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Abstract

Having the advantages of large work density and potential scability of dimensions down
to nanometer size, shape memory alloys (SMAs) are competitive candidates among the
active materials for applications in micro- and nanoelectromechanical systems (MEMS
and NEMS). Being compatible with standard semiconductor fabrication techniques, SMAs
can be designed as an active layer on a common substrate such as silicon (Si). With at
least these two layers, such systems can convert input energy into work if constructed as
freely movable and mechanically active structures, being the base elements of micro- and
nanoactuators.

This work focuses on the development of SMA-based nanoactuators to generate work in
out-of-plane direction with the overall objective to perform bistable actuation at the nano
scale enabling novel smart functionalities in optics and photonics. Potential applications
are, for instance, mechanically tunable photonic directional couplers using SMA nanoactu-
ators to control light transmission in silicon waveguide structures. Joule-heated multilayer
beam structures are the common shapes of SMA-based nanoactuators. A mechanical and
a thermal analytical model are developed that can conveniently predict the mechanical
deformation and temperature profile, respectively, as well as electrical power consump-
tion of such multilayer beam structures when being Joule-heated. The thermal model
reveals that heat conduction to the substrate dominates the heat dissipation mechanism at
micrometer-scale. The accuracy of the thermal model is validated experimentally.

Starting from the analyses of the fundamental SMA/Si bilayer cantilever beams, this work
extends the investigations of SMA-based nanoactuators to the developments of bistable
SMA nanoactuators and SMA-based mechanically tuned photonic directional couplers.
Appropriate fabrication processes are developed for the designed devices accordingly,
which include the techniques of electron beam lithography (EBL), reactive ion etching
(RIE), physical vapor deposition (PVD), etc. Tis4Nis; Cuys is selected as the SMA material
used for the developments of nanoactuators in this work. In particular, the magnetron
sputtering of TissNiz;Cuys films and the stress engineering of the films are conducted
within the frame of close collaborations with the project partners from Ruhr University
Bochum (RUB).

The temperature-dependent electrical resistance measurement confirms that the 600 nm
Tis4Ni3;Cuys film on Si substrate transforms above room temperature with a narrow
hysteresis width of 1.9 °C. Revealed by the collaborating partners from RUB, the trans-
formation property is independent of film thickness down to 150 nm. On this basis, the
electro-thermo-mechanical performances of the Joule-heated Tis4Nis; Cuy5/Si bilayer can-
tilever nanoactuators are studied analytically and numerically. The mechanical analyses
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show that the deflection change can be attributed to competitions among different effects:
mismatch of thermal expansion coefficients, variation of elastic moduli (AE) and shape
memory effect. There is an optimal thickness ratio of 0.5 between SMA and Si causing
the maximum stroke. The thermal analyses define a range of heating current that 80% of
beam length completes phase transformation while overheating is avoided. The partially
transformed part of the beam is folded into a wing-structure to reduce the temperature
gradient. The joint electro-thermo-mechanical analyses prove that the optimal range of
the wing ratio (the length ratio of the folded wing to the beam) is 20%-25% to trade off
among the stroke, power consumption and structural stiffness.

Bistable structures are famous for the appealing properties of low energy consumption
and non-linear force-displacement relation. A design of bistable out-of-plane SMA nanoac-
tuators is proposed, which consists of four parallel arranged cantilever beams. By ex-
ploiting the residual stress in the Tis4Nis; Cuys film, the center beams are deposited with
Tis4Nis; Cuys film to introduce buckling of the two outside beams. The two stable buckling
states are switched by utilizing the effect of mismatch of thermal expansion coefficients
and the shape memory effect. In the fabrication process containing two lithography steps,
the Tis4Nis; Cuys films are selectively deposited on free-standing structures by lift-off with
success. The initial deformations of the fabricated nanoactuators indicate that there is
considerable position-dependent internal stress in the Si layer of the center beams, which
hinders the bistability by increasing the moment threshold of state-switching. Nanoin-
dention test of the nanoactuator shows a snapping process during loading with a stroke
about 3.6% of beam length, which is accompanied by a surge of force about 98.8 uN. This
non-linear force-displacement relation demonstrates that extra energy input is necessary
to snap from one stable buckling state to the other. In addition, the linear part of the
force-displacement curve prior to the non-linear part discloses that the moment from
residual stress should be overcome in advance to enter the snapping stage.

In the field of integrated photonics, MEMS-tuning exhibits distinct advantages in terms
of small footprint and high energy efficiency. The previously developed Tis4Nis; Cuy5/Si
bilayer cantilever nanoactuator is integrated with photonic directional coupler to me-
chanically tune the coupling between the waveguide structures. Because of the movable
structures, particular attention is paid to the design of photonic circuits, which utilize
taper structures and both rib waveguides and strip waveguides to minimize the loss when
switching the bottom claddings between SiO, and air. Working at TE-mode, the directional
coupler is designed for the full coupling at the length and gap size of 36.6 pm and 110 nm,
respectively, which is proven to have negligible influence on the mechanical deflection
of the nanoactuator. In the fabrication process containing three lithography steps, the
utilization of rib waveguides provides another advantage of being a robust hard mask
for the wet etching step of SiO,, which simplifies the fabrication by avoiding additional
materials as etching mask. Transmission tests of reference waveguides confirm that the
tapers in the photonic circuits and the annealing process of SMA have negligible effect
on the transmission loss. Due to the initial deformation of the free-standing directional
couplers, 71% of light power is coupled at the designed full coupling length. Because
another test with fixed directional couplers validates the numeric model of directional
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coupler, it is highlighted that precise stress controlling and anisotropy of SMA sputtering
are critical for the optimal tuning performance.
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Zusammenfassung

Aufgrund ihrer grofien Arbeitsdichte und der méglichen Skalierbarkeit der Abmessungen
bis in den Nanometerbereich sind Formgedachtnislegierungen (FGL) vielversprechen-
de Kandidaten unter den aktiven Materialien fiir Anwendungen in mikro- und nano-
elektromechanischen Systemen (MEMS und NEMS). Da sie mit den Standard-Halbleiter-
Herstellungstechniken kompatibel sind, konnen FGL als aktive Schicht auf einem ge-
wohnlichen Substrat wie Silizium (Si) hergestellt werden. Mit mindestens diesen beiden
Schichten konnen solche Systeme die zugefithrte Energie in Arbeit umwandeln, wenn
sie als frei bewegliche und mechanisch aktive Strukturen konstruiert werden, die die
Grundelemente von Mikro- und Nanoaktuatoren bilden.

Diese Arbeit konzentriert sich auf die Entwicklung von FGL-basierten Nanoaktuatoren
zur Erzeugung von Arbeit auflerhalb der Substratebene mit dem iibergeordneten Ziel, eine
bistabile Aktuierung auf der Nanoskala zu ermdglichen und damit neue intelligente Funk-
tionen in Optik und Photonik zu realisieren. Mogliche Anwendungen sind zum Beispiel
mechanisch abstimmbare photonische Richtkoppler, die FGL-Nanoaktuatoren nutzen, um
die Lichtiibertragung in Silizium-Wellenleiterstrukturen zu steuern. Durch Joule’sches
Beheizen aktuierte Mehrschicht-Balkenstrukturen sind eine gingige Bauform von FGL-
basierten Nanoaktuatoren. Es werden ein mechanisches und ein thermisches analytisches
Modell entwickelt, mit dem sich die mechanische Verformung, das Temperaturprofil sowie
der elektrische Energieverbrauch der Mehrschicht-Balkenstrukturen bei Joule’schem Behei-
zen vorhersagen lassen. Das thermische Modell zeigt, dass die Warmeleitung zum Substrat
den dominierenden Mechanismus der Warmeabfuhr im Mikrometerbereich darstellt. Die
Genauigkeit des thermischen Modells wird experimentell bestatigt.

Ausgehend von der Analyse grundlegender FGL/Si-Bimorph-Biegebalken werden in die-
ser Arbeit die Untersuchungen von FGL-basierten Nanoaktuatoren auf die Entwicklung
von bistabilen FGL-Nanoaktuatoren und mechanisch abgestimmten photonischen Richt-
kopplern auf FGL-Basis erweitert. Fiir die entworfenen Bauelemente werden geeignete
Herstellungsverfahren entwickelt, darunter Techniken wie Elektronenstrahllithographie
(EBL), reaktives Ionenétzen (RIE) und physikalische Gasphasenabscheidung (PVD). Als
FGL-Material fiir die Entwicklung der Nanoaktuatoren wird in dieser Arbeit Tis4Nis; Cuys
ausgewahlt. Insbesondere das Magnetron-Sputtern von Tis4Nis; Cuys-Schichten und die
Spannungsoptimierung der Schichten erfolgen in enger Zusammenarbeit mit Projektpart-
nern der Ruhr-Universitat Bochum (RUB).

