving mesh application
a new geometry is created that results of the simulated deformed shape.
Subsequently, the intrinsic stress is removed because the structure is
already deformed due to this stress. The tip of the structure is fixed
and a temperature difference is applied again. The reaction force at the
tip is evaluated and the force per Kelvin Fk can be computed when the
deflection of the tip is restricted. The product of deflection and force
is a measure for the work that a structure can provide against a spring.
Figure 3.8 depicts the boundary conditions and the simulation sequence
for a typical design.

Design Evaluation

Different geometries and design approaches are simulated and the de-
flections and forces are evaluated. The occurring maximum stress is not
evaluated in these simulations because only a rough estimation of the
performance of the different design approaches is relevant at this point.
Nevertheless, after finding the most promising design regarding the over-
all performance evaluating the technology to manufacture the devices,

!George Green, British mathematician and physicist, 1793 - 1841.
2Gabrio Piola, Italian mathematician and physicist, 1794 - 1850.
3Gustav Kirchhoff, German physicist, 1824 - 1887.

“Richard Edler von Mises, Austrian mathematician, 1883-1953.
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Figure 3.8: FEM simulations to predict the behavior of the structures.
The boundaries of the anchor regions are fixed, whereas the rest of the
structure is free. The deflection and intrinsic stress are evaluated at
raised temperatures. Subsequently, the temperature difference is set to
zero, leading to the deformation caused by the intrinsic stress that is
in the same order than the thermally induced deflection. Hence, the
deflection due to increased temperature and the intrinsic stress nearly
cancel out each other. A new geometry is created resulting from the
deformed shape. The tip of the structure is fixed and the reaction force
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the geometries need to be adapted regarding the initial intrinsic stress
as well as the maximum occurring stress.

The geometric parameters of the structures (e.g., length and width of
the beams, offset between the mirrored V-shaped beam stacks, etc.) are
varied to find an optimum between deflection and force. This multi-
parameter problem is solved by a manual iteration process. At first,
the most obvious parameters are adjusted, such as the angle of the pri-
mary V-shaped beams and the offset between the stacks for both, the
generic, (Fig.3.3) and the topology optimization designs (Fig.3.6). The
parameters promising the best performance are taken and the next ge-
ometric parameter is adjusted. In this way all geometry parameters are
tested. The iteration is carried out 2-3 times until no more significant
increase in performance is achieved. This manual approach has the risk
to run into a local minimum, but there is no simple way to handle such
multi-parameter optimization problems in general. Several different ini-
tial starting parameters are tested and iterated to reduce the risk of
running into local minimum.

To compare the different designs, a Young’s modulus of £ = 200 GPa,
a CTE of a = 16.5ppm/K, a Poisson’s’ ratio of v = 0.33, and a tem-
perature difference of AT = 40K are assumed. Also the total occupied
area, defined by a rectangular shape enveloping the whole structure, is
considered to provide an additional decision criteria and to find the best
design for the given problem (large deflection, low area consumption,
sufficient force to push a latch mechanism). Table 3.2 summarizes the
simulated deflections, forces, and occupied areas of different manually
optimized designs. The product of deflection d and force F' at the tip of
the structure is a measure for the work and the area specific work d- F//A
measures the efficiency of the actuator per required area. The dimen-
sions of the structures can be scaled to increase the force-displacement
product, but this is in contrast to the requirements of a small spatial
volume for the whole device. Two representative designs for each of the
topology optimized, the cascaded V-shaped beam, and the V-shaped
beam geometries with a lever transmission are compared. The cascaded
V-shaped beam structures feature the lowest maximum deflections, but
the highest forces. Due to the cascaded design there is plenty of un-
used space between the mirrored beam stacks which require relatively
large areas compared to other design approaches. The topology opti-

®Siméon Denis Poisson, French mathematician, geometer, and physicist, 1781-
1840.
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Design d | F Area A d-F d-F/a
pm | mN mm nJ | nJ/mm?
51 | 1.3 | 1.4x1.8 | 2.52 | 66.3 26.3
I
: 30 | 1.0 | 1.2x1.2 | 1.44 | 30.0 20.8
| |s
. z [ 91 | 1.8 | 1.7x0.6 | 1.02 | 163.8 160.6
}f i i 54 | 3.3 | 1.8x0.8 | 1.44 | 1782 | 123.8
] > 16 | 5.9 | 1.6x1.6 | 2.56 | 94.4 36.9
14 | 14 | 1.4x1.8 | 2.52 | 196.0 77.8

Table 3.2: Different designs are compared regarding the simulated
deflections, forces, and required areas. The simulations are carried out
for E = 200GPa, o = 16.5ppm /K, v = 0.33, and AT = 40K.
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mized geometries exhibits the lowest force-displacement product. They
also require a lot of chip area and the area specific work d - F'/A is the
lowest of the compared geometries. One big benefit is their robustness
against out-of-plane deformation which is due to the distributed anchor
points (see also Fig.3.6). The V-shaped beams with lever transmission
promise the best performance for the thermal micro actuator. The trade-
off between force and displacement can be easily adjusted by changing
the lever transmission. Very high displacements can be achieved at the
expense of force. This structures can also be designed to be very compact
resulting in a large area specific work. Therefore, these geometries are
investigated in detail including an analytical model (sec.3.5). Finally,
they are used as actuators in the prototype devices. The evaluation of
the manufacturing technology and the design iterations are established
simultaneously. Hence, all of the designs are manufactured with different
technological approaches and are evaluated by thermal measurements.

The designs have to be adapted in accordance to the chosen technological
manufacturing approach. Young’s modulus, CTE, and intrinsic stress
vary for different materials and technologies and these parameters have
a significant influence on the behavior of the structures. The Young’s
modulus is directly proportional to the occurring stress and the force the
actuator can provide. The CTE influences the thermally induced energy
and output work. The intrinsic stress leads to an initial deformation. In
the case of SU-8 technology, this deformation significantly changes the
angle of the primary V-shaped beams, so that the angle in the proposed
design has to be larger. The initial deflection due to this stress influences
the offset for the latch mechanism. When the latch mechanism has to
be activated at a specific temperature, the offset has to be accordingly
considered.

3.3 Latch Mechanism

A latch mechanism is needed as part of the sensing element to remember
if the threshold temperature was exceeded. The latches are triggered
by the thermal actuator and a schematic design is depicted in Fig. 3.9.
The latch is inactive at first (during fabrication) and activated when the
lower threshold temperature is reached. When the device is heated up
again, the actuator pushes against the latch until an upper threshold
temperature is exceeded. At this point, a second latch is triggered which
establishes a mechanical contact that irreversibly blocks further move-
ments. The displacement sensitivity of the actuator and the required
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Figure 3.9: Functional principle of the mechanical transducer element.
When the temperature decreases, the tip of the actuator moves down and
activates a latch. When the temperature is raised again, the actuator
pushes against the latch, until it is released and an irreversible contact
is established.

activation temperature defines the offsets between the latches. The min-
imum offset is given by the minimum aspect ratio of the manufacturing
process.

The maximum actuated deflection of the latch depends on the deforma-
tion energy of the actuator and the latch. For a well defined temperature
and zero deflection d = 0, the force of the actuator equals Fy. The ac-
tuator can be considered as a spring with stiffness k.., and the resulting
energy of the actuator is thus calculated to be

kact d2

Uact = _FOd + 9

(3.6)

Therefore, the maximum deflection d,,, is reached when U, is minimal.
When pushing against a latch mechanism with a spring stiffness kaien,
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Figure 3.10: Energy of the thermal actuator as a function of the deflec-
tion. The maximum deflection is reduced to dmax,1 when the actuator
pushes against the latch mechanism, assuming that the actuator is in
contact to the latch right from the start. In this model, the initial offset
between actuator and latch is neglected, as it appears in a real geometry.

the total energy is calculated to be

kact d2 klatch d2
2 * 2

This model assumes that the actuator and the latch are already in contact
to each other, neglecting the initial offset between them as it appears for
a real device. The maximum deflection is accordingly reduced to dmax 1,
as depicted in Fig.3.10. The corresponding force is a function of d as
well and given by

Uges = Uact + Utaten = _F(]d + (37)

du, es
F(d) == dcgi = FO - (kact + klatch) d . (38)
Hence, the spring stiffness of the mechanism has to be small in order to
reduce the reaction force pushing against the actuator. From a different
point of view, a more flexible mechanism reduces the loss of energy due
to the deformation. When the occurring deformation energy of the latch

mechanism is reduced, the actuated maximum displacement is increased.

Two different approaches for the basic latching geometry are investigated
in detail regarding the contribution of the friction to the total energy.
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Figure 3.11: Schematic of a triangular shaped latch mechanism. The
right part is fixed to the thermal actuator which causes a force F, and a
deflection d. The left part is fixed onto a beam that is clamped on one
end.

3.3.1 Triangle Shaped Latch

The friction of the material has to be overcome in order for both parts
to slide along each other. For a triangle shaped latch (Fig.3.11) with an
angle v and a coefficient of friction (CoF) po, the tangential force Fiung
has to be larger than the friction force resulting from the contact force
Fx. The tangential force results from the pushing force of the thermal
actuator and the angle of the triangle

Fiang = sin (y) Fy — cos () Fx — po [cos (7) Fy +sin(y) Fx] ., (3.9)

where the index z and y corresponds to the lateral component (see
Fig.3.11). In the simple case where the latch is fixed onto a beam that
is clamped on one end, the force Fy can be calculated to be

3EI d
Fo=—"1r—— . 3.10
I3 tan(y) (3.10)

Here [, I, and E are the beam’s length, second momentum of inertia and
Young’s modulus, respectively, while d is the deflection in y-direction.
When the thermal actuator, featuring a maximum deflection d,., and
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Figure 3.12: Calculation of the maximum deflection depending on the
coefficient of friction and the angle. Within the marked region (white
dots), the deflection is sufficient for both parts to completely pass each
other when an overlap of 20 um is assumed. The color marks the maxi-
mum deflection ranging from 0pm (blue) to 67 pm (red).

a maximum force of Fp, pushes against the latch, the force F of the
actuator depends on the deflection as

kact

£y d
F,(d)=F—— (d+—22 . 3.11
V) =5 dmax(+COS(7)> 310

The gap size dg,;, corresponds to the initial gap between the latch and the
actuator. The latch slides against its counterpart as long as Fiang > 0.
Hence, the influence of the angle v and the CoF pg can be studied.
Fig.3.12 depicts the maximum deflection of a thermal actuator sliding
against a latch depending on v and py. The parameters £ = 210 GPa,
I =1667pm*, [ = 700 nm, Fy = 2mN, dyax = 86 pm, dg,, = 8m, and
an overlap of 20 um were used for this calculation. The deflection and
force of the thermal actuator are insufficient to move against the latch
for large angles and high values of p. For the given values and an angle
of v = 65° a maximum CoF of pg = 1.7 can be surpassed. The dots
mark the region where the deflection is sufficient so that both parts of
the latch can completely pass each other.

It was not distinguished between static and kinetic friction due to simpli-
fications. The coefficient of kinetic friction is in general smaller compared
to the coefficient of static friction. But in the worst case, the temperature
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Figure 3.13: Schematic of a circular shaped latch mechanism. The
tangential contact angle depends on the deflection d.

increase and, hence, the movement of the parts is very slow, resulting in
a quasi static friction.

3.3.2 Circular Shaped Latch

When the same calculations are carried out for a circular shaped latch,
care must be taken since the angle v is no longer constant. Two circular
shapes with radius r and an offset xg between the respective centers are
modeled (Fig. 3.13). The thermal actuator deflects until the first contact
between the curved shapes is established. The initial tangential angle is

Yo = arctan <@> : (3.12)

Yo

where 1, is the vertical distance between the center of the curves, defined

by
Yo = \/4r? — 2% . (3.13)

The force of the actuator is the same as Eq.3.11 when the initial gap
dgap is taken into account

kact

F d
F,(d)=F, — —% (d+ —&2_ : 14
= dmax( +COS(70)) 0

The perpendicular deflection of the shape dy is calculated to be

d, = \/47’2 —(yo—d)? -z (3.15)
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and the reaction force in z-direction is
—d, . (3.16)

The latch moves by d, in z-direction when the actuator deflects by d in
the y-direction and the contact angle changes accordingly as

To + dx)

(3.17)

= arctan
! ( Yo —d

As long as the tangential force
Fiang = sin () Fy — cos () Fx — po [sin () Fx + cos (7) Fy] (3.18)

is positive, the actuator will move on and both parts can slide along
each other. The force F is small compared to the friction force. Hence,
when an initial condition is found where Fi,,, > 0, both parts will slide
more easily for increasing deflection d. This is due to the circular shape
and the friction force that decreases with the changing angle. To obtain
parameters for which the latch can slide along its counterpart, the co-
efficient of friction (CoF') and the lateral offset are varied. For the plot
shown in Fig. 3.14, the values F = 210 GPa, I = 1667 um?, [ = 700 um,
Fy = 2mN, dpax = 86 pm, dgp = 8pum, and 7 = 15 pm were used. The
plot indicates parameters for the overlap and the CoF where the latch
can slide along its counterpart. For increasing values of pg, the allowed
overlap (= 2r — xg) of both circular shaped geometries drops rapidly. As
for the triangle shaped latch, the difference between static and kinetic
friction was neglected.

3.3.3 Bistable Beam

A geometry featuring two stable configurations can also be used as latch
mechanism instead of the concept depicted in Fig.3.9. A pre-curved
beam, also called bistable beam, seems natural for such an application
[77-84]. By applying a force to the bistable beam, it can be pushed to
snap from its primary shape into its second stable position. Since there
are several buckling modes (Fig. 3.15), at least two parallel curved beams
are needed to stabilize the second position. Otherwise, it would bounce
back into its primary position when the force is removed. Figure3.16
depicts an SEM image of such a geometry as well as the analytical and
numerically simulated force-displacement curve. The shape w of the
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Figure 3.14: If two circular shaped geometries can slide along each
other depends on the overlap of both parts and the coefficient of friction
to- For increasing values of pg the allowed overlap becomes smaller and
smaller.
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Figure 3.15: The pre-curved beam exhibits several buckling modes
when a force is applied. Here, th first three modes are illustrated. The
higher modes have an increasing number of nodal points.
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Figure 3.16: SEM micrograph of a bistable Ni beam with width ¢,
length [ and initial apex height h,. The force-displacement curve of
the shape is numerically simulated and compared to the results of an
analytical model.
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curved beam as a function of the elongation z is given by

w(z) = % (1 — cos (2%?)) ) (3.19)

with h, as the initial apex height and [ the span of the beam. An
analytical model for this geometry is given in [80|. The relevant forces
and displacements are calculated to be

Elh, Elh,
frop 2 TA0—=5=,  foor & 3T0—73=, (3.20)
4
dtop ~ 0'16h'a7 dbot ~ 1-92haa dmid - gha . (321)

Furthermore, the aspect ratio

ha
Qu="2 (322)
with t being the width of the beam, has to be (), > 6 to stabilize the
second position. The minimal feature size of the chosen manufacturing
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process defines the minimal width and, therefore, the apex height. The
required force to push the beam into its second position is given by fiop
and has to be smaller than the force exerted by the thermal actuator.
Hence, the length [ has to be chosen properly.

3.4 Choice of Material

What is a good or bad material an thermal actuator based on the thermal
expansion? From an empirical point of view, the coefficient of thermal
expansion (CTE) can be identified as the most relevant material param-
eter. In this section this empirical thesis is proved with analytic models
and also the influence of other material parameters is evaluated.

The technical Hencky® strain € is given by
ol
=

with [y the initial length and dl the differential length difference, or in

the integrated form
€ =In (ZE) : (3.24)
lo

The linear thermal expansion of a beam can be written as

de (3.23)

aAT = €0 - (3.25)
The elongated length [T due to temperature changes is
It = exp(aAT) -1y (3.26)

with a being the coefficient of thermal expansion, and AT the tempera-
ture change.

To evaluate the important material parameters, a model of a cantilever
that is clamped on one end was set up. The cantilever features a length [,
Young’s modulus F, cross section Area A, a CTE « and a temperature
change AT (Fig.3.17). When the beam is elongated due to thermal
expansion, the elastic energy Uy stored in the beam is zero. But when
a force is applied and the elongated beam is compressed until the initial
length [y is reached, the elastic energy corresponds to

Al
Ug = —/ €(z)-E-Adz | (3.27)
0

6Heinrich Hencky, German engineer, 1885-1951.
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Figure 3.17: Model for determining the relevant parameters for a ther-
mal actuator. A one sided clamped beam is heated up, elongates due to
thermal expansion and is compressed until its initial length [ is reached.
In this way the thermal energy is calculated.

’ (ZT — :L‘)
e =In
It
Al =1y —Ilr = (1 —exp(aAT)) -l . (3.29)

Substituting Eq. 3.28 and Eq. 3.29 into Eq. 3.27 and integrating leads to

2 - exp(aAT) — 1)
exp(aAT)

with

(3.28)

and

Ug = — {(1 —2-exp (@AT)) - log ( (3.30)
— 1 +exp(aAT) } - E-A

A Taylor” approximation for AT < 1 results in

UE:_{(H.

14+ aAT +

2
14+ aAT + <aA2T)

) - [aAT — (aAT)Q] (3.31)

2
1y (O‘AQT)

+O((aAT)3)}-l0-E-A

Taking into account only terms up to (aAT)Q, the elastic energy Ug
stored in a beam which is heated up by AT and compressed to is initial
length [y is given by

(aAT)?

Up=-—F"lo-E-A . (3.32)

The energy depends strongly on the material parameters o and E, and
the design parameters A and ). A material with a high product of o2E

"Brook Taylor, British mathematician, 1685-1731.
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Mat. « E E . a? Mat. « E E . a?
1075/K | GPa | Pa/K? 107%/K | GPa | Pa/K?
SU-8 25-50 4 10.0 Mg, Si 11.5 115 15.2
Al 23 70.6 37.0 MgoGe 15 109 24.5
Pb 29.3 16.1 13.0 Mg 26 44.7 | 30.2
Au 14.2 78.5 15.8 Ni 13 200 33.8
Ag 19.5 82.7 31.4 SigNy 10 205 20.5
Ti 10.8 120.2 14.0 Brass 20.3 100 41.2
Sn 26.7 49.9 35.6 Fe 11.7 205 28
W 4.5 411 8.3 Cs 97 1.7 16
Zn 26.3 104.5 35.6 Na 71 10 50
Zn0O 5 30-250 | 0.8-6.3 K 83.3
Si 2.5 170 1 CuGeyP3 37.6
Cu 17 129.8 37.5 Agl -2.5

Table 3.3: Overview about the CTE and the Young’s modulus of se-
lected materials [85, 86].

is recommended to increase the elastic energy, which is a measure for the
work the actuator can provide. Tab.3.3 summarizes the CTE and the
Young’s modulus of different materials. Most of them are not suitable
for fabrication, they are either unstable (e.g., easily oxidize or corrode),
need special environmental conditions (e.g., Na, Mg) or they are way too
expensive (Ag). Nickel and copper are well known in the fabrication of
MEMS and can be deposited in reliable structure heights. Copper, how-
ever, has a low dislocation energy and recrystallizes when mechanical
stress is applied. Therefore, its long term stability is questionable, espe-
cially at elevated temperature. Thus, nickel is left as the most preferred
material though when it has a relatively low a.

3.5 Analytical Model

An analytical model for the deflection of the tip of the actuator is set
up. Only an analytical model for the V-shaped beams with a lever trans-
mission is carried out, because these structures are used for the resulting
final prototype.

The geometry is separated into the V-shaped beam stack and the lever
transmission. The spring stiffnesses kv and ki, of a single beam of the
stack and the lever transmission, respectively, are calculated for a given
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Figure 3.18: Scanning electron micrograph of the actuator. For the
analytical model, the structure is separated into V-shaped beam stacks
and a lever transmission with the spring stiffnesses kv, k1., respectively.

deflection d (Fig.3.18). Finally, the energy equilibrium of to thermally
induced elastic energy and the deformation energy due to the deflection
of the structure is calculated, yielding the temperature dependent deflec-
tion of the V-shaped beam stack. With the length of the lever hy, the
deflection x}, of the tip of the actuator is calculated.

3.5.1 Spring Stiffness of the Lever Transmission

The deflection of the lever transmission is calculated with the static Eu-
ler®-Bernoulli’ beam theory
v Mz)

w(z)" = A (3.33)
with w the transverse deflection, F the Young’s modulus, /I the areal
moment of inertia, and M the bending momentum. The lever transmis-
sion is modeled with two beams, referred to as beam #I1 and beam #II,
connected by a torsional rigid, stiff-jointed framework (Fig.3.19). The
point symmetry (Psymm) is used to simplify the model by splitting the
transmission into two parts. The point of symmetry is modeled with
a hinge condition, since there is only a rotation and momentum in this

8Leonhard Euler, Swiss mathematician and physicist, 1707-1783
“Daniel Bernoulli, Swiss mathematician and physicist, 1700- 1782
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Figure 3.19: Schematics of the model for calculating the spring stiffness

of the lever transmission. To simplify the model the point of symmetry is
modeled as a hinge. Furthermore, the geometry is split into the vertical

beam #I and horizontal beam #II, both connected by a torsional rigid,

stiff-jointed framework.

point is zero. The vertical beam (#1) is fixed with a rigid condition and a
defined deflection d is applied. The static equilibrium condition is stated

by
Fax — Fix =0 ’
Fay + Fiy =0
—MA—Ml—FAy'ZIZO 5
_1_71Ay_F’2y:0 5
Fay +F5 =0

My = Fax-lb=0
with the momentum M; to be
Ml(l’l) = FAy c X1 — FAy by — Fax -1y
Substitution of Eq. 3.35 into Eq. 3.33 leads to

1 <_ng$?{ L Faya JQF Fay - Iy

wi(w) = E1,

1 FAX FAX'Z2 = =
walrz) = oo <_ 6 2T mg>+Bl'$2+BQ

(3.34)

(3.35)

$%>+A1$1—|—A2 s

(3.36)
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The corresponding in-plane deflections u in accordance to Hooke’s' law
are calculated to be

uy () = —x1 FA, +d
F
UQ(.Z‘Q) = T2 E—Zyg + B s (337)

where A, Ay, By, By, and B are integration constants. With the bound-
ary conditions

wl(O) = 0, ’LU/1<O) = 0, wQ(ZQ) = O UQ(ZQ) = O s (338)
and the connection conditions
wi(l) = uz(0),  wi(l) =wy(0),  wz(0) =—wi(ly) , (3.39)

the equation system Eq. 3.34, Eq. 3.36, and Eq. 3.37 can be solved, yield-
ing to the spring stiffness of the lever transmission

1 1
b — 28 [312 T4 z%] . (3.40)

2172 1172 218, 28 214 2.1
9[2l2l1+611l1l2+3A1l2+A2l1+3A2[21 +11A2 1

The deflection of the tip of the lever zy, in dependency of the deflection
d, can be calculated with the slope

15T
|=

ES

) = [(2 b L, 1)y (3.41)
O =I\ELe T LEA ) T ’ :

and the length of the lever hr, to be

3.5.2 Spring Stiffness of V-shaped Beam

Mirror symmetries (mirror symmetry B and C) can be exploited to sim-
plify the model for calculating the spring stiffness of a single beam of
half of the V-shaped stack. The beam is split into two halves (mirror
symmetry C) and the model only considers one half, where one end is
clamped and the other end is modeled by a sliding condition (Fig. 3.20).

'ORobert Hooke, English natural philosopher, architect and polymath, 1635 - 1703
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Figure 3.20: Model for calculating the spring stiffness of the V-shaped
beam stack. Due to a mirror symmetry C, only half of the beam length
is modeled. One side is fixed and the open end is modeled with a sliding
condition, considering the inclination angle v of the beam.

Beam # I and beam # II define the small hinge beam with a area momen-
tum of inertia I; and the rest of the beam with I5. The static equilibrium
condition is written as

Fax = Fix =0,
Fay+ 11, =0
My~ My~ Fay =0
F—F,=0 ,
—Fo+Fix=0

M+ Fylb=0 (3.43)

with the momentum M; and M, to be

M1($1) = FAy - X1+ MA, MQ(LEQ) = _Fly Lo — M1 . (344)
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Substitution of Eq. 3.44 into Eq. 3.33 leads to

1 F M ~ ~
wl(;pl) = EII <— 6Ayl‘:£) — 2AZL’%> + A1 T + A2 s

1 (F M ~ . )
wg(ZL'Q) = E_IZ (%IL‘% + fﬁt%) + Bl - X9 + B2 s (343)

and the corresponding in-plane deflections in accordance to Hooke’s law

Fix
U1($1) = _ElA L1,
Fx Fx o

where AVh 2{27 El, EQ, and B are integration constants. With the bound-
ary conditions

wi(0)=0 w(0)=0 w(0)=0 |, (3.47)
and the connection conditions
wi(l) = w(0)  wi(l) = wy(0) (3.48)
ur(h) =uz(0)  ua(lz) = tan(y)wa(lz)

the equation system Eq. 3.43 can be solved, leading to a spring stiffness
for the vertical deflection of the V-shaped beam of

E
L1 (4 1) 4+ L (244
312(2-1— 1)+§ E+E

ky = (3.49)

The connection condition uy(ly) = tan(y)ws(le) takes into account the
inclination of the beams, whereas the boundary condition w}(0) = 0
neglects it in order to simplify the equation system.

3.5.3 Energy Equilibrium
Thermal Energy

When the V-shaped beam is heated up and the beam is restricted to
deflect by w, the thermally induced elastic energy stored in a single
beam element is given by

v
Ushormal — / 1n(0+“) EAdw | (3.50)
0 Ir
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Figure 3.21: The thermal energy is modeled, exploiting the symmetry
C of the beam. Only half of the beam length is considered and, therefore,
the total deflection w is halved. The angle v changes due to the deflection
w.

where u = sin(y)w/2 the elongation of the beam depending on the total
deflection w. This considers that only half of the beam (ly) was taken
into account. The total deflection w is halved when only half of the
beam is taken into consideration (Fig.3.21, mirror symmetry C). With
the elongated length It = exp(aAT) - [y, the total thermally induced
energy is calculated as

Uthermal(w) =2-n- /

( lo + Sin(v)%
0

—— | FAd 3.51
exp(aAT)-l()) v (3:51)

where n is the number of parallel beams and A the cross section area
of the V-shaped beam. The factor 2 results from the mirror symmetric
second part of the V-shaped beam stack (Fig.3.21, mirror symmetry B).
The hinge is neglected for this energy consideration. In absence of other
forces and energies, the beam elongates until it reaches a length of [,
so that the thermally induced elastic energy is minimal. Since the beam
acts against the elastic deformation energies, the maximum elongation
It is decreased. Hence, the elastic energies of the V-shaped beam stack
and the lever transmission have also to be calculated.
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Elastic Energy

The elastic energy Ug of a linear mechanical spring is calculated in gen-
eral for the deflection w and the spring stiffness k as

kw?
Ve =5~

Due to the symmetry, the elastic energy of the total V-shaped beam
system for a defined deflection w is accordingly given by
w>2

Uv(w):2-2-n‘% : (3.53)

(3.52)

where n is the number of beams. Since the derived spring stiffness ky
is only calculated for half of the beam length (mirror symmetry C), the
deflection w is also halved and a factor of 2 considers the second beam
half. The second factor of 2 originates from the second part of the V-
shaped beam stack (mirror symmetry B). The elastic energy of the lever
transmission is calculated to be

. /CLUJQ

Ur(w) = =5~ . (3.54)

Composed Model

Now, the single energy contributions have to be combined. In accordance
to sec 2.3, the system will minimize its total energy Uy, until it reaches
a minimum energy, stated by

dUtot (U])
dw
The total energy consists of the thermal energy (Eq. 3.51) and the elastic

energies of the deformed shape of the structure Uy (w)+ UL (w) (Eq. 3.53,
Eq. 3.54).