Messungen des temperaturabhangigen elektrischen Widerstands bestétigen, dass die 600
nm dicke Tis4Nis; Cuys-Schicht auf einem Si-Substrat oberhalb Raumtemperatur mit einer
schmalen Hysteresebreite von 1,9 °C umwandelt. Wie von den Kooperationspartnern der
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RUB aufgezeigt wurde, ist diese Umwandlungseigenschaft unabhangig von der Schichtdi-
cke bis zu 150 nm. Auf dieser Grundlage werden die elektro-thermo-mechanischen Eigen-
schaften der mit Joule’schem Beheizen aktuierten TisyNis; Cuys5/Si-Bimorph-Biegebalken-
Nanoaktuatoren analytisch und numerisch untersucht. Die mechanischen Analysen zeigen,
dass die Anderung der Durchbiegung auf den Wettbewerb verschiedener Effekte zuriickge-
fithrt werden kann: die differentielle Warmeausdehnung, die unterschiedlichen elastischen
Module (AE-Effekt) sowie der Formgedachtniseffekt. Es gibt ein optimales Dickenver-
héltnis von 0,5 zwischen der FGL-Schicht und dem Si-Trager, bei dem ein maximaler
Hub auftritt. Die thermischen Analysen legen einen Bereich des Heizstroms fest, bei dem
80% der Balkenldnge eine vollstdndige Phasenumwandlung durchlaufen und zugleich
eine Uberhitzung vermieden wird. Der nur teilweise umgewandelte Teil des Biegebalkens
wird zu einer Fliigelstruktur gefaltet, um den Temperaturgradienten zu verringern. Die
gemeinsamen elektro-thermo-mechanischen Analysen zeigen, dass ein Fligelverhaltnis
(Langenverhaltnis des gefalteten Fliigels zum Balken) von 20%-25% den besten Kompromiss
zwischen Auslenkung, Energieverbrauch und struktureller Steifigkeit darstellt.

Bistabile Strukturen sind bekannt fiir ihre attraktiven Eigenschaften wie niedrigen Energie-
verbrauch und nichtlineare Kraft-Auslenkungs-Kennlinien. Es wird ein Entwurf fiir bista-
bile SMA-Nanoaktuatoren zur Bewegungserzeugung aus der Ebene vorgeschlagen, der aus
vier parallel angeordneten Balkentrdgern besteht. Unter Ausnutzung der Eigenspannung
in der Tis4Niz; Cuys5-Schicht werden die mittleren Balken mit Tis4Niz; Cuys beschichtet, um
ein Ausknicken der beiden dufleren Balken zu erreichen. Die beiden stabilen Knickzustéan-
de werden durch Ausnutzung der unterschiedlichen Warmeausdehnungskoeffizienten
und des Formgedachtniseffekts umgeschaltet. Im Herstellungsprozess mit zwei Litho-
grafieschritten werden die Tis4Ni3; Cuys-Schichten selektiv auf freistehenden Strukturen
durch Lift-Off mit Erfolg abgeschieden. Die anfanglichen Verformungen der hergestellten
Nanoaktuatoren deuten darauf hin, dass in der Si-Schicht der mittleren Balken erhebliche
positionsabhiangige Eigenspannungen vorhanden sind, die die Bistabilitat erschweren,
indem sie die Schwelle zum Umschalten der Zustiande erhéhen. Ein Nanoindentationstest
des Nanoaktuators zeigt einen Schnappvorgang wéhrend der Belastung mit einem Hub
von etwa 3,6% der Balkenldnge, der von einem Kraftstof§ von etwa 98,8 uN begleitet wird.
Diese nichtlineare Kraft-Weg-Beziehung zeigt, dass zusétzliche Energie notwendig ist,
um von einem stabilen Knickzustand in den anderen zu schnappen. Aufierdem zeigt der
lineare Teil der Kraft-Weg-Kurve vor dem nichtlinearen Teil, dass zundchst das Moment
der Eigenspannung iiberwunden werden muss, um in den Schnappbereich zu gelangen.

Im Bereich der integrierten Photonik bietet das Abstimmen mit MEMS-Technologie deutli-
che Vorteile hinsichtlich geringer Baugréf3e und hoher Energieeffizienz. Der zuvor entwi-
ckelte Tis4Ni3; Cuys5/Si-Bimorph-Biegebalken-Nanoaktuator wird mit einem photonischen
Richtkoppler integriert, um die Kopplung zwischen den Wellenleiterstrukturen mechanisch
abzustimmen. Aufgrund der beweglichen Strukturen wird besonderes Augenmerk auf
das Design der photonischen Schaltkreise gelegt, die Taperstrukturen sowie Rippen- und
Streifenwellenleiter nutzen, um die Verluste beim Wechsel der unteren Schicht zwischen
SiO3 und Luft zu minimieren. Der fiir den TE-Modus ausgelegte Richtkoppler ist fiir eine
vollstandige Kopplung bei einer Lange von 36,6 um und einem Spalt von 110 nm ausgelegt,
was nachweislich einen vernachlassigbaren Einfluss auf die mechanische Ablenkung des
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Nanoaktuators hat. Im Herstellungsprozess, der drei Lithografieschritte umfasst, bietet die
Verwendung von Rippenwellenleitern den zusatzlichen Vorteil, als robuste Hartmaske fiir
den Nassatzschritt von SiO;, zu dienen, was die Fertigung vereinfacht, da keine zusatzlichen
Materialien als Atzmaske benotigt werden. Transmissionstests an Referenzwellenleitern
bestatigen, dass die Taperstrukturen in den photonischen Schaltkreisen und der Temper-
prozess der FGL einen vernachlassigbaren Einfluss auf die Transmissionsverluste haben.
Aufgrund der anfinglichen Verformung der freistehenden Richtkoppler werden 71% der
Lichtleistung bei der vorgesehenen vollen Kopplungslange eingekoppelt. Da ein weiterer
Test mit feststehenden Richtkopplern das numerische Modell des Richtkopplers validiert,
wird betont, dass eine prazise Spannungskontrolle und Anisotropie der FGL-Sputterschicht
entscheidend fiir eine optimale Abstimmleistung sind.

vii
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1. Introduction

1.1. Background

1.1.1. Smart Materials

For centuries, scientists and engineers have been dedicated to improving the properties of
existing materials and creating new materials to meet the demands of the fast developing
technologies. In the past decades, a new concept "smart materials" has emerged. By taking
advantages of multifunctionalities, this category of materials can respond to environmental
stimuli (temperature, light intensity, humidity, variation of pH, electric and magnetic fields,
etc.) by changing their shapes or physical properties [1-3]. Table 1.1 lists some of the
multifunctionalities among different physical inputs and outputs. Materials showing
these effects provide the fundamental basis for the actuators and sensors of the next
generation.

Table 1.1.: Some multifunctionalities of the smart materials among different inputs and outputs.

Input Output Mechanical Electrical Magnetic Thermal Optic
Mechanical Piezoelectric, Inverse mag- FElastocaloric Photoelastic
Piezoresistive  netostrictive
Electrical | Electrostrictive, Maxwell- Electrocaloric, Electrochromic,
Inverse piezo- Ampére Law  Peltier effect  Electrolumi-
electricc ER nescence
fluid!
Magnetic | Magnetostrictive Magnetoresistive Magnetocaloric Magneto-
optic
Thermal | Thermo- Thermoelectric?, Thermomagnetic Thermochromic
mechanical pyroelectric
Optic | Optical gradi- Photoelectric ~ Inverse Fara- Photothermal Photochromic,
ent force day effect Fluorescent

Shape memory materials, which encompass alloys and ceramics, are a well-studied cate-
gory of smart materials. Their appealing properties are based on the phase transformations
under external stimuli with variations of their microstructure. Most of the shape memory

' Electrorheological fluid.
2 Including the Seebeck effect and the Thomson effect.
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alloys (SMAs) are thermally responsive that generate deformations at changing tempera-
tures (thermomechanical effect). Examples of such alloy systems include Nitinol (Ni-Ti
alloy) and Ni-Ti based ternary alloys, copper (Cu)-based Cu-Zn - Al and Cu- Al-Ni al-
loys [4]. A special subgroup are ferromagnetic SMAs that exhibit deformations induced by
the magnetic field (magnetostritive effect) [5]. An example of this type is the Ni-Mn-Ga
alloy [6]. In addition, because of the entropy change during phase transformations, the
SMAs show a temperature variation when being deformed in adiabatic environment
(elastocaloric effect) [7]. Owing to their distinct material properties, the versatile SMAs
have been widely exploited in different engineering fields, which covers aerospace [2, 8],
biomedical [9-11] and robotics [12], etc. In particular, the implementations in microelec-
tromechanical systems (MEMS) are of special interest. It has been extensively explored to
integrate SMAs into microactuators due to the large work density up to 107 J/m?, which
is 1-2 orders higher than other common actuators [4, 13]. Successful examples include
microgrippers [14, 15], microvalves [15] and nanoactuators [16]. Other properties of SMAs
are also well employed, for instance, in the applications of microcooling devices [17] and
energy harvesters [18].