=0 (3.55)

Utot(w) = Uthermal(w) + UV(U)> + UL(UJ) (356)
Substitution of Eq. 3.56 into Eq. 3.55 leads to

lo + sin(v)% w
2n-In|——2 |EA+2-n-ky (=) +kw=0 . 5
n-In (exp(aAT) I +2-n-ky (2> +kw =0 (3.57)

Rearrangement and Taylor approximation of sin(y)y < 1 up to

(@) ((sin(’y)ﬁ)2> results in the deflection w of the V-shaped beam stack

2
to be
2-1ly- aAT .
w = — n : (3.58)
sin(y) + g Keomp
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with "
kcomp = kV + L (359)

n
the composed spring stiffness of the V-shaped beam and the lever trans-
mission. The approximation is valid for small elongations u. Up to now,
it was assumed that the angle v will not change for any deflection of w.

Iteration: Considering that the angle « is a function of the deflection
w, the differential form of Eq. 3.58 reads

2-l0~adT

dw = , 3.60
sin(y 4 dv) + %kcomp (3.60)
with the differential angle
Ig-t +dw
dy = arctan ( & anl(fy) = > -, (3.61)
B

and g as the projected length of [y to the horizontal (Ig = cos(7)ly,
Fig.3.21). Substituting Eq.3.61 into Eq.3.60, a Taylor approximation
for dw < 1 up to order O (dw?) and rearrangement leads to the equation

0 =dwdw
2
+ ——— | sin(y) + ——kcomp | {5 -dw
cos (7)° ( ™) E-ATcome )P

q
A
la ~N

4
lo-ly-adl . (3.62)
cos (7)

3

Solving this quadratic equation, in accordance to

2
dwy » = —g + \/% —q (3.63)

and Taylor approximation for ad7T < 1 up to second order gives the
solutions for dw to be

2-ly-adl
dwl = To
Sln(’Y) + ﬂkcomp

2-lycos (v)? (adT)?
o 3
(sin(v) + 22 keomp )

: (3.64)
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Figure 3.22: Deflection wy and ws in dependence of a temperature

change AT.

and
dwy = — o 5 < o Kcomp + sin(v))
cos (7)° \E - A
2- lo -adT
521 Feomp + sin(7)
21y cos (7)* (dT)?
: 3
(2 Keomp + sin(7))
The second solution wy is skipped since it describes the case when the
angle of the V-shaped beam changes sign (Fig. 3.22). Therefore, only the

solution w; is taken into account. Eq.3.64 can be integrated
~adT

/ / 21
dujl = . 1
Sln(V) + E_.()Akcomp
2. > (adT)?
Sy ETLiAC (3.66)
(sin(y) + 2% kcomp)

(3.65)

finally yielding the temperature dependent deflection of the V-shaped

beam stack to be

AT) =
AT =G0 + ke
lo cos (7)? (@ AT)?

(3.67)

(sin(7) + 2% keomp)

This deflection can now be set equal to d in Eq. 3.41 and the deflection at
the tip of the lever can be calculated with Eq. 3.42 (compare Fig. 3.18).
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Force

The blocking force of the actuator when the movement of the tip of
the geometry is restricted, is approximated by the axial force of the V-
shaped beam. The V-shaped beam is heated up and a force is applied
that compresses the beam to its original length. This force is directly
proportional to the force pushing against the lever transmission when
the tip of the structure is fixed and the bending of the lever beam is
neglected.

When the geometry of Fig. 3.20 is compressed by Al, the force equilib-
rium is given by F; = F5, where

—X

F=FA —— 3.
1 lll (T) ) (‘) 68)
and N
x JR—
F=FAy—— . 3.69
2 2 12 (T) ( )
The equilibrium results in a deflection x to be
I (T) Ay Al
T = (1) A, . (3.70)

ll (T) A2 + lg (T) Al

When [; (T') is the elongated length of the beam at elevated temperatures

and the geometry is compressed to its initial length, where Al is stated
by

Al = (lp1 + lo2) - AT | (3.72)
the resulting compressive force is calculated as
(log + lo2) AT
(552 + 52 (14 aAT)

F,=-E (3.73)

This is the in-plane force for the V-shaped beam. Multiplied with sin (),
this force yields in the resulting force Fy (Eq.3.74) that pushes against
the lever transmission.

(ll + l2> aAT

Fy=E
(& +4) (1 +aa7)

-sin(y) (3.74)
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The force at the tip is defined by the lever transmission to be

FV doff
Fi = 2 . A 5
T
where dog/2 is the length Iy from the lever transmission (Fig.3.19) and
the factor of 2 arises from mirroring the V-shaped beam stack (mirror

symmetry A). 4«

(3.75)



"I have not failed. I've just found 10,000 ways that won’t work.”
Thomas A. Edison

"Inside every small problem is a large problem struggling to get out.”
Second Law of Blissful Ignorance

Manufacture

or
Dos and Dont’s

INIATURIZING structures has become very important in the last
decades. By reducing the size of a system it becomes more
sensible, consumes less power, and can be easily integrated.
This integration came to a level, that nowadays smart-phones

have more computational power than the Apollo moon mission in 1969

[87]. A huge amount of different micro fabrication technologies were

investigated and established, resulting in structure sizes for state of the

art ICs (integrate circuits) of 18 nm. Also a large field of processes have
become available for the manufacturing of MEMS devices.

This chapter summarizes the approaches for manufacturing the temper-
ature threshold sensor from a historical point of view. Subsequently, the
results, drawbacks, and problems for different approaches are listed and
discussed.

4.1 Technologies based on SU-8

SU-8 is an epoxy based photo polymer. It was chosen as active material
for the actuator due to its excellent coefficient of thermal expansion of
agy—s = D0ppm/K [88]. It is well established and known for manufac-
turing MEMS devices, at which it is used as bonding material between Si
or glass chips, for micro structures, or for micro-fluidic channels [89-96].

61
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SU-8 comprises three components: Epoxy resin, solvent, and photo acid
generator (PAG). The epoxy resin polymerizes and builds up the desired
structure. It consist of four polymerized Bisphonl-A molecules with eight
epoxy rings. The molecules are dissolved in y-Butyrolactone. After spin
coating the layer, this solvent is evaporated by a drying step at elevated
temperatures. The PAG acts as catalyst for the photochemical reac-
tion during exposure. Triarylium-sulfonium salt is used as PAG, which
releases H™-ions. This H-ions break the epoxy rings, which than can
polymerize with other broken epoxy rings. This cross linking releases ad-
ditional H*-ions, that can again break chemical bonds, leading to a chain
reaction. But the polymerization takes place at very slow rates at room
temperature, due to the slow diffusion of the relatively large molecules.
Therefore, a post exposure bake (PEB) is necessary to increase the mo-
bility and diffusion of the molecules. The cross linking only occurs in
regions that are exposed to light and the H"-ions are released from the
PAG. At high temperatures (>200°C), also the thermal energy is suffi-
cient for breaking the epoxy rings and to start the cross linking reaction.
Hence, high temperatures can be used for more interconnections and
cross linking within the layer. A hard bake (HB) is carried out after
the development of the layer. The unexposed and not cross linked ma-
terial can be developed with KOH (potassium hydroxide) or PGMEA
(propylene glycol methyl ether acetate) prior to the final hard bake.

4.1.1 SU-8 with SU-8 Technology

In the first approach, SU-8 is used as active material for the micro struc-
tures and as sacrificial layer to release and separate the structures from
the substrate.

In a first step, a 100 nm thick titanium layer is evaporated and patterned
by a lift-off process on a silicon (100) wafer. In well defined regions, the
Ti acts as adhesive layer for the later deposited SU-8 structure. A first,
the SU-8 layer is spun at a maximum rotation of 4200 rpm for 40sec
and dried for 40 min at 95°C on a hot plate (Sawatec). This layer acts
as sacrificial layer and only the anchor regions are exposed to UV-light
(EVG620 Maskaligner, 365nm wavelength) for 30sec. This exposure
leads to a photochemical reaction and the SU-8 starts to polymerize and,
therefore, the exposed regions become insoluble to the developer. A 16 h
post exposure bake at 60°C evaporates the residual solvent in the layer
and supports the polymerization process. After the PEB, the SU-8 layer
is 20ppm in height. A 2pm thick Cu layer is evaporated on top of the
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Figure 4.1: Process flow of the SU-8 on SU-8 technology. An adhe-
sive layer and a sacrificial SU-8 layer define the anchor region where
the micro structure is fixed to the substrate. The structure is formed
by an additional SU-8 layer. A Cu layer separates both layers. After
structuring and developing of the2nd layer, the Cu is etched and the 1st
layer can be developed. Again, the residual Cu is removed to release the
structures.
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SU-8. This Cu layer protects the underlying SU-8 from UV-light during
the exposure and structuring of the second SU-8 layer. The Cu layer is
patterned by a lift-off process to establish a direct contact between both
SU-8 layers in the anchor regions. The second SU-8 layer forms the final
micro structures. It is spun at a maximum speed of 4200 rpm for 40 sec
and dried at 60°C for 20 h on a hotplate (Sawatec). The low temperature
is chosen to prevent further polymerization of the underlying sacrificial
SU-8 layer. The structures are defined by a lithographic step, where the
layer is exposed through a mask with UV-light for 45 sec (MA150, 365 nm
wavelength). The post exposure bake supports the polymerization and
is carried out at 60°C for 16h (hotplate, Sawatec). The layer is devel-
oped with PGMEA for 4min, where the unexposed regions dissolves in
the developer. The copper layer is etched with 20% NayS,0g (sodium
persulfate) for 10 min. Afterwards, the sacrificial SU-8 layer is developed
with PGMEA. The residual copper between the two SU-8 layers is again
etch with sodium persulfate (20% in water). The detailed process flow
can be found in Fig4.1, where roman numbers indicate the lithographic
step for pattering the adhesive, the SU-8, and the Cu layer.

Results

It was found that the sacrificial SU-8 layer is too soft in compare to the Cu
layer. After depositing the Cu layer, the intrinsic compressive stress leads
to a buckling of the layer. This buckling imposes an unpredictable stress
within the micro structures and also hampers the lithographic processes.
Figure 4.2a depicts a micrograph of the buckled surface after the Cu layer
was applied; Fig. 4.2b shows the wafer after finishing the process. There
are still some areas, where the Cu layer is insufficiently removed. This is
due to upcoming bubbles and voids for small feature size during the etch
step. There are also some adhesion problems between the Si substrate
and the SU-8 structures. The optical micrograph (Fig. 4.2c) reveals that
some structures are deformed and peeled off of the adhesive layer.

Due to the buckling of the Cu layer, a different approach was searched
for.

4.1.2 Cu with SU-8 Technology

A stiffer material had to be used as sacrificial layer to get rid off unwanted
buckling. Therefore, Cu was chosen as sacrificial layer.

A 100 nm thick Ti adhesive layer is evaporated and patterned with lift-
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Figure 4.2: Optical micrograph of the wafer. (a) After the copper layer
is applied, the layer buckles due to a low stiffness of the underlying SU-8
layer and the intrinsic compressive stress. The observable rectangular
areas are the anchor regions of the structures. (b) After finishing of the
fabrication there are still areas left where the copper was insufficiently
removed. (c) The interface between the adhesive layer and the SU-8
breaks and the structures get misshaped due to an unpredictable stress
distribution within the buckled copper layer.
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off onto the Si (100) substrate wafer. This pattern defines the anchor
regions of the structures. The sacrificial Cu layer is also evaporated
and patterned by a lift-off process. As adhesive promoter for the Cu, a
50 nm thick Ti layer is evaporated and, immediately afterwards, the 2 pm
thick Cu layer. In the anchor regions, the first adhesive 100 nm thick Ti
layer is kept free as bonding interface between the Si substrate and the
SU-8 micro structures. The SU-8 layer is spun at a maximum speed of
3600 rpm for 40 sec and dried on a hot plate (Sawatec) at 95°C for 25 min.
The resulting structure is 30 pm in height. The lithography is carried out
in two steps. At first, only the anchor regions are exposed to UV-light. In
a second step, the layer is exposed through a mask that carries the whole
structures. Both are done with the mask aligner MA150 and exposed
to the UV-light (365nm) for 30sec. In this way, the adhesion to the
substrate is increased, because the anchor regions are double exposed
and, therefore, a stronger and faster polymerization in this regions is
induced. The aspect ration is also increased, because areas with small
feature sizes are not overexposed, minimizing the polymerization due
to stray light and diffusion. The whole layer is post exposure baked at
60°C for 16 h (hot plate, Sawatec) and developed with PGMEA for 3 min.
Afterwardes, the structures are flood exposed without any mask for 1 min
to harden the layer and to increase the cross linking within the layer.
The hard bake is carried out on a Sawatec hot plate for 60 min at 200°C.
The Cu layer is etched with 20% NayS,Og to release the structures,
rinsed with isopropanol, and dried on a spinner at 1500 rpm. Figure 4.3
summarizes the process, where roman numbers corresponds to the mask
for pattering the adhesive Ti, SU-8, and Cu layer.