The phenomenon of thermally induced phase transformation is also witnessed in certain
ceramics, such as zirconia (ZrO;) and vanadium dioxide (VO,) [19, 20]. Notably, besides
the mechanical deformation, the phase transformation of VO, is also accompanied by
considerable changes of both electrical resistance and refractive index (thermochromic
effect) [21]. Hence, this transition of physical properties is also known as metal-insulator
transition, which takes place at the temperature of 68 °C. Apart from the mechanical
utilization in micro- and nanoactuators [20-23], VO, films are also widely used for light
tuning and sensing purposes. At macroscale, VO, films are explored in the design of smart
windows that are transparent to infrared light at room temperature while become opaque
at elevated temperature [24, 25]. At microscale, the material is adopted for the design
of on-chip photonic modulators, where the phase transition of VO, can be triggered by
various physical stimuli, comprising thermal [26-29], electrical [30, 31] and optic [32].

1.1.2. Bistable Structures

Bistable structures are mechanical systems or devices that possess two distinct and stable
equilibrium states. These configurations are characterized by their ability to remain
stable in either state without the continuous application of external forces or energy
input. Transition between the two states (snap-through) usually occurs through a suitable
external trigger, which overcomes the energy barrier between the stable states and causes
the structure to snap from one stable state to the other. The underlying principle of
bistability is typically rooted in the nonlinearity, which originates from the material
properties and the structural design [33].

Material nonlinearity is attributed to the non-linear stress-strain relation of the material.
For example, SMAs are well-known for the hysteresis of strain change during either
mechanical or thermal loading cycles. This property was exploited in designing a bistable
structure made by two different types of SMAs with different hysteresis widths [34, 35].
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The bistability that presents in the SMA-polymer composite structures is another example
of utilizing the material nonlinearity [34, 36, 37]. Polymers experience a sharp change of
elastic moduli by three orders of magnitude during the glass transition [38, 39], which is
used to capture either the martensitic or austenitic shape of the SMA layer by controlling
the highest temperatures in different thermal cycles.

Structural nonlinearity refers to the non-linear load-displacement relation stemming from
specially designed structures instead of materials, and the commonly adopted method is
to introduce buckling of the structure. Based on the classical Eulerian buckling theory, the
differential deformation equation naturally has multi-solutions corresponding to different
stable states. Over the past decades, different approaches have been investigated to
create buckling. Applying an external compressive force on a slender beam in the axial
direction is a direct and simple way to achieve buckling [40, 41]. However, to maintain the
buckling shape, the compressive force is required to be continuously applied. Designing
the structural geometry in a pre-deflected shape has been proved to be a more practical
approach and has received substantial attention from the scientific community [42-47].
Recently, there has been increasing interest in tuning the internal stress in thin films to
obtain the buckled structures. In a structure with three beams arranged in parallel, Pan et
al. selectively introduced the residual stress to the outside two beams with pulsed laser so
that the middle beam could buckle [48]. Similar structures are also witnessed in [49, 50]
while fabricated at um scale, and the stress for buckling comes from the residual stress
of deposition and thermal stress. Meanwhile, some unconventional structures showing
bistability have also been proposed. For instance, Mao et al. designed a latching bistable
microswitch consisting of two bilayer electrothermal beams. The latching state can be
switched by controlling the beam that is heated [51].

The stimuli to switch between the stable states are not limited to mechanical loading. By
taking advantage of different physical principles, diverse switching mechanisms have been
explored. Electric, magnetic and temperature fields are commonly used for generating
non-contact stimuli [33]. Besides, some unconventional strategies have been explored as
well. For instance, Song et al. utilized the pressure from phase change of fluid to trigger
the state switching [43]. Dong et al. designed an optomechanical circuit that the buckling
state of a doubly-clamped bridge could be switched by the optical gradient force from a
neighboring ring resonator [52]. These different switching approaches effectively extend
the applicability of the bistable structures.

Having the unique advantages in energy efficiency, mechanical simplicity and down-
scaling capability, bistable structures have drawn growing attention not only in the macro-
scale domain, but also in the field of micro- and nanoelectromechanical systems (MEMS
and NEMS). As a kind of movable structures, integrating the bistable structures into the
design of micro- and nanoactuators is a well-investigated application field [33]. Moreover,
research on other potential applications in various domains have been reported, including
switching [42, 51], memory storage [52, 53] and energy harvesting [40, 54].

Nevertheless, bistable structures also present challenges. Due to the nature of nonlinearity,
the designs are usually non-intuitive, and there are strong interactions among different
parameters. During the design phase, precisely controlling the structural performances
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usually requires sophisticated material constitutive equations and structural deformation
theories and models. As an illustration, different analytical models have been proposed to
depict the buckling and state switching process of the classical pre-deflected structures,
which vary with the loading and boundary conditions [44, 47, 55-59].

1.1.3. MEMS for Integrated Photonics

The term "integrated photonics" refers to the integration of photonic components on a
common substrate [60]. These components include waveguides, power splitters, polarizers,
modulators, etc. Similar to the electronic integrated circuits (IC), these photonic compo-
nents can be carefully arranged to build photonic integrated circuits (PIC) for achieving
certain functions, e.g., for the applications in high-speed telecommunication [61]. Benefit-
ing from the large difference of refractive indices between silicon (Si) and silicon dioxide
(Si0;) [62], the "silicon-on-insulator" (SOI) wafers, which are commonly used in the IC
industry [63], are adopted for the fabrication of PIC. The compatibility of the fabrication
techniques and processes of PIC with the highly sophisticated IC industry underlines
another attractive point of the development of PIC.

Efficient tuning mechanisms, which change the optical properties of waveguides, are
essential for the successful applications of PIC. Selecting an appropriate tuning method
depends on the material and the tuning purpose. For the Si-based SOI platform, effective
tuning methods include thermo-optic (temperature-dependent refractive index of Si), Kerr
effect (an electro-optic effect), plasma dispersion (Si belongs to semiconductor materials),
optical gradient force (optomechanics) and MEMS [64, 65]. Among these methods, MEMS
tuning possesses the advantages of low power consumption, low loss, relatively small
footprint and independence from waveguide materials [64, 66]. For instance, integrating
with bistable structures introduced in the previous section can significantly reduce the
power consumption of tuning. Nevertheless, the implementation of MEMS tuning is
hindered by limitations of several aspects. Usually, free-standing structures bring additional
challenges in fabrication and are fragile in nature. Moreover, the tuning frequency is limited
by the inertia of movable devices to the mechanical resonance frequency [64], which is
generally lower than the electro-based tuning mechanism.

Because light is an oscillating electromagnetic wave propagating in the medium, the basics
of tuning are the modifications of either the amplitude or the phase of the wave. In practical,
these two factors can be mechanically influenced through the following approaches [64]:

« Varying the refractive index (either real or imaginary part) of the waveguide material
by stress / strain.

« Varying the propagation length by displacement or stress.

« Placing a specific material block within the field of the waveguide mode (displacement
variation).
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Based on the three principles, Fig. 1.1 demonstrates the detailed mechanical tuning mech-
anisms for several purposes, which include phase shifting, power splitting, switching and
tuning of the grating couplers.

(c) (d)
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Figure 1.1.: Schematics of several MEMS tuning mechanisms. (a) Phase shifting by varying the effective
refractive index with loading 1) in-plane, 2) out-of-plane, 3) double-layer out-of-plane, 4) double-layer in-
plane, 5) strain tuning, 6) waveguide elongation. (b) Power splitting by variations 1) in-plane, 2) out-of-plane,
3) double-layer out-of-plane, 4) double-layer in-plane, 5) in longitudinal direction. (c) Switching by 1) placing
an absorbing material, 2) displacing a waveguide section, 3) inserting a photonic crystal, 4) bending the
waveguide. (d) Tunable grating couplers by 1) bending a grating, 2) varying the grating period with in-plane
actuation. Picture adapted from [64].