Results

There are still some adhesive problems at the corners of the anchor
regions. But the structure manufacturing was in general successful.
First structures are realized as V-shaped beams with different length
and inclined angles. The tip deflection, due to shrinkage of the mate-
rial is measured with an optical microscope. The SU-8 is dissolved in
~v-Butyrolactone and during the drying step, this solvent vanishes. Fur-
thermore, the cross linking within the layer leads to a change in volume.
This results in a significant shrinkage of the material. The measured
deflections are compared to the specified dimensions of the design and
the shrinkage of the structures is calculated, giving eginc = 0.86+0.28%
in total length. Figure4.4 shows the optical measurement compared to
the specified dimensions on the mask.
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Figure 4.3: Process flow of the structures with SU-8 on a Cu sacrificial
layer. After applying and pattering an adhesive and sacrificial Cu layer,
the SU-8 is deposited. This layer is structured by lithography and finally,
the copper is etch to release the structures.
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Figure 4.4: Optical micrograph of the deflection and the shrinkage
of the material. V-shaped beams with different inclination angle are
manufactured and the resulting geometry is compared to the specified
dimension on the mask. The deflection of the tip dz is measured and
the shrinkage of the material is calculated.

One of the most tantalizing problems during fabrication is stiction. Fig-
ure4.5 depicts interference fringes, indicating that some structures are
stuck to the substrate. This problem can be solved either, by increas-
ing the sacrificial layer height, by increasing the structure height, or by
completely removing the substrate underneath the structures. Increas-
ing the height of the sacrificial layer means an increased evaporation
time of the sacrificial Cu layer. The evaporation rate of Cu is about
10-15 Angstréml/sec, therefore, increasing the Cu layer height leads to
evaporation times of several hours. While for scientific issues this is no
problem, apart of the thermal stress for the machine, this will increase
the cost of the product for industrial manufacturing. Also the etch time
of the Cu has to be increased, which can lead to an unwanted etching
of the SU-8 too, or unexpected chemical reactions. Increasing the SU-8
layer height reduces the aspect ratio and, therefore, the minimal feature
size of the design. Removing the Si substrate is the easiest way to solve
the stiction problem and is realized in the next approach.

4.1.3 SU-8 Technology Backside Released?

Removing the substrate underneath the movable parts of the structures
has a few advantages over the previously described approaches. On the

'Anders Jonas Angstrom, Swedish physicist, 1814 - 1874.
>The section is partly published in [97].



4.1. Technologies based on SU-8 69

Interference
fringes

IPIEREI b T il o il e o9 | W ~ =,

Figure 4.5: Optical micrograph of the SU-8 micro structures. The
image is converted to gray scale for a better visibility. The interference
fringes in the anchor regions indicate that there is still an insufficient
adhesion to the substrate. Interference fringes can be also observed
along the length of the bent beams, indicating stiction.

one hand, the stiction probability is reduced to zero and, on the other
hand, there is no need for a sacrificial layer anymore. This reduces the
number of masks needed.

At first, a 5nm thick Ti layer is evaporated as adhesive layer for the
SU-8 layer. It is spun at a maximum speed of 3600 rpm for 40sec and
dried on a hotplate (Sawatec) at 95°C for 25 min. This procedure results
in an SU-8 layer height of 30 pm. The layer is exposed to UV-light at
a wavelength of 365nm for 40s (MA150) through a mask, holding the
structure designs. The post exposure bake is carried out at 90°C for
10 min (hotplate, Sawatec). The layer is developed by rinsing with PG-
MEA for 3.5 min and afterwards rinsed by isopropanol and DI water to
remove the residual developer. Optical inspection of the wafer reveals
that there are still adhesion problems at the structure boundaries. But
the adhesion is in principle sufficient for the further progress. After the
development step, the layer is hard baked at 200°C for 1h (hotplate,
Sawatec). The structures are spray coated with AZ4562 resist and dried
at 95°C for 10 min, three times. This layer acts as mechanical support
for the structures and as protection from contaminations. The photore-
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sist AZ6624 is spun at the backside of the wafer at a maximum speed of
2500 rpm for 40 sec and dried at 107°C for 5min, two times. This resist
is patterned by lithography (UV-light 365 nm, 20 sec, EVG601) and ace-
tone as developer, defining areas beneath the topside micro structures
where the Si substrate will be removed. The Si is removed by a plasma
etch process (Bosch process with 500 cycles of etching and sidewall pas-
sivation, Oxford Instruments). The plasma etch process also etches the
5nm thick Ti adhesive layer and, therefore, there is no need for an extra
wet etch step to remove this otherwise remaining thin membrane. At
this point, the structures are only supported by the applied protection
layer. After the wafer is cut into single dies, the protection layer is re-
moved by rinsing the individual dies with acetone and isopropanol. The
dies are carefully dried by an N, flow over the surface. The residual
resist is removed with an Oy plasma (STS, 10 min, 200 W, 150 mTorr).
Figure 4.6 summarizes the process steps and roman numbers indicate the
lithographic steps for structuring the SU-8 and the Si substrate.

Results

After measuring the shrinkage of the material, a new set of mask is
required. Thermal actuators are designed and manufactured with the
process described in this subsection, where the initial deflection due to
the shrinkage of the material is considered. Optical inspections of the
structures exhibit the appearance of cracks in the SU-8 layer at areas with
high mechanical deformations, especially at the regions of the coupling
bars. But this cracks doesn’t seem to affect the functionality of the
devices (Fig.4.7).

The structures are characterized with a custom made temperature stage
(see subsec. 5.1.1 for details). A temperature cycle ranging from +30°C
down to —30°C, starting at +20°C is applied in steps of 10°C. Each tem-
perature is constant for a specific time. During the initial temperature of
+20°C, the measurement chamber is purged with N,. The whole struc-
ture is sensitive to the surrounding humidity and the material shrinks
during that purging [98,99]. This leads already to a deflection of —60 pm
within the first 17 min. When heating to +30°C, the material expands,
resulting in a total deflection of —53 pm, which is almost constant over
the threshold time. The structure is constantly cooled down in the fur-
ther progress. During each cooling step of 10°C, the material contracts
and the total deflection decreases directly compared to the last mea-
sured deflection of the previous temperature. But the deflection is not
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Figure 4.6: Process flow for manufacturing of SU-8 micro structures
with a backside release. After applying an adhesive layer, the SU-8 layer
is directly patterned on this adhesive layer. A protection layer is applied
as mechanical stabilization. The Si substrate beneath the structures is
partly etched by a plasma Bosch process from the backside. Afterwards,
the protection layer is removed and, finally, the structures are cleaned.
Only two lithographic steps are need, reducing the complexity and costs
for the manufacturing of the devices.
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Figure 4.7: Scanning electron microscope micrograph of the SU-8
structures. The inlay shows the coupling bar and the sidewall of the
layer, where small cracks can be observed after finishing the manufac-
turing process. This cracks appear in the regions of largest mechanical
stress.

constant over time. A creeping or relaxation happens and the material
deflection changes over time [100,101]. This results in an increasing de-
flection during the cooling down and decreasing deflection during the
heating up of the sample. The change-rate raises for lower temperatures
and is largest during the —10°C temperature step. During the cooling
down from +20°C to —10°C, a kind of phase change happens and the
deflection at the end of the —10°C step is much higher than the initial
deflection after purging with N,. Instead of a constant shrinkage of the
material with decreasing temperature, the material expands in the range
from +20°C to —20°C. The creeping rate changes sign at —30°C and be-
comes almost a flat. By plotting the last measured deflection just before
a new temperature is set, the non-linear behavior of the SU-8 can be
clearly observed. Instead of an expected linear decrease during cooling
down, which corresponds to a linear coefficient of thermal expansion, the
material expands. A massive creeping can be observed above 0°C during
the heating up (Fig.4.8a+Db).

This non-linear behavior was totally unexpected and massively disturb
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Figure 4.8: Deflection of the tip of an SU-8 structure evaluated at
different temperatures. (a) Each temperature was kept constant for an
specific time during cooling down and heating up. The SU-8 exhibits a
non-linear thermo-mechanical behavior in the temperature range from
+20°C down to —20°C. (b) The plot depicts the deflection right before

the temperature was changed.
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the functionality of the device. For sure, there could be found some de-
signs that take advantage of this effect. The sensitivity to moisture means
that a hermetical sealing is needed to guarantee a proper operation of the
sensor. This sealing increases the cost and complexity and such packages
are often not longer CMOS compatible. Hence, another technology was
searched for the realization of a thermal actuator, resulting in the use of
Ni instead of SU-8.

4.2 Technologies based on Ni

In the last century, the progress in the field of micro fabrication was enor-
mous [102]. Aside of physical and chemical vapor deposition also electro-
plating became feasible for the fabrication of MEMS devices [103, 104].
Ni has already proved to be a “good” material for a thermal actuator
(see sec. 3.4). There are plenty of publications, reporting Ni as material
for micro structures. Due to the problems with the SU-8, an alternate
technology process with Ni was given a chance. At first, a professional
provider was chosen to prove the functionality of the design for the ther-
mal actuator. In the next step, a technological process was established
in-house and the know-how of a local company (Happy Plating GmbH,
Austria [105]) was used for electroplating Ni.

4.2.1 Metal MUMPs Technology

Europractice is a consortium of companys, offering aplenty of processes
to prototype ASICs and MEMS for scientific issues [108]. Among
these, there is MEMSCAP offering a Metal MUMPs (Multi User Multi
Projects) process, to prototype MEMS devices with electroplated Ni
[109-113].

The process has very strict design rules, where the most disappointing
one is the minimum feature size of 8 um. The material has an intrinsic
stress of 1000 MPa, which has to be taken into account during the design
of the structures. There is also a stress gradient along the height of the
Ni layer, leading to an out-of-plane bending towards the substrate. A
schematic cross-section view of the relevant layers is given in Fig.4.9. A
silicon substrate is used with an SizN,/SiO, top cover. The top cover
acts as electrical insulation. The top cover is also used to define open-
ings, where trenches with 25 pm depth are formed with a KOH wet etch

*The section is partly published in [106,107].
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Figure 4.9: Schematic cross-section of the relevant layers to realize Ni
MEMS with the electroplating process offered by MEMSCAP.

process at 50°C. The trenches beneath the structures are required to
prevent stiction problems. The Ni layer is 20 pm thick. If the thermal
actuator should meet a latch or a counterpart, the out-of-plane bending
must be reasonable smaller than this layer thickness. Therefore, sup-
porting bridges are formed that keep the structures in-plane. A die size
of 10.000x10.000 pm?, with an effective design area of 8.000x8.000 pm?
can be filled with structures. Special care must be taken that 30-40%
of the area is filled with Ni structures to ensure a homogeneously layer
growth. The whole area is densely packed with several design variations.
Furthermore, rectangular dummy areas are defined in between the de-
signs to meet the requested fill factor. More detailed information about
the process and the constraints can be found in the Metal MUMPs Hand-
book [114]. Figure4.11 shows an SEM micrograph of the manufactured
structures.

The electrical insulation layer is needed to separate the leads of the
resistive readout of the sensor’s state.

Results

The functionality of the supporting bridges is evaluated with a light
interference method (Polytec, MSA400). The topography of structures
with and without those bridges are compared (Fig.4.10). A beam with
an approximate length of 1 mm bends 15 pm towards the substrate. The
total layer height is 20 pm and, therefore, there is a not negligible risk,
that the latch of the thermal actuator will miss its counterpart. The
supporting bridge don’t interfere with the movement of the structure.
There is no interconnection between the bridge and the Ni and the lever
can easily slide along the bridge. Figure4.11 depicts a detailed SEM
micrograph of the region of the bridge. The Ni lever is horizontal and
also the sidewall of the layer can be seen, because the image is taken at
an inclined angle. The surface of the bridge runs perpendicular to the



76 4. Manufacture

White light interference

topography measurement data 20 m
ree .‘\\
J 10 an
g
£
g 0 :
= s
2
-10 [
{ support | ree
20 — suppor‘t
-

200 um 0 200 400 600 800 1000 1200

distance in pm

Figure 4.10: Topography measurements of the manufactured struc-
tures with and without supporting bridges. The supporting bridges keep
the lever in-plane. Otherwise it bends about 15 pm out-of-plane towards
the substrate.
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Figure 4.11: SEM micrograph of manufactured structures and detailed
view of the region of the supporting bridge.

Ni lever.

Several drawbacks are associated with this technological process. On the
one hand, there are only two runs available per year, with the risk of a
cancellation when there are too few participants. When a design is sent
in at a specific deadline, one have to wait a few month, until the manu-
factured prototype is delivered. The design has to be characterized and
investigated, leaving little time for a redesign and an iteration process
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until the next layout deadline. The design rules limit the possibilities in
the design of the structures, so does the stress gradient and the support-
ing bridges needed. Therefore, alternative manufacturers were searched
for.

4.2.2 Electroplated Ni Technology*

The Happy Plating GmbH in Wr. Neustadt has a large know-how in
electro-chemistry and electroplating techniques. A technological process
was set up and established that includes the processes available at the
VUT (Vienna University of Technology) and Happy Plating.