So far, different photonic components tuned by MEMS have been reported. A widely
studied category is the directional coupler used for power splitting®. The coupler is
actuated either in-plane by a comb-drive actuator (mechanism (b1) in Fig. 1.1) [67, 68]
or out-of-plane by a bilayer cantilever (mechanism (b2)) [69]. Moreover, one of the
waveguides in the directional coupler can be specially designed in the shape of a buckled
bistable beam, which lies on top of the other (mechanism (b3)) [70]. The state switching is
achieved by the comb-drive actuator providing the switching force in vertical direction.
Another component that has been mechanically tuned is the ring resonator. By applying a
voltage between the ring and the substrate, the ring deforms under the electrostatic force,
functioning as a reconfigurable wavelength filter (mechanism (a6)) [71]. Reversely, by
exploiting the strain-dependent refractive index (mechanism (al)), the ring resonator was
designed as a strain gauge which is able to measure the external loading by the shifting of
resonating wavelength [72].

Due to the nature of free-standing structures, the main drawbacks of MEMS-tuned PIC
come from the on-chip cavities where the movable structures are embedded. The per-
turbations from the environment, such as humidity and contamination particles, can
easily influence the performance of the movable structures. Therefore, reliable hermetic
packaging techniques are essential [73, 74]. Another impediment is the mode mismatch
at the edge of the cavities that causes transmission loss. This mismatch comes from the
sudden change of the cladding materials. Appropriately designed taper structures are
feasible solutions to minimizing the loss [75]. In addition, tapers are also beneficial for
improving the mechanical strength at the fixed-end of free-standing structures.

3 When the splitting is 100%, the device also functions as switch.
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1.2. Outline

By leveraging the large work output of SMAs, this dissertation aims at the development
of bistable out-of-plane SMA nanoactuators and the potential utilization in integrated
photonics for tuning purpose. The outline of this dissertation is as follows:

Chapter 2 gives a brief introduction to two aspects. The first section reviews the phe-
nomenon, the variation of microstructures and the characterization method of the phase
transformation property of SMAs. The second section summarizes the techniques involved
in the fabrication processes of SMA-based nanoactuators.

Chapter 3 outlines the essential background of the integrated photonics, including funda-
mentals of the guided mode in the waveguide and the basic functioning principles of the
photonic components that are utilized in this dissertation.

Chapter 4 derives the analytical models that can efficiently give the mechanical and
thermal performances of the multilayer beam structures, which are the fundamental
structures of SMA nanoactuators. The wing structure design has been integrated into
SMA nanoactuators to homogenize the temperature gradient, and special attention is paid
to the mechanical stiffness relaxation brought by this design.

Chapter 5 analyzes the mechanical, thermal and joint thermo-mechanical performances
of SMA/Si bilayer nanoactuators. To mitigate the temperature gradient induced by Joule-
heating, the wing structure is integrated into the nanoactuator, and the corresponding
optimal range of wing ratio is investigated to compromise among the mechanical stroke,
electric power consumption and structural stiffness.

Chapter 6 develops a design of bistable out-of-plane nanoactuators by exploiting the
residual stress in the SMA layer. This introduces buckling to the beam structure and leads
to two stable states. Geometrical parameters, including the lengths and widths of the
beams, are studied numerically to ensure the appropriate critical buckling force leading to
the first buckling mode. As demonstrators, the bistable SMA nanoactuators are fabricated
and characterized by nanoindentaion tests.

Chapter 7 integrates the bilayer SMA nanoactuators with the photonic directional couplers,
which are free-standing and can be actively tuned. Particular attention is paid to the design
of photonic components and the development of a fabrication process that is compatible
to free-standing directional couplers and nanoactuators. Although the functionalities of
the fabricated nanoactuators are hindered by technical problems, transmission tests are
conducted to characterize the optical performances of the directional couplers.



2. Shape Memory Alloys and
Nanofabrication Techniques

This chapter introduces the basics and fundamentals of shape memory alloys and nanofab-
rication techniques, which provide the foundations for following chapters. In the first
section, the introduction covers the crystallography of shape memory alloys and the
martensitic transformation that underlines the well-known shape memory effect. After-
wards, the focus shifts to thin film shape memory alloys: the fabrication, size-effect and the
characterization methods. The next section outlines the techniques that are involved in the
fabrication of nanoactuators, including lithography, pattern transferring and etching.

2.1. Shape Memory Alloys

2.1.1. The Material

Shape memory alloys (SMAs) are a unique group of smart materials that can generate
work output when the microstructure is changed under specific external stimuli, such
as heat and magnetic field [5]. Being responsive to external heat, thermal SMAs have
two different phases depending on the temperature: the highly symmetric austenite (or
parent) phase typically with body-centered cubic crystal structure (B2) at high temperature,
and the martensite phase with either tetragonal, orthorhombic or monoclinic crystal
structure at low temperature [2, 5]. The exact crystal structure depends on different
factors, such as composition. Ni-Ti (Nickel-Titanium) alloys possess a monoclinic structure
(B19’) while adding element such as copper (Cu) or palladium (Pd) changes the lattice to
orthorhombic (B19) or creates an intermediate rhombohedral R-phase [4]. As an example,
Fig. 2.1 illustrates the sketches of the crystal structure and microstructure of Ni-Ti alloy at
martensite, austenite and R-phase, respectively.

Because of the non-symmetric structure of martensite, this phase has different orientations
(variants) with respect to the parent phase. Kumar and Lagoudas have proven that there
are 24 martensitic variants in the Ni-Ti alloy system in total [4]. It can be classified into two
categories by the stress level, i.e., the twinned martensite under low stress and detwinned
martensite under high stress. The former is composed of self-accommodated variants, and
the latter is constituted by variants with a specific type in dominant, which is favored by
the orientation of external stress.
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Figure 2.1.: Schematics of the crystal structure and microstructure of Ni-Ti alloy at different phases. Diagram
adapted from [76].

The martensitic transformation, i.e., from the parent phase to martensite, is witnessed in
various alloy systems such as Fe-C and Cu-Zn [77, 78]. However, to have the transformation
in a reverse direction, i.e., from martensite to the parent phase, it is crucial that there is no
plastic deformation in the martensitic transformation [79]. The microscopic explanation
is that there is no newly created lattice defect to have reversible transformation [77]. The
mechanical stress induced during martensitic transformation can be compensated either
by dislocation slip, which is irreversible, or by twinning and self-accommodation processes,
which is reversible [77]. The martensitic transformation in SMAs belongs to the latter
situation, therefore, it is also named as thermoelastic martensitic transformation.

The martensitic and its reverse transformations (also termed as forward and reverse trans-
formation) underline the special effects of SMAs and the potential applications. Belonging
to the first-order solid state phase transformation [5, 76], the martensitic transformation
is diffusionless due to its nature of twinning, i.e., a shear distortion of lattice structure,
hence the compositions of the austenitic and martensitic phases are the same. During
the martensitic transformation, within a single crystal the martensite forms along the
habit planes, which remain neither distorted nor rotated, thus these planes are known
as invariant planes. Consequently, the invariant planes are also the interfaces between
austenite and martensite.

The martensitic transformation shows a temperature or stress hysteresis at a given stress
or temperature level. Correspondingly, at stress-free state, the transformation can be
characterized by four important temperatures, i.e., Ms, My and A, A¢. The first two refers
to the temperatures at which the forward transformation starts and finishes, respectively,
and the last two refers to the temperatures at which the reverse transformation starts and
finishes, respectively. An example of such temperature hysteresis curve is presented in
Section 5.2.

Under certain conditions, the intermediate R-phase exists in Ni-Ti alloys during the forward
transformation so that the phase variation sequence is austenite-R-martensite. This phase
emerges by elongating along any one of the <111> direction of the B2 crystal structure of
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parent phase [79]. It has been concluded that there are basically three ways to introduce
the R-phase: (1) cold-work, (2) aging of the alloys with higher Ni content and (3) the
addition of another element [4, 5]. The mechanism is to introduce stress fields into the
crystal structures by dislocations (from cold-work or aging), precipitations such as NisTis
and Ni3Tiy in Ni-rich Ni-Ti alloys, and third element [4, 77]. Despite the advantage of
narrow and stable hysteresis in austenite-R transformation, the low transformation strain
(around 1%) [5] limits the range of actuation applications.

Among different SMA systems, the Ni-Ti system has been extensively studied and put into
industrial usage [5, 9]. In particular, some research focuses on introducing a third element
that can tune the transformation temperatures and the hysteresis width to meet specific
requirements. For example, iron (Fe) and chromium (Cr) decrease transformation tempera-
tures [5], whereas hafnium (Hf) can significantly increase transformation temperatures to
above 100 °C [37, 80, 81]. For the applications of actuation, the Ni-Ti-Cu ternary system, in
which Cu partially replaces Ni in the composition, is advantageous compared with alloys
containing other substituting elements. Adding Cu reduces the hysteresis width [4, 5, 9],
which is beneficial to fast response and having small working temperature range. Besides,
the Ni-Ti-Cu system shows less sensitivity of the transformation temperatures to composi-
tion compared to the Ni-Ti binary system [4, 82], and the transformation temperatures
can be above room temperature for actuation applications [83].