A Si(100) wafer is utilized as substrate. The surface of the wafer is ox-
idized with a 240nm thick SiOs-layer by a plasma enhanced chemical
vapor deposition at 120°C. This oxid acts as electrical insulation for the
electrical readout of the devices and also as etch stop for a subsequent
plasma etch process. A resist (AZ5214) is spun on the surface at a max-
imum rotation speed of 3000 rpm for 40 sec and dried at 107°C for 5 min
on a hotplate (Sawatec). This resist is exposed to UV-light (365nm,
Maskaligner, MA150) through the mask, holding the anchor areas of the
structure to the substrate. The resist is developed with AZ826MIF by
spray development for 60sec. 50nm chromium and 200 nm copper are
evaporated and structured with a lift-off process. This metal layers act as
adhesive layer between the Si substrate and the electroplated Ni. After
finishing the lift-off and removing the resist, the whole wafer is coated
with 2nm Ti and 400nm Cu. The titanium improves the adhesion of
the Cu layer, which serves as seed layer for the electroplating process. A
special galvanic resist (AZ125nXT) defines the structures and openings
for the galvanic process. The resist is applied in two layers, each spun at
a maximum velocity of 3000 rpm for 30sec and dried at 120°C for 6 min
on a hotplate (Sawatec). To prevent sticking of the wafer to the mask
during the exposure within the mask aligner, Aquatar is spun on the
wafer at 1500 rpm. This liquid reduces the adhesion of the surface of the
resist. Afterwards, the resist is exposed to UV-light (365 nm, MA150)
for 200 sec through a mask, defining the final Ni structures, and is spray
developed with AZ826MIF for 50sec. The rim of the wafer is kept free,
so that the seed layer can be contacted for the galvanic process.

The following electroplating of the Ni is carried out at the laborato-
ries of Happy Plating GmbH. The wafer is mounted on a wafer holder

“The section is partly published in [103,115].
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Figure 4.12: Process flow of structures with electroplated Ni. After
applying the adhesion/seed layer and structuring the galvanic resist, the
Ni is deposited with an electroplating process. The silicon substrate is
etched from the backside to release the structures .
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with circular arranged spring supported electrical connections. It is pre-
treated in a 1,0 vol% sulfuric acid and rinsed with DI water to remove
organic contaminations and surface oxides and to improve the electro-
plating process. Subsequently, the wafer holder is mounted in the gal-
vanic bath (nickel sulfamate electrolyte, 1.27 mol/1 Ni with a conductivity
of 0.2S/cm). The bath is heated up to 42°C. The anode is an insoluble
iridium coated titanium sheet and is placed coplanar to the wafer surface
in a distance of 10 cm. The current for the plating process is pulsed with
a frequency of 80 Hz. A computer controlled pulse reverse power supply
system (Plating Electronic pe86) applies a maximum current density of
1.1 A/dm?. The ratio cathodic/anodic pulse current density varied from
1 to 0.2. For a homogenous layer growth, the current density is ramped
up over 45 min until the maximum current density is reached. This peak
current is kept for 1h 15 min, resulting in a Ni height of 35-38 pm. Care
must be taken, that the Ni height is smaller than the height of the resist.
Otherwise, the overgrow will lead to undefined structure geometries.

When the galvanic process is finished, the whole wafer is coated with
50nm Cr and 120nm Au. The Cr acts again as adhesive layer and the
Au is used later on for the wire bond for the electrical readout. The
galvanic resist exhibits an almost vertical sidewall slop that allows for a
lift-off of the thin metal layer. Subsequently, the resist is removed with
Technistrip P1316 at 65°C, supported by an ultrasonic bath for 3 min.
The Cu seed layer is removed with 20% sodium persulfate, dissolved in
water, and the etch solvent is applied for 3min. The residual solvent is
removed by rinsing with DI water. The front side of the wafer is coated
by spray coater with AZ4562 four times. After each coating step, the
layer is hard baked at 90°C for 3 min (hotplate Sawatec). When the final
layer is applied, the whole resist is hard baked at 90°C for 10 min. This
resist protects the surface from contaminations and acts as mechanical
support for the structures during the release from the backside and the
wafer cutting.

The backside of the wafer is cleaned with an O, plasma for 10 min
(STS, 200 W, 150mTorr). A photoresist (AZ6624) is spun two times at
3000 rpm for 40sec on the backside. It is exposed to UV-light (365nm,
EVG601) for 20 sec with a mask, defining the openings beneath the struc-
tures. It is developed with AZ826MIF for 30 sec. The Si substrate in this
openings is etched with a DRIE process (BOSCH process, 1300 cycle, Ox-
ford Instruments). The etching stops on the silicondioxide layer. The
Si05 and the 2nm Ti layer is removed in a chemical wet etch step using
buffered hydroflouric acid (HF). The residual Cu seed layer beneath the
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Figure 4.13: SEM micrographs of the manufactured structures. The
plated Ni is homogenous, smooth and pore free.

structures is again etched with 20% sodium persulfate. Subsequently, the
wafer is cut and the protection layer is removed with a 5% potassium
hydroxide solvent. A number of single dies is bonded to a print by ther-
mal wire bonding with gold wires. Figure4.12 summarizes the process,
where the roman numbers indicate the number of the masks needed to
pattern the adhesive layer, the galvanic resist, and the backside.

Results

The manufacturing of thermal actuators was successfully with the de-
scribed technology. After solving some minor problems, described subse-
quently, it was possible to manufacture micro structures made of Ni, up
to a layer height of 38 um. The surface of the plated Ni is smooth and
dense, also the sidewalls, which are almost perpendicular to the wafer
surface. The material is homogenous and pore free. Small features are
well mapped from the lithographic mask to the resulting structures, in-
dicating a uniform layer growth. Figure4.13 highlights this by scanning
electron microscope images of the manufactured structures, with detailed
view of surface and sidewall of the Ni layer.
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Figure 4.14: Optical micrograph of the resist and the electroplated
structures, as well as an SEM image of the manufactured Ni-structures.
The quality of the lithography becomes insufficient for a beam width,
smaller than 6 pum, indicated by the dark areas between the parallel
beams. The galvanic process fills the small remaining stumps, as de-
picted in the SEM image.
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Figure 4.15: Optical micrograph of a structure with over grown Ni.
The picture on the right hand side shows a schematic cross-section.
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Figure 4.16: Optical micrographs of structures after the electroplating
process. (a) The Cu layer is under etched beneath the resist due to
adhesion problems of the resist. (b) and (c) The resist is partly peeled-
off during the electroplating due to a weak adhesion and, subsequently,
the whole structure is peeled-off. A fresh Ni layer grows beneath the
lifted structures.
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Aspect ratio: It was found, that the aspect ratio is limited by the
lithography of the galvanic resist, rather than by the electroplating pro-
cess itself. Parallel beams with increasing width were designed to in-
vestigate the limits of the process. Five beams are grouped up and the
width of the beams in each group is increased in steps of 1pm. The
quality of the lithography becomes insufficient for beam width, smaller
than 6 um (Fig. 4.14). Two of the five 6 pm width beams are insufficient
developed. The galvanic process fills also the stumps, smaller than 6 pm.
The total resist height is 40 pm, resulting in an aspect ratio of 1:5.7 for
a beam width of 7pm, limited by the lithographic process. Figure4.14
shows an optical micrograph of the structured resist, and an image of
the electroplated beams after removing of the resist. The detail depicts
an SEM micrograph of the stumps for beam width smaller than 6 pm.

Layer height: It is important that the Ni height is smaller than the
resist height and the Ni layer is sufficiently high for thermal actuators
(>20pm). If the duration of the electroplating process or the current
density is chosen too long or high, respectively, the Ni will grow above
the resit. The Ni-growth is isotropic, so once the height of the resist is
reached, the Ni will also grow perpendicular to the surface, leading to a
mushroom shaped geometry. The broadening of the structure is equal
to the height h that the Ni layer exceeds the resist. Figure4.15 depicts
an optical micrograph of a structure with such an over grow. The initial
shape of the geometry is marked by red lines, at which the over grown
regions are partly broken-off, resulting in jagged edges. The deposition
time was varied and the corresponding layer height was measured with
white light interferometry (MSA400) to determine the deposition rate.

Adhesion: The adhesion of the resist to the substrate has to be suffi-
ciently large. The growing Ni layer imposes compressional forces during
the electroplating process that act against the adhesion and try to peel-
off the resist from the substrate. When the interface fails, the galvanic
bath creeps under the resist, leading to undefined electrochemical condi-
tions. It was observed that the Cu seed layer is etched (Fig. 4.16a) in such
situations. Also whole structures can be peeled-off the substrate. Under-
neath these structures, a fresh, smooth Ni layer is grown (Fig.4.16b and
¢). The peeled-off structures lead to undefined current densities and,
therefore, to unwanted partly increased or decreased deposition rates.
This problem can be solved by using a chemical, which promotes the
adhesion strength between resist and substrate. <4<






"No matter what the experiment’s result, there will always be someone
eager to: (a) misinterpret it. (b) fake it. or (c) believe it supports his own
pet theory.”

Finagle's Second Law

"Count what is countable, measure what is measurable, and what is not
measurable, make measurable.”

Galileo Galilei

Characterization Methods

or
The Art of Reproducible

Results

. HETHER a measured value is plausible or not depends strongly
on the chosen method and the quality of the measurement
setup. Providing reproducible conditions and precise quan-
tities that have to be measured is the most important task
in metrology. Hence, a lot of resources were allocated to the design
of proper measurement setups, especially for the temperature control
chamber needed in the project. There are often commercial solutions on
the market for different measurement tasks, but they are commonly too
expensive or too restricted for scientific applications.

The characterization methods used for measuring different material pa-
rameters, the temperature dependent deflection of the actuators, and the
electrical readout setup are summarized and explained in the following
chapter.

5.1 Deflection

The temperature dependent deflections of the structures are measured by
applying a set of temperature levels to the structures, taking snapshots
of the occurring deformations, and quantifying the deflections by image
processing.
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Figure 5.1: Test setup with sealable chamber, microscope with long
working distance objective lens, camera, cooler /heater, and temperature
control unit.

5.1.1 Temperature Setup'

A temperature control chamber is constructed to quantify the deflections
of the structures. The temperature is set by a Peltier-element and the
deflection is recorded via an optical microscope and a video camera. The
mechanical part of the setup consists of a sealable, a circular shaped
aluminum chamber with an optical inspection window, a Peltier-element
supplied by a temperature control unit, a cooling device, a microscope
with a suitable objective lens, and a camera. The entire setup is depicted
in Figure5.1. The chamber is gas-tight to obtain reproducible environ-
mental conditions down to temperatures below 0°C and it can be purged
with Ny to prevent water condensation on cold surfaces. It exhibit an
outer diameter of 130 mm and the topside is closed by a polypropylene
(PP) cap, featurin a 6 mm thick inspection window (Fig.5.2). The bot-
tom of the chamber holds a serpentine cooler that is connected to a
commercial, passive water cooling device (Zalman, Reserator 1 Rev. 2).

A two stage Peltier-element (Global Component Sourcing, ET2-196-19-
14) with a PID temperature control unit is used to heat up and cool
down the test specimen. The Peltier-element has a thermal power out-

!The section is partly published in [97].
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Figure 5.2: Photography of the chamber that is manufactured of alu-
minum and closed with a polypropylene cap. The bottom of the chamber
holds a serpentine cooler.

put of 51.6 W and can generate a theoretical temperature difference of
80°C between its top and bottom side at a maximum current of 8.5A.
The electrical interconnections have six braids that can carry a maxi-
mum current of 6 A each. Hence, four braids (two for positive and tow
for negative connections) are used for powering the Peltier. A single
communicating loop controller (Eurotherm 820) is used as control for
the Peltier-element, where a Pt-100 resistance thermometer delivers the
input for the control loop. The Pt-100 is located on the topside of the
Peltier-element, next to to the test specimen. The bottom side of the
Peltier is set to room temperature with a commercial water cooling de-
vice and a cooling serpentine inside the bottom of the chamber. The
overall height of the sealed chamber is 3.5 cm and is used in combination
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Figure 5.3: Detailed view of the chamber beneath the microscope with
its water, gas, and electrical connections. The cross section reveals the
total height of the chamber of 3.5 cm.

with a Nikon microscope (Nikon Eclipse LV150) and an objective lens
with an extra long working distance (Nikon, CFI Plan SWLD50x EPI). A
detailed view of the chamber beneath the microscope and a cross section
is depicted in Fig. 5.3.

The chamber is loaded with the test die, closed, and purged with N, for
1 min to get rid of residual humidity. The temperature is changed in steps
of 10°C between +40°C to —30°C. A dwell time of 30 seconds is waited
for each temperature before an image is taken with the camera system
(IDS GigE nEye SE). This ensures that the Peltier-element has reached
the desired temperature and a homogenous temperature distribution on
the topside of the structure. A temperature cycle is applied, starting
at +20°C, heating up to +40°C, cooling down to —30°C and heating up
again to +20°C. In this way, possible hysteresis effects can be uncovered.

Residual Humidity: When the measurement chamber is insufficiently
purged with Ns, the residual humidity can condense on cold surfaces.
Figure 5.4 shows a set of images of the topside of the Peltier-element at
—20°C. After the condensation of water is observed (0 min), the chamber
is purged again with nitrogen. At first, the water condensation increases.
It can be assumed that some dead volumes of the inlet pipe and valves
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Figure 5.4: Insufficiently Ny flushing leads to condensation of water on
the cold surface of the Peltier-element. Further purging with nitrogen
leads in the first minute to an increase of the condensed water before
the frozen ice sublimates and vanishes.
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holds a higher humidity. After one minute, freezing of the droplets can
be observed. Subsequently, the frozen water sublimates and vanishes.