2.1.2. Shape Memory Effect

SMAs have two pronounced effects, namely the shape memory effect (SME) and pseudoe-
lastic effect (PE). The thermomechanical paths of these two effects are illustrated in Fig. 2.2,
in which SME follows the path 1-6 and PE follows the path 7-13. The major difference
between these two effects is the temperature that the SMA material is deformed:

o If the deformation takes place at the low-temperature martensitic state, the material
can recover to its original shape by heating above Ar. This phenomenon is SME.

« If the deformation takes place at the high-temperature austenitic state, the material
can recover from large strain up to 8% [2, 5], to its original shape by removing the
load isothermally. This phenomenon is PE.

The property of SME that the SMA material can generate large strain by heating forms the
basis of applying SMAs for actuation [5, 77], and PE is usually used in passive applications
such as damping [5]. Therefore, the introduction in the following only focuses on the
SME.

Point 1to Point 2: At Point 1 of the low-stress and low temperature condition, the ma-
terial is at twinned martensite state. Loading to Point 2 follows the typical elastic
deformation of metals before yielding.

Point 2 to Point 3: The stress reaches the critical value that the twinned martensite be-
gins to reorient and forms the preferred detwinned martensite. The macroscopic
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Figure 2.2.: A three-dimensional strain-stress-temperature graph illustrating both the shape memory effect
(path 1-6) and the pseudoelastic effect (path 7-13) of SMAs. Picture adapted from [76].

deformation corresponds to a plateau stage of the stress-strain curve, which ends
when the detwinning transition completes. Further loading to Point 3 leads to elastic
deformation again of the detwinned martensite.

Point 3 to Point 4: Unloading from Point 3 follows a path of elastic unloading until reach-
ing Point 4, where the material is still at detwinned martensite with a retained strain
of about 4-6% [2].

Point 4 to Point 6: The material is heated up and the reverse transformation completes
when the temperature is above A¢. The residual strain is fully recovered during
the transformation from the twinned martensite to austenite. The macroscopic
phenomenon is that the deformed SMA material at low temperature returns to its
original "memorized" undeformed shape by heating.
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Point 6 to Point 1: In the absence of external stress, the SMA material undergoes the
forward transformation back to the twinned martensite. There is no macroscopic
strain change during the transformation.

The description above is also named as one-way SME as only the shape at high temperature
is "memorized". If the SMA material has experienced the training of certain thermome-
chanical loading cycles, it can also exhibit two-way SME that the material can repeatably
switch between the shapes of martensitic and austenitic states respectively in thermal
cycles without applying an external mechanical load. The training process stabilizes the
hysteresis responses of SMAs and saturates the inelastic strain. The mechanism behind
training is that training introduces permanent defects in the crystal structures, which cre-
ate internal residual stress and lead to the formation of the preferred detwinned martensite
[4]. Thus, variation of internal stress state may disturb the two-way SME of SMAs.

2.1.3. SMA Thin Films

Conventionally, the bulk SMA-based components at macroscale are fabricated based on
casting or powder metallurgy techniques [10], whereas deposition techniques are the
widely used methods to prepare SMA thin films with thickness below 5 um. Usually, the
purely physical process, direct current (DC) magnetron sputtering, is preferred, which has
higher deposition rate than the radio frequency (RF) sputtering [84]. Other techniques,
such as electron beam evaporation, pulsed laser deposition and chemical vapor deposition
(CVD), have also been reported in research [9, 84].

The general process of DC magnetron sputtering is described as follows. In a high vacuum
chamber, the ions of inert gas (normally Ar) are accelerated to impinge on the metal targets,
causing metal atoms to be knocked out from the targets and build up on the substrate.
For Ti-Ni-Cu film deposition, this process is conducted on a cold substrate. Therefore, the
deposited film is amorphous. A post-annealing process is required to crystallize the film
and render the phase transformation property. In addition, it is favorable to firstly deposit
a thin interfacial layer, such as Cr or tantalum (Ta), with thickness of about 20 nm before
sputtering the SMA layer, which is helpful to promote adhesion and prevent delamination
(85].

Unlike bulk SMA, because the thickness of thin film is usually substantially smaller than the
in-plane dimensions, the small thickness can have an influence on the material properties of
SMAs, especially when it is comparable to the grain size. For instance, a surface oxide layer
(TiO3) can form on Ni-Ti based SMA thin films when exposed to air, which is responsible
for the formation of surface wrinkling and trenches of the films [86]. Moreover, this oxide
layer not only introduces additional constraints on the lattice during phase transformation,
but also creates a Ti-depleted zone underneath and shifts the composition of SMA. The
phenomenological influence is that the transformation temperatures decrease whereas the
hysteresis width increases [87]. Similarly, the diffusion at the interface between the SMA
layer and the Si substrate can also significantly change the composition of SMA, hence
disturb the phase transformation [88]. Introducing a diffusion stop layer, for instance
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SiO,, is beneficial to ameliorate this degradation, which has been verified in the study of
the substrate-dependent critical thickness of Ti-Ni-Hf films [37]. This thickness effect
becomes ignorable when the thickness is larger than the average grain size [87], and the
material properties of SMA thin films become similar to those of bulk material.

2.1.4. Characterization of Phase Transformation Temperatures

Determining the transformation temperatures is one of the preliminary and fundamental
characterization tests for a material with phase transformation properties. In terms of
the thermally induced SMAs, the differential scanning calorimetry (DSC) testing is a
widely used thermal analysis, which effectively reveals the transformation temperatures
and the corresponding latent heat [89, 90]. The principle behind is that, as a first-order
phase transformation, the enthalpy is discontinuous during the transformation, i.e., there
is change of the latent heat. In detail, the forward transformation is an exothermic
process (heat emitting) whereas the reverse transformation is an endothermic process
(heat absorbing) [89]. However, when the investigated SMA is in the form of sputtered thin
film on a wafer substrate, and the film thickness is below 1 pm, preparing free-standing film
samples for DSC testing is challenging. The temperature-dependent electrical resistance
measurement is a more common and convenient method to identify the transformation
temperatures of SMA thin films [89, 90]. The resistance of the sample is monitored by
the four-probe setup, as depicted in Fig. 2.3. Four probes are placed equidistantly, and a
constant current source is located between the outer two probes. The inner two probes
are linked to a voltmeter. In addition, it is assumed that the film thickness ¢ is far smaller
than the spacing distance s between the probes (t < s).

@
Wy

Figure 2.3.: Sketch of the four-point measurement setup for thin film samples.

To record the temperature-dependent resistance data, the setup in Fig. 2.3 is placed on a
thermostat inside a vacuum chamber, which can prevent oxidization at high temperature
and frosting at low temperature. The ambient temperature in the chamber is controlled
under the quasi-stationary condition to guarantee the thermal equilibrium state of the
sample at each set temperature point.

Furthermore, the temperature-dependent resistivity of film p(T) can also be obtained with
the following equation [91]:

m U(T)

p(T) = ———

= 2.1
In2 I 1)
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Other characterization techniques, including the temperature-dependent X-ray diffraction
(XRD) [89, 90, 92] and the magnetic measurement for characterizing the transformation of
magnetic SMAs [89], are beyond the research scope of this dissertation.

2.2. Nanofabrication Techniques

Generally, the common MEMS and NEMS fabrication processes consist of the three basic
steps: thin film deposition, lithographic patterning and pattern transfer. Each of these steps
corresponds to various methods and techniques depending on the dimensions, material
properties and functions of the target devices to fabricate. The following introductions
solely focus on techniques that are exploited in this dissertation.

2.2.1. Maskless Lithography

Lithography is usually the first procedure in NEMS fabrication to project the designed
patterns onto the resist layers on the wafers. Typically, the patterns are two-dimensional
(three-dimensional grayscale lithography [93] is beyond the discussion here) and engraved
on masks that can selectively shade the radiation sources such as ultraviolet (UV) light
and X-rays. However, mask-required lithography techniques are both time- and cost-
consuming for the research and development phase of new devices, during which there
can be several iterations of the patterns of the designs. Maskless lithography eliminates
the need for pre-prepared masks by using radiation beams and scanning across the wafer
surface pixel by pixel. The common maskless lithography techniques include direct laser
writing (DLW) and electron beam lithography (EBL). The working principle of the former
is similar to the standard photolithography, while the latter is recognized for its high
resolution, as indicated by the Rayleigh criterion [94]

kiA
Resolution = ——, (2.2)
NA

where A is the wavelength and NA is the numerical aperture. The wavelength of the
electrons is about 3.7 pm at the acceleration voltage of 100 kV [95], which is significantly
smaller than the wavelength of the UV light for exposure, such as i-line of 365 nm. Although
the actual resolution of EBL is limited by the electron scattering phenomenon instead of
Eq. 2.2, the EBL system still possesses a finer resolution (at the order of 10 nm [96, 97])
compared to UV lithography, particularly in the case of using thin resist layer. Hence, it is
eligible to define structures with feature sizes at nanometer scale.