The Mollier’-diagram reveals that the absolute humidity must be higher
than 1g/kg water in dry air to start condensation on a surface at —20°C
and 1bar air pressure. After the re-purging with Ny, the absolute hu-
midity drops below this level. Otherwise the frozen water would not
sublimate.

5.1.2 Image Processing®

The deflection of the tip of the structure is measured by calculating the
pixel shift between images of the tip of the structure that are taken at
different temperatures (Fig.5.5). A combination of Matlab and Python
scripts is used for the evaluation of the pixel shift. Specific areas (regions
of interest) are marked manually in the images that define fixed areas
and areas with the movable tip of the structures. For an image, taken at
a specific temperature, the sum of the differences of the grey values D,
of the actual picture and a reference image (taken at room temperature)
is calculated. The region of interest is shifted pixel wise about p; along

2Richard Mollier, German physicist, 1863-1935.
*The image processing bases on the work of [116].
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Figure 5.5: Micrographs of the tip of a Ni structure at the reference
temperature of +20°C and at 0°C. The deflection is quantified by the
pixel shift of the moving lever.
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the z-direction and the difference in the sum of the gray values D (py)
is calculated for each shifted pixel to be

Di(px) = Y Gr(winyy) = Gilwi —pryy) (5.1)

Ty,

where x; and y; is the pixel number in  and y-direction and Gj, C~¥1
are the gray values of the pixels. The minimum difference indicates
the deflection of the tip. It is assumed that both image sections are as
similar as possible when the minimum in the difference D; is reached.
To increase the resolution of the method, the zero point is interpolated
between the values of p, where D; changes its sign. In this way, the
spatial resolution of the method can be increased.

The whole chamber drifts relative to the microscope due to forces caused
by the water, gas, and electrical connections. Also a mechanical drift of
the test specimen on the Peltier-element is observed. The test specimen
is located on a Cu die holder and the holder is connected to the Peltier
with a thermally conductive paste. The viscosity of the past reduces at
higher temperatures, resulting in a slow moving of the die holder. Hence,
a rough 2D search of the pixel shift of the fixed area is carried out. The
images are cropped accordingly to remove this drift. Afterwards, the
movement of the lever in z-direction is evaluated with a higher resolution.
Again, also the movement of the fixed area is evaluated, even it is almost
negligible. The difference between the movements of the fixed area and
the lever reveals the effective deflection of the tip.

5.2 Intrinsic Stress®

The active material (Ni, SU-8) has a non negligible intrinsic stress due to
the fabrication processes. At first, the structure is fixed to the substrate,
but when the substrate is etched away the intrinsic stress is released,
leading to an initial deformation. This deformation has to be taken into
account during the design. Hence, test structures are used to quantify
these initial intrinsic stresses for each individual technological approach.
For the very first approach, V-shaped beams with different tilting angles
are utilized for the evaluation of the stress (Fig.4.4). Later on, already
existing mask and designs are exploited for this purpose. Figure 5.6 de-
picts a micrograph of a deflected tip compared to its designed initial

“The section is partly published in [103,106,107,115].
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Figure 5.6: Micrograph of the tip of a released Ni structure at a temper-
ature of 21°C. The intrinsic stress leads to an initial deflection compared
to the designed initial position. FEM simulations are carried out, where
the intrinsic stress is varied until the measured deflection is reached.

position and a diagram of the simulated deflections at different stress
levels.

An image at the constant clean room temperature of 21°C is taken after
the fabrication process of the devices. Afterwards, the deformed shape is
compared to the proposed design. In a 2D COMSOL model the intrinsic
stress is adapted to achieve the measured deformation. This stress is
used further on to adapt the design for the corresponding technological
processes. Due to Hooke’s law, the intrinsic stress is directly proportional
to the Young’s modulus. Hence, also the Young’s modulus of the material
used as actuator has to be determined.

5.3 Young’s Modulus’

The Young’s modulus is estimated by measuring the resonance frequency
of cantilevers. A set of cantilevers with different lengths [ is designed,

°The section is partly published in [103,115].
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where the length is incrementally increased. A piezoelectric shaker ex-
cites the cantilevers sinusoidal with frequencies in the range from 1 kHz to
1.5 MHz. The excitation amplitudes and the vibrations of the cantilevers
are measured with a laser Doppler® vibrometer (MSA400, Polytec). The
MSA400 also provides the electric power and signal for the piezoelec-
tric shaker (Fig.5.7). In this way, the resonance frequency of the first,
second, and third vibrational mode of the cantilevers is evaluated. The
results are compared to an analytical model of the natural frequency and
the ratio £//p in the model is adapted to fit the measurement, where p
is the density and E the Young’s modulus of the cantilevers. The Euler-
Bernoulli beam theory describes the ¢-th natural frequency of a single

clamped cantilever by
1 Yi 2 E h2
= () (/== 5.2
4 2m ( [ ) p 12 (5:2)

where ; is 1.875, 4.694, and 7.855 for the first, second, and third mode,
respectively, and h is the height of the cantilever. The difference between
the natural frequency and the measured resonance frequency is neglected.
Another approximation is the fixed density of the material, which is taken
from [86]. Hence, instead of adapting the ratio of E/p, only the Young’s
modulus is varied.

5.4 Stress Gradient’

Some of the technological processes lead to a vertical stress gradient
within the height of the structures. It is caused by inhomogeneous pro-
cess parameters during the growth of the structures, atomic lattice mis-
match, and inherent surface stress of the material [117]. The stress gradi-
ent results in an out-of-plane bending of the structures and, hence, can be
quantified by measuring these out-of-plane deflections. Again, cantilevers
with different length are utilized and the deflections are extracted from
topography measurements. A white light interference method, offered
by the MSA400, gathers the topographic profiles at room temperature.
The bending of the beams is numerically approximated by a third order
polynomial fit and the radius R is calculated by a numerical second order
derivation of the fitted data. The stress gradient ' in Pa/m is given by

E
=— 5.3
RA—0) (5-3)
6Christian Andreas Doppler, Austrian mathematician and physicist, 1803 - 1853.
"The section is partly published in [103,106,107,115].
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Figure 5.7: The laser Doppler vibrometer of the micro system analyzer
is used in combination with a piezoelectric shaker and powering unit to
excite and measure the resonance frequency of cantilevers.

as stated in [118].

Figure 5.8 depicts a raw data set of the topography measurements of the
cantilever array.

5.5 Coefficient of Thermal Expansion®

The coefficient of thermal expansion (CTE) is indirectly quantified by
numerical simulations. After measuring the deflection of the structure’s
tip at a set of temperature differences, the values are compared to nu-
merical simulations. The geometry is modeled as 2D shape as stated in
subsec. 3.2.2, including also the intrinsic stress. The simulated deflec-
tions at a specific temperature difference are compared to the measured
deformations. Subsequently, the CTE in the FEM simulation is varied,
until the values of the measurements are met.

8The section is partly published in [103,106,107,115].
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Figure 5.8: Topography measurement with the MSA reveals the of
out-of-plane deflections of a set cantilevers.
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Figure 5.9: Optical micrograph of the micro-manipulator stage. The
test specimen is contacted by the tips of the manipulator arms and the
resistivity is measured.
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5.6 Electrical Read Out

An electrical resistivity measurement is chosen as read out for the thresh-
old sensor. When the threshold temperature is exceeded, an irreversible
contact between two movable parts of the structure is established. To
detect whether this contact is established or not, the electrical resistivity
between the two parts is measured. After applying a full thermal mea-
surement cycle, where the irreversible contact occurs, the test specimen is
transferred to a micro-manipulator stage. The micro-manipulator probes
are softly attached to the surface of special designed probing areas and
the electrical resistivity between them is measured with a nano ampere-
meter (Keithly 617, programmable electro-meter). A constant voltage
of 50mV is applied between the tips of the probes and the current is
measured down to a range of pA. Hence, a difference of several orders
of magnitude in the resistivity can be measured between a short- and
open circuit condition. An optical micrograph of the stage is depicted
in Fig.5.9. The small inlays gives a detailed view on the tips of the
micro-manipulator arms and a view through the ocular of the attached
microscope. <4<



"When working toward the solution of a problem it always helps if you

Know the answer.”

Rule of Accuracy

"2 is not equal to 3 - not even for large values of 2.”
Grabel's Law

Achievements and Performance

or
What You Expect and What
You Get

OMETIMES, the results of measurements are exactly what the
operator has expected. But in general, there are surprising
circumstances that have not been taken into account, which
lead to strange results and a lot of headache by trying to figure

out what had happened. During scientific projects the first things that

have to be adapted are the initially proposed solutions and working plans.

There are always newer and better ideas or inputs how to solve a specific

problem, or unexpected challenges forces a change of the direction of the

project.

This chapter discusses several thermal actuator designs, realized by dif-
ferent technological approaches, and their thermal performances. Also
the characterization results of the material parameters are shown. In the
end, the performance of the resulting temperature threshold sensors are
depicted.

6.1 SU-8 Actuators®

SU-8 as active material for a thermal actuator was a very promising ap-
proach because of its high CTE of asy_s = 50ppm/K. But, as found

!The section is partly published in [97].
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Figure 6.1: SEM micrograph of an SU-8 structure. The residuals can
be removed by an Os-plasma cleaning process and do not affect the
behavior of the actuator.

in the experiments, it exhibits some unexpected non-linearity that com-
plicates its usage for thermal actuators. These non-linearities make it
extremely challenging and nearly impossible to design suitable geome-
tries.

6.1.1 Design

The design is based on V-shaped beam stacks with cascaded V-shaped
single beams (Fig.6.1). Functional devices could be achieved by re-
moving the substrate beneath the SU-8 structures as described in sub-
sec. 4.1.3.
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Figure 6.2: Temperature dependent deflection of the tip of SU-8 struc-
tures with different angles of v,.

6.1.2 Thermal Performance

The thermal measurements reveal a non-linear behavior around 0°C. The
SU-8 process relies on water dissolvable solutions and it is reported that
SU-8 swells and shrinks with the water content [119,120]. As depicted
in Fig. 4.8, the material exhibits a strong shrinkage when the chamber is
purged with Ny, indicating residual water within the material. The con-
densation of water droplets and the growing of ice crystals was observed
during the thermal measurements, even after purging the measurement
chamber with Ns. This effect indicates residual water that is released
from the SU-8. The water content within the material seems also be
responsible for the non-linear behavior in the range of 0°C, where H,O
exhibit a phase transition between fluid and solid. Figure6.2 depicts
thermal measurements of the fabricated structures with different incli-
nation angles v, at a set of temperatures. The temperature is changed in
steps of 10 K and held for 1 min before the deflection is measured. After
capturin an image at +20°C, the device is cooled down to —30°C and suc-
cessively heated up to +30°C. It can be seen that there is a non-linearity
occurring around 0°C.

6.1.3 Resonance Measurements

The resonance frequency of a set of cantilevers with lengths in the range
from [ = 350 — 550 pm is measured as depicted in Fig. 6.3. The height of
the material is evaluated with an optical white light interference method
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Figure 6.3: The measured primary resonance frequency of SU-8 can-
tilevers with different lengths is scaled with /2/42 and compared to an
analytical model of the 1st natural frequency mode.

to be h = 52pm. In accordance to Eq.5.2, the Young’s modulus is
adapted to meet the measured frequencies, while the density is set to be
p = 1190kg/m3. A Young’s modulus of Esy_g = 4 GPa is calculated,
which is in good agreement to the reported Young’s modulus of the
material [88,121].

6.2 Ni Actuators

Due to the disappointing results with SU-8 as active actuator material,
a commercially available process offered by Europractice is used for a
proof of concept of the thermal actuators. The design iteration after
proofing the concept is fabricated with the galvanic process of Happy
Plating, whereas the rest of the manufacturing process is carried out at
the laboratories of the Vienna University of Technology.

6.2.1 Europractice’

The design of the structures manufactured with Europractice relies on
V-shaped beam stacks (Fig.6.4), connected to a lever transmission via
coupling bars. Two different kind of transmissions are designed. For the
first one, the coupling bars are directly connected to the lever (B-type,

>The section is partly published in [106,107].
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Figure 6.4: SEM micrograph of a single V-shaped beam stack (A-
type).

Fig.6.5) and for the second one the coupling bars are connected via a
thin bridge and the lever is pinned to this bridge (C-type, Fig.6.5).

The maximum occurring mechanical stress is a limiting factor in the
designs and it is evaluated by means of numerical simulations. The offset
between the V-shaped beam stacks [, strongly influences the maximum
stress. This stress occurs commonly in the coupling bars and increases for
smaller offset values. Figure 6.6 depicts the occurring maximum stress
in dependence of the offset between two V-shaped beam stacks at a
temperature difference of 40 K, compared to the corresponding simulated
force-displacement product. The stress decreases for larger offset values.
It reaches a minimum value above an offset of 110 pm for the depicted
example. For such an offset, the maximum stress occurs no longer in the
region of the coupling bar. Due to the numerical model, the stress occurs
in the anchor regions, where a fixed boundary meets a free boundary
and large shear stresses arise. On the other hand, the force-displacement
product increases for smaller offsets until it reaches a maximum. Further
decreasing of the offset results in stronger compression of the coupling
bars and, hence, a break down of the lever transmission.