The basic working principle of EBL is using the accelerated electrons to interact with the
resists. For positive resists, the long chains of the resists are broken into short chains by
the electrons; while for negative resists, the short chains of the resists are cross-linked
into long chains. The most common positive resist is poly-methyl-methacrylate (PMMA),
which comprises a series of different products distinguished by the relative molecular
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mass. PMMA with smaller molecular mass requires lower dose value to expose (higher
sensitivity), hence it shows lower resolution and contrast. On the contrary, PMMA with
higher molecular mass needs larger exposure doses and has higher resolution and contrast
[97]. As for the negative resists, there are also polymer-based resists such as the AR-N
7520 series. A particular type is hydrogen silsesquioxane (HSQ), which cross-links into
non-soluble silicon oxide after being exposed [98]. Owing to its higher etching selectivity
in comparison with polymers, HSQ is particularly advantageous when the exposed resist is
used as the hard mask for the subsequent dry etching step. This advantage is demonstrated
in the fabrication process in Chapter 7.

The scattering phenomenon of the electrons is a significant issue to consider, which can
lead to infidelity of the exposed patterns and is the determining factor of the resolution of
EBL. In general, there are three types of electron scattering [96], which are

Forward scattering: The incident electrons are spread in a certain width range that is
larger than designed. Higher acceleration voltage and thinner resist layer weaken
the forward scattering.

Backscattering: Electrons reflect at the interface of the resist layer and the substrate,
which can expose the resist as well. Higher acceleration voltage and higher density
of the substrate lead to more severe backscattering.

Secondary electron emission: The incident electrons with high energy excite the low-
energy secondary electrons in the resist and the substrate, which determines the
actual resolution limitation of EBL at the order of 10 nm [96, 97]. The secondary
electrons also account for the major interactions with the resists.

The electron scattering is the main reason of the so-called "proximity effect". The adjacent
areas of the designed patterns are also exposed, which causes overexposure in the areas
between the shapes and unbalanced dose value among the edges and the center within a
shape. Fig. 2.4 demonstrates an example of the proximity effect. In this SEM picture, the
two waveguide patterns are defined by the negative resist. Because of the proximity effect,
the vicinities of the waveguides are overexposed thus the gap between the waveguides is
filled with the residuals of the resist, which should be clear and clean. A practical way to
tackle this problem is to assign different dose values depending on the pattern densities and
dimensions over the wafer. The areas with large or compact patterns should be exposed
with lower value and for the areas with small and sparse patterns, higher dose values
are more desirable. In addition, it is always recommended to have dose tests to find the
optimal values before the fabrication exposures.

2.2.1.1. Alignment Marker for EBL

In a fabrication process that requires at least two lithography steps, precise alignments of
the patterns of different exposure steps are essential. They rely on the robustness of the
high-quality alignment markers predefined on the wafers. Usually, these markers are made
of metals with high atomic number Z [99], for instance gold (Au) and platinum (Pt). Based
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Designed Patterns

Figure 2.4.: An example showing the proximity effect. In the SEM image, the gap between the two waveguides
is filled with the residuals of the negative resist. The bottom-left corner shows the designed patterns from
the layout file.

on the Mott scattering [100], higher-Z materials yield enhanced backscattering hence
exhibit brighter contrast in the EBL system [97]. However, it is noticed that the metal
markers degrade severely and even lose the functionality, if high-temperature annealing
or hot-sputtering of the functional films is involved in the fabrication process and this
high-temperature step is not the final step. As presented in Fig. 2.5, the evaporated gold
layer of the marker is dense before annealing, while it becomes porous after experiencing
the annealing step for the SMA layer. It is verified experimentally that the markers with
the layer in Fig. 2.5(b) cannot be located correctly in the EBL system. Besides, experiments
show that neither having thicker nor thinner layer can ameliorate this degradation, and
the same phenomenon is also witnessed with markers made of Pt layer.

(a) Before annealing step. (b) After annealing step.

Figure 2.5.: Comparison of a corner of the gold marker (a) before and (b) after the annealing step for the
SMA layer.

A potential interpretation of this observation is the thermal dewetting of the Au and Pt
layers on Si substrate [101]. This effect initiates the growth of voids at the grain boundary
grooves at the temperature 128 °C for Au and 339 °C for Pt [101], which are considerably
lower than the typical annealing temperatures of SMAs, e.g., 600 °C for TisyNis;Cuys
films. To avoid this degradation phenomenon, groove markers are introduced, which are
fabricated by etching into the substrates for a few micrometers [99], allowing to replace
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the metal markers in the high-temperature involved fabrication process. The sketch in
Fig. 2.6 compares the mechanisms of contrast generation between the two types of markers:
the high-Z metal marker creates a bright field by yielding more backscattered electrons,
whereas the groove marker creates a dark field by confining the backscattered electrons
[102].

e

Metal Marker e
Groove Marker

Figure 2.6.: Comparison of the mechanisms between the metal marker and the groove marker.

2.2.2. Additive Pattern Transfer

This section focuses on one of the widely adopted additive pattern transfer techniques, the
lift-off process, which is typically performed after the lithography step. Since obtaining
high-resolution patterns of metal layers through etching is usually difficult, lift-off process
offers an efficient and convenient method for patterning metal films. Fig. 2.7 depicts the
typical process flow of the lift-off process. The critical points to obtain successful lift-off
patterns are listed below.

B Metal film
] i [ ] PMMA (large molecule)
] | | 8
= = [ PMMA (small molecule)
[ ] Substrate
(a) Under-cut profile  (b) Film deposition (c) Lift-off

Figure 2.7.: Process flow of lift-off process.

I. The under-cut profile of the resist layer: As shown in Fig. 2.7(a), the exposed resist
needs to have an undercut profile to ensure the discontinuity of the deposited films, i.e.,
the width of the openings of the exposed resists increases in the thickness direction from
the top surface. This profile guarantees discontinuity of the deposited metal film without
ligaments of top and bottom layers so that the sidewalls of the resist can be reached by
the organic solvent in step (c).

However, usually the profile of the exposed resist is overcut, which means that the width
on the top surface is wider. A practical approach to have the undercut profile is by making
use of the molecular mass-dependent sensitivity of PMMA. As introduced in Section 2.2.1,
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when applying the same amount of doses, the PMMA with low molecular mass is more
sensitive thus the width of the exposed area after development is larger than the PMMA

with high molecular mass. Therefore, a bilayer PMMA with the PMMA of high molecular
mass on the top can naturally obtain the undercut profile after exposure [103].

Il. The thickness of the resist: The empirical value is that the thickness of the resist layer
needs be at least 2-3 times thicker than the thickness of the deposited films. The purpose
of having this thickness difference is also to ensure the discontinuity of the metal film.
Usually, this requirement defines the upper limit of the film thickness that can be deposited,
when developing a fabrication process involving lift-off.

111. Anisotropic film deposition at low temperature: In step (b), it is always preferred
to have the deposition in vertical direction, i.e., anisotropically, to ensure discontinuity.
Besides, deposition at high temperature should be avoided as the polymer resists experience
a glass transition and become soft, causing the deformation of the exposed patterns.

IV. The minimum size of the patterns: In general, the minimum feature size should exceed
the grain size of the deposited films to ensure continuous patterns of the films after lift-off
process.

It should be highlighted that the lift-off process in Fig. 2.7 usually applies for having the
film layer with the area significantly smaller than the area of the wafer, due to the positive
resist nature of PMMA. For the situation that the covered area is comparable to the area
of the wafer, there is research using a bilayer of PMMA and HSQ to have the "negative
tone lift-oft" process [104-109], as demonstrated in Fig. 2.8. In step (c), the dry etching of
PMMA by using O, plasma is isotropic so that the undercut profile is formed naturally. As
an example, Fig. 2.9 shows a SEM picture with the HSQ/PMMA bilayer resists.

___H

(a) HSQ/PMMA Bilayer  (b) HSQ Exposure (c) Dry Etching of PMMA

P Hsa B Metal film

\ [ PMMA  [] Substrate

(d) Film Deposition (e) Lift-off

Figure 2.8.: Process flow of the negative tone lift-off process by using the HSQ/PMMA bilayer resists.

2.2.3. Subtractive Pattern Transfer

Contrary to the additive pattern transfer, the subtractive process (etching) refers to selec-
tively removing the materials from the substrate to generate the desired patterns. This
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Figure 2.9.: A SEM image showing HSQ/PMMA bilayer resists on a Si substrate. The undercut profile can be
clearly seen because of the isotropic etching of PMMA.

process can be a purely physical effect, a purely chemical effect, or a combined effect
of both. Two of the basic metrics to characterize the etching process are selectivity and
anisotropy. The former indicates the relative etching rates of the etched materials with
respect to the mask materials [110]. High selectivity is especially preferred when perform-
ing deep etching. The latter indicates the ratio of the etching rates in the vertical direction
and the horizontal direction. The etching process can be divided into two categories by
the states of the etchant [110]: when it is in the liquid state, the process is named as wet
etching; when the etchant is in gaseous or plasma state, it is referred to as dry etching,.

2.2.3.1. Reactive lon Etching (RIE)

RIE is a plasma-assisted etching process that the reactive gases are ionized into the plasma
inside the low-pressure reaction chamber. Ions from the plasma are accelerated and guided
towards the target substrate that is connected to an electrode by radio frequency (RF).
In general, both physical and chemical reactions take place in the chamber by two types
of species [110]: the chemically active neutral radicals and the accelerated ions with
bombardment energy. Competition between these two types of species determines the
anisotropy of the etched profile on the substrate. There are various parameters that can
influence this competition, including the RF power, the flow rates of gases and the substrate
temperature [111].

Usually the highly chemically reactive halogen-based gases are used as the etchant, and
it is of great importance that the reaction products from the substrate are volatile, i.e.,
have high vapor pressure, which is beneficial for the continuity of etching. In terms of
Si etching, SF¢ is one of the most commonly used gas etchants. The detailed reaction
mechanism is complex (54 different reaction formulas have been summarized in [111]).
Concisely, the etching is isotropic at room temperature [112], whereas at the temperature
below the boiling temperature of SiF, at —86 °C, the etching becomes anisotropic due to the

18



2.2. Nanofabrication Techniques

formation of the passivation layer (SiO,F,) on the sidewalls. In practice, the temperature of
this anisotropic etching process is usually set around —100 °C and named as cryogenic deep
RIE (cryo-DRIE), which is widely used for fabricating Si structures with high aspect ratio
[110, 113, 114]. When heating back to room temperature, the passivation layer evaporate
away thus there is no residual of the byproduct.

2.2.3.2. lon Beam Etching (IBE)

IBE is a purely physical plasma-assisted etching process relying on the bombardment of
the ions with kinetic energy, which are usually generated by the inert gases such as Ar.
Due to the nature of physical processes, IBE shows high anisotropy and low selectivity
regardless of the material. Hence, the control of processing time and the selection of the
mask material are highly important. Materials with high hardness, for example Cr and
Al,05 [115, 116], are more favorable to use as mask. In addition, surface quality is usually
poor after IBE. As an example, Fig. 2.10(a) shows a 330 nm-thick SMA layer on the Si
substrate completely patterned by IBE. A 4 um-thick PMMA is used as the mask, which
is greatly consumed to about 400 nm after IBE. As a comparison, in Fig. 2.10(b) a 150
nm-thick aluminum (Al) layer is hardly etched in the same process as Al can be easily
oxidized to Al,Os3 in the air naturally.
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(a) 330 nm-thick SMA layer after IBE. (b) 150 nm-thick Al layer after IBE.

Figure 2.10.: Comparison of (a) 330 nm-thick SMA layer and (b) 150 nm-thick Al layer after IBE process.
4 wm PMMA masks are heavily consumed in both cases.

2.2.3.3. Wet Etching

Wet etching takes place in a liquid environment, and it is a purely chemical etching
process. In terms of the wet etching of SiO,, it is commonly etched by the hydrofluoric
(HF) acid-based solutions with the following reaction [117]

SiOy + 6 HF —— H,SiFg + 2 H50.
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The reaction product H,SiF; is water-soluble. Frequently used etchants include the diluted
HF (with water) and the buffered oxide etch (BOE), the latter is a mixture of ammonium
fluoride (NH4F) and concentrated HF with a certain ratio. The etching rate is dependent
on various factors, including the type of SiO,, the type and concentration of the etchant
solution. Although this etching process is isotropic theoretically, anisotropic etching is
witnessed in the experiment, as presented in Fig. 2.11. The BOE wet etching is to release the
Si beam structure (the bright area in the figure). Because of the underetching effect, there
is remaining SiO, under the Si structure. The small slope of the profile of the remaining
SiO; indicates that the etching rate is higher in the horizontal direction than in the vertical
direction.

Free-standing Si Beam

H1=1972nm

Si0, Residual L—\

H2=501.1nm H3=1.495 um

Figure 2.11.: The profile of the remaining SiO, showing anisotropy of the wet etching by BOE.

2.2.4. Critical Point Drying

In the fabrication of nanomechanical structures, the SiO; layer is commonly used as the
sacrificial layer. The wet etching of this layer allows the structural layers on top of it to
become movable and also fragile. The stiction caused by the surface tension can potentially
damage the free-standing structures when they are dried in conventional method that
the liquid is evaporated directly. By avoiding the phase transition from liquid to gas, the
critical point drying (CPD) is an effective solution to prevent this damage when removing
the liquid in which the structures are rinsed. The fundamental principle is to make use
of the properties of the supercritical fluid state that there is no distinction between the
gas and the liquid phases, therefore the surface tension also disappears. To reach the
supercritical fluid state, both the temperature and the pressure need to be above the critical
point [117, 118].

In practice, carbon dioxide (CO,) is selected as the liquid to perform the CPD, due to its
easily reachable critical point of 7.38 MPa at 31.1 °C [117]. Usually, the wafer with released
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structures after the wet etching of SiO, is rinsed in deionized (DI) water. The etched wafer
is transferred to a chamber filled with isopropyl alcohol (IPA), which will be replaced by
liquid CO; at the room temperature and pressure. IPA is selected as the intermediate liquid
because of its excellent miscibility with both DI water and liquid CO,. Afterwards, the
temperature and pressure in the chamber are increased to be above the critical point of
CO,. The temperature is maintained until the CO; is completely vented so that the wafer
is dried without experiencing the phase transition from liquid to gas.

2.3. Summary

This chapter gives an overview of two aspects. The first aspect is the crystallography
of SMAs and the SME of this category of material. Determining four transformation
temperatures, i.e., Ms, Mg, A5, Ay, are important to characterize SMAs. The second aspect
is the major techniques in the field of nanofabrication. The designed patterns are firstly
exposed on the resist by lithography, then transferred to the substrate by either additive
or subtractive approaches. The relative definitions, methods and techniques from this
chapter will be cited directly in the following chapters.
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3. Integrated Photonics

Integrated photonics refers to the technology that miniaturizes and integrates the pho-
tonic components onto a common substrate to perform complex optical functions. By
leveraging the fabrication techniques similar to those used in semiconductor electronics,
integrated photonics enable compact, high-performance, and cost-effective photonic cir-
cuits. Additionally, photonic circuits possess advantages such as low power consumption
and low latency in comparison with electronic circuits [119]. Nowadays, there have been
continuous advancements of applications in different fields, including telecommunications
[61] and quantum technologies [120]. The integration with MEMS has also attracted the
interest of researchers aiming for more efficient tuning and modulating mechanisms of
integrated photonic devices [64, 66].

Before introducing the work of integration of SMA-based nanoactuator and nanophotonic
devices, it is essential to firstly review the basics of integrated photonics and have an
introduction of the components that are adopted for the research work.

3.1. Basics of Electromagnetic Waves

3.1.1. Wave Equations

Based on the classic theory, light is a type of electromagnetic radiation propagating in free
space or a medium in the form of coupled electric and magnetic fields. This coupling is
described by the Maxwell’s equations [60, 121] as

0B
VXE=—-—, (3.1)

ot

oD

VxH=—+], 3.2
] (32)
V-B=0, (3.3)
V-D=p, (3.4)

where E, H, B and D are the electric field, magnetic field, magnetic flux density vector and
electric displacement vector, respectively. J and p are the current density vector and charge
density. These six variables are the functions about spatial position r and time ¢. In
addition, there is the law of charge conservation

ap

VeJ+o=0. (3.5)
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3. Integrated Photonics

For isotropic medium, the constitutive relations among D and E, B and H, J and E are
given by
D = ¢y¢,E, B = popH, J = o.E, (3.6)

where £y ~ 8.854 X 10712 F/m, py = 47t x 1077 H/m are the dielectric permittivity and the
magnetic permeability of vacuum, and ¢,, i, are the relative permittivity and the relative
permeability, respectively. o, is the electrical conductivity of the medium.