Actuators with different lengths and lever transmissions are compared
to a single V-shaped beam stack (A-type). The corresponding geometry
parameters, measured deflections, and simulated forces are summarized
in Tab.6.1. The measured deflections are compared to results of the
analytical model and FEM simulations, where the CTE is adapted to
meet the measurements. The effective CTE is found to be aeg ni = 11.7+
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Figure 6.5: SEM micrographs of a directly coupled actuator (B-type)
and a bridge coupled actuator (C-type).
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Figure 6.6: Maximum mechanical stress in dependency of the offset
distance ls, compared to the corresponding work that the actuator can
provide.

0.7 ppm/K. Considering the CTE of the Si substrate (ag; = 2.6 ppm/K,
[86]) leads to a CTE of the plated Ni of an; = 14.3 ppm/K, which is in
good agreement to that of bulk Ni (ani u = 13.4ppm/K, [86]).

Figure 6.7a-c depict the measured deflection of the tip of an A, B and
C-type actuator, compared to the numerically simulated and analyti-
cally calculated deflections. The actuators exhibit a linear temperature
dependent deflection without observable hysteresis effects. Hence, it can
be assumed that the stress levels are below the yield strength of the
material.

The camera system has a resolution of 220 nm/px. Due to the small de-
flections of the single V-shaped beam stack (A-type), the relative mea-
surement errors are larger.

The force-displacement product is a measure of the work the actuator
can provide (Fig.6.7d). This work is approximated by the numerically
simulated displacements and forces. For the A-type actuator, this work
is multiplied by a factor of two, for a better comparability with the other
types, because those actuators comprise also two A-type structures.

The resonance frequency of a set of cantilevers with lengths in the range
from 300 pm to 1300 pm is measured (Fig.6.8). The height of the mate-
rial is measured with an optical white light interference method and is
found to be h = 19.5pm. In accordance to Eq.5.2, the Young’s modu-
lus is adapted to meet the measured frequencies. A Young’s modulus of
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Figure 6.7: (a-c) The measured deflections of A, B and C-type actu-
ators with a span of 1600 num, compared to the analytically calculated
and numerically simulated results. (d) The product of the simulated de-
flections times the simulated force is a measure for the work the actuator
can provide.
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Figure 6.8: The measured values of the first, second, and third res-
onance frequency are scaled with [2/4? and compared to an analytical
model. The Young’s modulus in the model is adapted to meet the mea-
surements.

E = 160 GPa is calculated, which is in good agreement to the reported
Young’s modulus of the material when a density of p = 8900kg/m? is
assumed [122]. The initial deformation at +20°C is measured and the
corresponding intrinsic tensile stress is varied in an FEM simulation to
meet the measured deflections and is found to be oy, = —200+44 MPa.
With a Young’s modulus of £ = 160 GPa, this leads to an initial shrink-
age of e = 0.13 + 0.03%.

The vertical stress gradient is calculated with Eq. 5.3 by measuring the
curvature of a set of cantilevers with different lengths (Fig.6.9). The
measured topographic data is approximated with a polynomial fit of
third order. The mean curvature and standard deviation is calculated
with the fitted data, resulting in a vertical stress gradient of [' = 6.27 &
0.57 MPa/pm.

As summarized in Tab. 6.1, doubling the span of the V-shaped beam
stack doubles the thermal sensitivity and blocking forces. The lever
transmission of the B and C-type actuators increases the thermal sen-
sitivity by more than a factor of 13 compared to the A-type single V-
shaped beam stack, but at the tradeoff of a reduced blocking force. The
deformation of the coupling bars acts as a kind of energy loss and the
overall force-displacement product of the B and C-type actuators is sig-
nificantly reduced compared to the A-type single V-shaped beam stack.
Furthermore, the C-type actuators have a higher thermal sensitivity but
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Figure 6.9: Deflection of a set of cantilevers, measured (blue) and fitted
(red) by a polynomial fit of third order. The plot depicts the measured
topography and the fitted data with the corresponding error bar of a
1200 pm long cantilever.

Deflection in pm

20

15}

1200um fit| |
1200pm

200

400

600
Length in pm

800

1000 1200

Design parameter Performance
=
S| w £ 4
o= =] > o
= | 2 . = o 2
= = @ )

F1E|2®|g| § | & £
o0 20 2 < = — o0 o
= = A sl > g E 2.
== & | &

z & 3 3 | 2 | 2 2 = = 3 8
lo wy | | wy | 2 hy, dr Fr A Warea
pm | pm | pm | pm | pm | pm || pm/K | pN/K pm?2 nJ/K2m?2

Ap 800 - - - - 0.04 744.3 1133x450 58.4

By | 800 8 185 | 50 | 120 | 824 0.52 64.2 14301260 18.5

Ch 800 10 | 150 | 10 | 150 | 900 0.53 20.1 1557x1175 5.8

Apr | 1600 - - - - - 0.07 1309.0 | 1927x510 93.2

B | 1600 | 8 175 | 50 | 150 | 1095 1.03 56.3 2147x%1369 19.7

Crr | 1600 | 10 | 200 8 170 | 1220 1.31 13.4 2296 x 1364 5.6

Table 6.1: Geometric parameters and thermal performance of devices
manufactured with the Europractice Ni-process. The inclination angle

~ of the V-shaped beam stacks is 8°.
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a reduced blocking force compared to the type B actuator and the overall
force-displacement product is also lower at comparable chip areas.

6.2.2 Happy Plating®

The design of the electroplated Ni structures that were manufactured in
cooperation with Happy Plating is similar to the structures of Europrac-
tice. It is adapted in accordance to the higher aspect ratio that can be
achieved. Furthermore, several design variations were added to the mask
set. To reduce the required chip area, only one V-shaped beam stack is
connected to the lever transmission. One end of the lever is fixed via a
hinge to an anchor block and the V-shaped beam stack pushes against
the lever in order to achieve a lever transmission. Actuators with the
topology optimized design, as described in subsec. 3.2.1, are realized and
measured. Figure 6.10 depicts scanning electron micrographs of these D,
and E-type actuators.

Table 6.2 summarizes the design, geometry parameters, and thermal per-
formance of the different actuators. The inclination angle of the V-
shaped beam stack for all these designs is v = 4°.

Figure 6.11a-b depicts the thermal deflection of the Dy-type actuator.
It can be seen that the displacement exhibit a linear behavior, but the
simulated blocking force follows a nonlinear curve with decreasing slope
for increasing temperatures. The calculation of the blocking force in
Tab. 6.2 assumes a linear slope between —30°C and 0°C. The E-type
actuators exhibit a linear deflection as well as a linear simulated blocking
force (Fig.6.11c-d).

The offset length /5 has a major influence on the lever transmission and
hence on the thermal sensitivity. The optimal offset to gain the highest
thermal force-displacement product is computed by means of numerical
simulations. However, the occurring maximum mechanical stress has to
be below the yield strength of the material. Hence, two similar structures
are designed, only differing in their offset length /5. The measurements
of the deflections of the tip of the structures revealed no observable hys-
teresis effects. It can be assumed that the yield stress of the material
for the different designs is not exceeded in the temperature measurement
range from —40°C up to +50°C.

The resonance measurements (Fig.6.12) revealed a Young’s modulus of
E = 163 GPa, when a density of p = 8900 kg/m? is assumed. The height

*The section is partly published in [103,115].
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Figure 6.10: SEM micrographs of a Type D actuator and a topology
optimized actuator (Type E).
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Figure 6.11: (a) Displacement and (b) simulated force of the Dyy-type
actuator. (c) and (d) depict the displacement and simulated blocking
force of the Ey-type actuator.
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B 1600 | 10 | 475 | 50 | 100 | 1105 2.99 43.1 2125x1860 32.6
Brv 1600 | 10 | 475 | 50 | 200 | 1105 1.54 57.5 2135x1860 22.4
By 1600 7 475 | 50 80 | 1113 3.62 33.6 2125x1866 30.8
By | 1600 7 475 | 50 | 150 | 1072 2.18 49.3 2125x1852 27.3
By | 3200 | 10 | 475 | 50 | 160 | 1868 5.34 33.9 3720x1996 24.4
By | 3200 | 10 | 475 | 50 | 240 | 1832 4.03 35.8 3770x1970 19.4
D 3200 7 375 7 170 | 1750 3.00 26.2 3531x1107 20.1
Dy 3200 7 375 7 300 | 1750 1.53 20.5 3519x1107 8.05
D 1600 7 475 7 100 | 1450 2.47 23.6 2420x1138 21.2
Dryy 1600 7 475 7 150 | 1450 1.75 20.8 2420x1151 13.1
FEr 1000 | 10 | 238 | 10 | 160 | 936 0.96 9.5 1670x2418 2.3
Erp 1590 | 10 | 238 | 10 | 210 | 1288 1.89 8.1 2345x2770 2.4

Table 6.2: Design parameters and thermal performance of devices man-
ufactured with the Happy Plating Ni-process (subsec. 4.2.2).

of the Ni cantilevers is measured to be h = 16.1 pm.

Furthermore, the measurements revealed a vertical stress gradient of
[' = 2.64 £ 0.36 MPa/pm which is lower than that of the commercially
available process offered by Europractice. The comparison of the topo-
graphic data (Fig. 6.9 and 6.13) shows also the smoother Ni surface of this
process compared to that of the Europractice ordered devices. The intrin-
sic stress and the effective CTE are simulated to be oy, = 142426 MPa
and aegni = 11.6 £ 0.9 ppm/K, respectively. The corresponding initial
shrinkage of the material is calculated to be € = 0.087 £ 0.016%.
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Figure 6.12: Measured first, second, and third resonance frequency
of Ni cantilevers of different length, scaled with /2/4? and compared to
the analytical model. The Young’s modulus in the model is adjusted to
meet the measurements.
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Figure 6.13: Deflection of a set of cantilevers, measured (blue) and
fitted (red) by a polynomial fit of third order. The plot depicts the
measured topography and the fitted data with the corresponding small
error bar of a 1350 pm long cantilever.
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6.3 Thermal Threshold Sensor

The actuators are an essential part of a thermal threshold sensor, but
they have to be combined with latching mechanisms to form the threshold
sensor. The latching mechanism itself is designed as a barbed hook with a
taper angle of 30°. Hence, an irreversible connection is established when
the latch is triggered. A principle drawback is the difficulty to design
and manufacture the resulting sharp edges. Problems can origin from
cracks in the photoresist due to mechanical stresses. To avoid poorly
defined dimensions due to the resolution limit of the photolithographic
mask and the manufacturing process, the edges have to be rounded with
a radius of 4 pm. Detailed views of such latching triangles are depicted
in Fig.6.14 and Fig.6.17.

The offset between a latch and its counterpart, the thermal sensitivity of
the actuator, and the initial deformation arising from the manufactur-
ing process, define the activation and release (threshold)- temperature
of the sensor. The minimal feature size is specified by the aspect ratio
of the manufacturing process. The overlap between one latch and its
counterpart has to be sufficiently large to secure a lock. To increase the
reproducibility of the threshold temperature, the overlap has to be de-
creased due to the unknown coefficient of friction. The friction increases
the force needed to push the latch and its counterpart along each other.
Hence, an increase in the overlap also increases the work needed to trig-
ger the latch. A tradeoff between a secure lock and the work needed to
actuate the latch has to be found.

Two different concepts for the threshold sensor are evaluated. One is
formed with a bistable beam (Concept A, Fig.6.14) and the second relies
on independent cantilevers holding the latching mechanism (Concept B,
Fig.6.17).

6.3.1 Concept A

For the first concept, the thermal actuator is located next to a bistable
beam and the latching mechanisms are connected to this bistable beam.
At first, both subsystems act independently of each other. During a cool-
down phase, the first latch #1 is activated. When the device is heated
up again, the actuator pushes against the bistable beam until it snaps
into the second stable position. Figure6.15 depicts a set of micrographs
of the bistable beam during the transition into its second stable position.
The images are taken after the device was initially cooled down and the
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Figure 6.14: SEM micrograph of a threshold sensor comprising the
thermal actuator of type By and a bistable beam. The inlays depict a
detail view of the latch #1 and #2.
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Figure 6.15: Deflection of the bistable beams during heat up of the
device, after an initial activation of latch #1.

first latch was triggered already. During the following heating up of
the device, the actuator pushes the bistable beam into its second stable
position. The point of support, where the actuator pushes against the
bistable beam, exhibits a small offset regarding the symmetry of the
bistable beam. This eccentric load causes a deformation of the bistable
beam, following its second snapping/bending mode (compare Fig. 3.15).
Above +30°C the bistable beam snaps through, activating latch #2.

The bistable beam elongates and shrinks with rising and falling tempera-
tures. When the device is cooled down the shrinkage leads to a decreasing
apex height h, (subsec. 3.3.3). This apex height has a major influence on
the stabilization of the second stable position. Once a critical minimal
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Figure 6.16: Deflection of the thermal actuator and the bistable beam

at a full temperature cycle between —30°C and +40°C, starting at
+20°C.

apex height is passed, the bistable beam would switch into its primary
position. But this transition is prevented by the latch #2. Furthermore,
it forms a short circuit that can be exploited to measure the state of the
device.

Figure6.16 depicts the deflection of the actuator’s tip and the bistable
beam at a full temperature cycle. Starting at +20°C, the device is cooled
down and both subsystems act independently from each other. The
deflection of the bistable beam due to the thermally induced shrinkage
of the material can be observed. Below a temperature of —20°C, the first
latch is triggered and during the raise of the temperature, the actuator
pushes against the bistable beam. The transition of the bistable beam
into its second stable position occurs above a temperature of +30°C,
indicated in a jump (dashed line) in the measured deflection.

6.3.2 Concept B

The second configuration relies on cantilevers, holding the latch mech-
anisms and two actuators facing each other (Fig.6.17). Two beams are
connected perpendicular to the cantilever and carry the latching trian-
gles. The connection is established by a kind of hinge with a thin beam.

Figure 6.18 depicts a set of micrographs which reveal the movement and
the functional principle of the device. When the device is cooled down,
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carrying
cantilever

1.00mm

Figure 6.17: SEM micrographs of the thermal threshold sensor com-
prising a thermal actuator (type Bvi1) and separate cantilevers, holding
the latch mechanisms. The inlays depict a detailed view of latch #1 and
#2 and their suspension to the cantilever.
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Latch #2

Cantilever

actuator

Figure 6.18: Micrographs of the device at different temperatures show-
ing the deflection of the active parts (latch #1 and #2, thermal actuator,
latch carrying cantilever).

the lever of the actuator moves to the left until the first latch is triggered
at —20°C. When the device is heated up, the actuator pushes against
the latch carrying cantilever. Above a temperature of +30°C the second
latch is activated and an irreversible contact is established due to the
barbed hooks.

As depicted in Fig. 6.19a, both subsystems act independently from each
other during the cool-down, but when the temperature of —5°C is ex-
ceeded, the deflection of the actuator seems to be larger than of the
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Figure 6.19: (a) Deflection of the actuator and the latch holding can-
tilever during a full temperature cycle starting at +20°C. (b) Overlay of
the deflections at a set of temperatures indicating a transverse movement
of the lever.

cantilever pushed by it. This is due to the different locations where the
movement of the parts is evaluated, as depicted in Fig.6.19b. The mi-
crograph is an overlay of images taken at a set of temperatures. It can
be observed that the lever of the actuator also moves in a transverse
direction. At a temperature of —5°C the second latch gets into con-
tact with its counterpart. Due to the transverse movement, the different
evaluation areas, and the fact that the measurement evaluation script
only considers a horizontal movement, the slope of the deflection of the
actuators appears increased.
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6.3.3 Readout

The different concepts have in common, that once latch #2 is activated,
it forms an electrical short circuit. This connection remains, even when
the device is cooled down again. For proof of concept, only a micro ma-
nipulator and an ampere-meter was necessary to measure the resistivity
before and after the contact of the second latch was established(sec. 5.6).

The currents in the open condition are measured to be in the range
of i, = 20 — 950 pA for a voltage of 50mV. An SiO, insulation should
separate individual parts with different electrical potentials. But from
the standard deviation it can be assumed that this insulation layer is
insufficient or contaminations lead to some unexpected short circuits.

Once a contact at latch #2 is established, the current in this short cir-
cuit condition is measured to be iie = 0.5 — 3.7mA (at 50mV), limited
only by the measurement range of the ampere-meter of i,,,, = 3.7mA.
Also when it seems in the micrographs that a contact between the latch
and its counterpart is established, some of the samples exhibit a short
circuit current of only ~ 500 pA, which is lower than the open circuit
condition of some of the other samples. This can be contributed again
to contaminations. The samples are manufactured in a clean room but
the measurements and investigations are commonly carried out under
normal laboratory conditions. Hence, it cannot be excluded that some
contaminations prevent a proper electrical contact.

Nevertheless, aside from some spikes, a clear transition between open and

short circuit condition can be measured, once the threshold temperature
is exceeded. 4 <






"Progress happens so fast today, that one, who declares something to-
tally unfeasible, is being interrupted by someone else, who has already

done it.”

Albert Einstein

"4 conclusion is the place where you got tired thinking.”

Martin H. Fischer

Comnclusion
and
What the Future Brings

; HE scientific journey that begun with the basic idea of how to
monitor the temperature of reefer cargo comes to an end with
this chapter. The distance covered is reviewed and summa-

~ rized. The goals achieved are highlighted and the results are
discussed. Also an outlook into the future is given that shows how the so-
lution of the problem can be improved by applying recent developments
or by adding subsystems that could not be considered due to the limited
time and costs of the project.

7.1 Conclusion

The needs for passive threshold sensors are given in medical and nu-
trition industry for a continuous observation of transport- and storage-
temperature of individual cargo. The basic idea is to combine RFID
technology for individual observation with a passive sensing element.
Electrical power is transferred via the RFID antenna and a readout-unit,
e.g., handheld RFID reader. The power is interimly stored in a capaci-
tance, the state of the device is checked, and a corresponding response
is transmitted to the readout-unit.

The sensing element has to be completely passive and easily applied to
the cargo. A challenging constrain is that the device is manufactured and
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stored between room temperature and elevated temperatures. It has to
be activated when it is applied to the reefer cargo and has to remember
whether a specific threshold temperature is exceeded. The threshold
temperature is commonly in between the activation temperature and the
fabrication temperature. On the long term, the complete device should
be miniaturized and all subsystem should be merged together in a single
sensor grain. Hence, the fabrication processes of the MEMS subsystem
have to be CMOS compatible.

Due to the constrain of a passive device, an intrinsic physical material
parameter has to be exploited to monitor the temperature that does not
need external powering. The thermal expansion of a material can be
used to convert thermal energy, due to changes in the temperature of the
cargo, into mechanical energy. Hence, a thermal actuator with a large
temperature dependent deflection is designed, forming in combination
with a sophisticated latch mechanism the thermal threshold sensor ele-
ment. The present work focuses on this mechanical transducer. Different
designs for thermal actuators featuring large temperature dependent de-
flections where investigated. Generic designs, based on V-shaped beam
stacks and adequate lever transmissions where compared to topology op-
timized designs. The topology optimization was carried out by means
of numerical simulations. Care must be taken that the yield strength
of the material is not exceeded. The lever transmission results in some
energy losses. Hence, the thermally induced energy cannot be fully trans-
formed into mechanical energy. The lever transmission has to be tuned
adequately to the V-shaped beam stacks and the required output. Nu-
merical simulations are carried out to predict the behavior of the designs.
The temperature dependent deflection is simulated, taking into account
the intrinsic stresses and the initial deformations due to the manufactur-
ing process. The blocking force of the actuator is approximated by fixing
the tip of the structures in the simulations. The force-displacement prod-
uct is a measure for the work the actuator can provide and how efficiently
the thermal energy is converted into the mechanical energy.

The numerical simulated and measured performance of the structures is
compared to an analytical model. The analytical model calculates the
deformation of the beams, defined by the static Euler-Bernoulli beam
theory, and the energy equilibrium of the thermally induced energy in
combination with the deformation energy. Even when some rough ap-
proximations were assumed, the model fits very well with the measured
and simulated deflections.
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Several approaches were investigated to manufacture the devices. At
first, SU-8 was utilized, due to its high coefficient of thermal expansion.
This material exhibits an unexpected non-linear behavior around 0°C.
I can be assumed that this is caused by residual water in the resist.
Hence, alternative approaches have been searched for. Ni was selected
as active material, owing to its material properties and its long term
stability. A commercially available multi-user-multi-project process and
a self designed process were exploited to manufacture the MEMS de-
vices. Both approaches use electroplated Ni as active material on a Si
wafer. The structures are defined by photo-lithography and formed with
electroplated Ni. The substrate wafer beneath the structures is partly
etched to release the structures. The self designed process results in
much smoother surfaces and less intrinsic stresses compared to the com-
mercially available process.

A self tailored chamber in combination with a microscope and a camera
system allows for the investigation of the deflection of the structures at
different temperatures in the range from —40°C up to +50°C. A purging
step with nitrogen prevents the condensation of residual water on cold
surfaces.

The resonance frequencies of a set of cantilevers with different lengths are
measured with a laser Doppler vibrometer. A simple analytical formula of
an Euler-Bernoulli beam was applied to recalculate the Young’s modulus
of the material. This calculation is only an approximation, since the
exact density of the material is uncertain (derived from literature) and
the analytic formula Eq. 5.2 is only valid for beams with a specific length
to width ratio. It can be observed that the resonance frequency differs
drastically from the analytic values for shorter beam lengths. A more
complex theory must be applied, such as, e.g., Timoshenko! beam theory
or plate theories.

White light interference methods are applied to measure the topology
of the devices and to calculate the vertical stress gradients. Intrinsic
stresses and the coefficients of thermal expansion were measured by op-
tical means and adjusted in numerical finite element simulations to fit
the measurements.

Thermal actuators with a large temperature dependent deflection were
designed and manufactured. The resulting thermal performance are de-
picted in Fig.7.1. The upper graph depicts the simulated blocking force

!Stepan Prokopovych Tymoshenko, Ukrainian engineer, 1878 -1972.
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Figure 7.1: Overview of the performance of the investigated designs
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per Kelvin versus the deflection per Kelvin, whereas the lower graph
shows the area-specific work (force-displacement product per area) vs.
the area specific deflection per Kelvin. This work measures how effi-
cient the actuator transforms thermally induced energy into mechanical
work. The single V-shaped beam stack (Ayr) has the highest area specific
work, but at the expense of a very low thermal deflection. Compared
to state-of-the-art actuators, the temperature dependent deflection could
be increased by a factor of more than five with still an area specific work,
beating standard thermal actuators. The topology optimized actuators
(E-type) exhibit also a higher temperature dependent deflection than
state-of-the-art devices, but the area-specific work is lower. This is dis-
appointing since they should be designed to offer high area-specific work.
But the optimization is not applied in a proper way. At first, an area is
designed to exhibit a high deflection at a specific point. This deflection is
manually increased by applying a lever transmission. Instead of aiming
for a high deflection, the work should have been optimized to convert it
into an in-plane deflection with the lever transmission.

Tow different approaches for the required latching geometries where cho-
sen. Both approaches comprises two latches, at which the first is acti-
vated when the device is cooled down and the second one is activated
when the device is heated up again, exceeding a certain threshold tem-
perature. The latches are either attached to a bistable beam (concept
A) or to independent cantilevers (concept B) that are pushed by the ac-
tuator. Once the structures are activated and the threshold temperature
is exceeded, a contact is irreversibly established that can be read out
by a resistance measurement. A difference between open and short cir-
cuit condition of several orders of magnitude can be expected. With the
equipment used, only a minimum resistance of 13 m¢2 could be resolved.
In the open circuit condition an resistance of >120 €2 was measured. Ta-
ble 7.1 summarizes activation and threshold temperatures of the realized
prototypes. The observed transition temperatures differ from the in-
tended temperatures due to measurement errors. Also the fabrication
causes intrinsic stresses and, hence, initial deformations that influence
the activation temperatures. Furthermore, the coefficients of friction
were neglected and also the deformation of the cantilevers of concept B.
Hence, higher forces and temperatures are needed to trigger the latches.
The influence of the thermal expansion of the bistable beam was mis-
interpreted during the design process, resulting in a higher threshold
temperature.

Activation and threshold temperatures are reproducible within a range of
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measured intended
activation | threshold | activation | threshold
Ep: A| -10 10 15 20
Ep: B | -10 15 10 20
Hp: A -20 25 -10 10
HP:B| % 35 10 20

Table 7.1: Measured activation and threshold temperatures of the pro-
totypes, compared to the intended temperatures. EP: Europractice; HP:
Happy Plating; A: Latch-concept A; B: Latch-concept B.

5 K. Furthermore, no long term instability was observed during storage
of one month under labor conditions.

These results provide a proof of concept of the passive MEMS tempera-
ture threshold sensor.

7.2 Outlook

There is an ongoing scientific progress in technological processes that also
lead to enhanced designs. The thermal actuators can be improved by an
increased aspect ratio of the lithography. On the one hand, a smaller
feature size allow for a better thermal performance, because the maxi-
mum stresses can be reduced by a smaller beam width. Hence, also the
losses due to mechanical deformations can be reduced, resulting in better
energy conversion of the thermally induced energy into mechanical work.
On the other hand, increasing the structure height, strongly increases the
out-of-plane stiffness. In the presented designs, the latching mechanism
can be released by a repeated knocking of the device against a hard sur-
face. The structures are only 16 pm in height and when a force deflects
the lever out-of-plane, the latch can accidentally be released. This can
be avoided by a guidance above and below the critical structure regions.

The activation and threshold temperatures of the presented samples can
be influenced by the offsets between the latches. Assuming a thermal
actuator with a temperature sensitivity of 5pm/K, a minimal feature
size of the fabricated structures of 7um and an angle of the latch trian-
gles of 30°, a minimal temperature difference between the activation and
threshold temperature of approximatelyb K comes in range.

A much greater improvement can be achieved by applying different ma-
terial combinations with a larger difference in their coefficients of thermal
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expansion. For instance CuGesP3 has a CTE of o = 37.6 ppm /K, which
is by a factor of three larger than the CTE of Ni. Recently, new meta-
materials with tunable and even negative CTE were introduced and in-
vestigated [123]. A combination of a substrate with negative CTE and
a material with high CTE would impressively increase work that such
an actuator can proved. There is still the issue with the yield strength,
limiting the maximum deflection. But for a disposable device, also a
small plastic deformation of the material could be accepted.

The design of the latching mechanism and the electrical short circuit
can be improved further to increase the reproducibility for the whole
sensing element. For instance, gold covering the Ni structure will help
to establish a short circuit contact with high reproducibility. This Au
layer could be sputtered, which would lead to a sidewall covering of
approximately 1:10, compared to the top surface. Due to an under etch
of the seed-layer beneath the Ni, a short circuit to the substrate can be
avoided.

Also the unexpected lateral movements of the lever of the thermal actua-
tor during pushing against the latching cantilever have to be investigated
in detail.

The developments in the field of small scale antenna technology allow for
the combination of MEMS devices and antenna on a single chip [124,125].
This is essential for a senor-grain comprising, sensor, antenna, storage
capacitor, and electrical readout circuit. <4<
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