Assuming that an electromagnetic wave propagates in a perfect dielectric medium (o, = 0)
and there is no free charge in the medium, which holds for most of the materials for
fabricating integrated photonic devices. Eqgs. 3.1-3.6 can be simplified as

*E

VZE = 80&‘//’0/#?: (37)
*H

V2H = E0&r Hofhr (3.8)

ot?

The two equations above are the wave equations in dielectric medium. Therefore, the
propagation speed v of electric field E and magnetic field H in the medium is

b= (3.9)

VEoerflofly

If the medium is vacuum (¢, = 1, g = 1), Eq. 3.9 gives the light speed in vacuum ¢ = 1/4/gqflo.
Ratio of the two speeds defines the refractive index of the dielectric medium

n = e ~ Ve (3.10)

The approximation holds true as dielectric medium belongs to non-magnetic materials
(4r = 1) generally.

Another important parameter describing the energy transported by the electromagnetic
wave, the Poynting vector, is defined as

S=ExH. (3.11)

Precisely, the vector S represents the energy flow through a unit area in the unit time.

3.1.2. Monochromatic Plane Waves

A monochromatic wave refers to an electromagnetic wave with a constant angular fre-
quency o (or, a constant wavelength A), and its field vectors can be characterized by

E(r,t) =Re[E(r) exp (—iwt)], (3.12)
H(r,t) =Re[H(r) exp (—iwt)]. (3.13)
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3.2. Waveguides

By applying these complex notated fields, the the wave equations (Egs. 3.7-3.8) can be
further written as the Helmholtz equations

V2E + k*E =0, (3.14)
V2H + k*H =0, (3.15)

where the variable k is named as the wave number. Denoting k, as the wave number in
vacuum, there are the following relations

ky=2 =21 (3.16)
c A
2
k = nko = %” (3.17)

If the monochromatic wave is also a plane wave and its propagation direction is represented
by the wave vector k, the complex field amplitude in Egs. 3.12-3.13 are expressed as

E(r) = Eyexp (ikr), (3.13)
H(r) = Hy exp (ikr). (3.19)

Because E(r) and H(r) also need to satisfy Maxwell’s equations, the following relations
can be obtained:

k-E(r)=0, k-H(r) =0, (3.20)
and

k X E(r) = opgH(r), kx H(r) = —weye E(r). (3.21)

Therefore, it can be inferred that the vectors k, E and H are perpendicular to each other.
The field vectors E and H locate in a plane which the wave vector is vertical to. Such wave
is named as Transverse Electromagnetic (TEM) wave.

3.2. Waveguides

3.2.1. Planar Waveguides

Before investigating the propagation of light in a three-dimensional waveguide, it is
necessary to firstly study the propagation mechanism in the planar waveguide depicted in
Fig. 3.1. Such waveguide is composed by three different layers, i.e., the core waveguide
layer in the middle and the top-cladding and substrate layers at the two sides. Refractive
indices of these layers are ng, n; and n, from bottom to top, respectively. Usually, these
refractive indices have the relation that ny > ny > n,. Thicknesses of the top-cladding
and substrate layers are much larger than the thickness of the core layer. It is assumed
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3. Integrated Photonics

that the width of the waveguide (dimension in y—direction) is also much larger than
the thicknesses of all the layers and the waveguide extends to infinity in x—direction.
Therefore, the electric and magnetic fields of a TEM wave propagating in z—direction are
functions of x uniquely.

Expressions of the fields can be solved based on the Maxwell’s equations and the details can
be found in [60, 122]. Several important conclusions from the solutions are summarized
below.

n
2_ ¥
n 0 y® Z

Figure 3.1.: Sketch of a planar waveguide composed of three layers with different refractive indices.

The Guided Mode Defining the propagation constant f that represents the wave propa-
gating in z—direction, the eigenmode solutions of the Maxwell’s equations fall into the
following three categories:

1. 0 < B < kony: the wave oscillates in all the layers in the form of sinusoidal function
and this mode is named as the radiation mode.

2. kony < B < kong: the wave oscillates in the core layer and the substrate layer in
the form of sinusoidal function whereas experiences exponential attenuation in the
top-cladding layer. This mode is named as the substrate mode.

3. kong < f < kony: the wave only oscillates in the core layer in the form of sinusoidal
function and is exponentially attenuated in the top-cladding and substrate layer. This
mode is named as the guided mode.

The introductions above explains the reason that the silicon-on-insulator (SOI) wafers are
commonly used in the fabrication of integrated photonic circuits. SOI wafers comprise
a thin device layer of Si, a box layer of SiO; and a thick handle layer of Si from top to
bottom. Si has a high refractive index of about 3.5 at the wavelength of 1550 nm [62, 121],
whereas SiO, has a lower refractive index of about 1.44 at the same wavelength [62]. This
large difference of refractive indices perfectly matches the requirements of forming the
waveguide when the device layer is chosen as the core layer. The top-cladding layer can
be air or another deposited silicon oxide layer.

TE Mode and TM Mode The solutions of the guided mode also gives two types of wave, as
drawn in Fig. 3.2. For the first case, the electric field only has a transversal component
E, and the magnetic field has no component in y—direction (Hy = 0). This type of wave
is named as TE mode. For the second case, the magnetic field only has a transversal
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3.2. Waveguides

component H, while the electric field in this direction is zero. This type of wave is named

as TM mode.
z

yf!)—-

(a) TE Mode (b) TM Mode

Figure 3.2.: (a) TE and (b) TM propagation in planar waveguide.

Defining the effective refractive index of the guided mode as

p

N=2X,
ko

(3.22)

it should satisfy the following eigenvalue equations of planar waveguide [60], which are

for TE mode:
2 24\ 1/2 2 24 1/2
(n% - Nz)l/zkoh = mm + arctan N"—my + arctan u , (3.23)
n? — N2 n? — N2

for TM mode:

, (3.24
ng : (3.24)

1/2
n? (N2 - n(z))
1,

n? (N? —n2\"/?
(nf _ Nz)l/zkoh = m7t + arctan [—1 n% _ N2 ( 2)

+ arctan -1 5
nl—N2

respectively. Here, h is the thickness of the core layer and m is the modal order. Therefore,
it is evident that the effective refractive index is not only solely dependent on the material
of the core layer, but also influenced by the geometrical dimensions and the mode of the
wave.

3.2.2. Channel Waveguides

As discussed in Section 3.2.1, the planar waveguides confine the light propagation only
in one direction (x—direction in Fig. 3.1). However, such waveguides are not applicable
for the actual application in the integrated photonics due to the large footprint. It is
preferred that the dimensions in both x— and y—directions are comparable, and this type
of waveguides is named as the channel waveguides, in which the light is confined in two
directions. Usually, the core region that the light is confined in has higher refractive index
than its surroundings. Depending on the geometrical shape of the cross-section of the
channel waveguide, it can be classified into the rib waveguide, the strip waveguide and
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3. Integrated Photonics

the buried waveguide [60]. There is also a special slot waveguide that the core region has
lower refractive index than the surroundings, which has higher fabrication requirements
[123]. From the view of the fabrication work in this dissertation, the brief introduction is
focused only on the rib and strip waveguides.

The cross-sections of these two types of waveguides are drawn in Fig. 3.3. The light
propagates along z—direction and is confined in both x— and y—directions. Clearly, there
is no pure TE or TM mode in neither type of waveguide; the light polarization is a mixture
of TEM modes. However, the TEM modes can still be categorized into two types depending
on the directions of the major component of the electric field, namely EX,, and Ej,,, modes.
The major field components of the former modes are E, and Hy, which are similar to the
fields of TM modes in planar waveguide, therefore these modes are named as quasi-TM
modes; on the contrary, the major field components of the latter modes are E, and H,, and
these modes are named as quasi-TE modes. The subscripts m and n represent the number of
electric field (E, or E,) intensity maxima in x— and y—directions, respectively. For brevity,
the prefix "quasi-" will be omitted in the discussions of these two types of waveguides
hereafter.

1y Wi 1y Wi
vy ",
Ny Ny o 2
(a) Rib Waveguide (b) Strip Waveguide

Figure 3.3.: The cross-sections of (a) the rib waveguide and (b) the strip waveguide.

Analytically solving the precise effective refractive index of either rib or strip waveguide
is challenging, while the effective index method is an efficient way to calculate the approx-
imated effective refractive index [60]. As an example, the method to calculate the effective
refractive index N of the rib waveguide is demonstrated in Fig. 3.4, which contains two
equivalent steps: first, the rib waveguide is decomposed into three planar waveguides
(Fig. 3.4(a)) and their effective refractive indices, namely N; and N, are calculated by
Egs. 3.23 and 3.24 for either TE or TM mode. Afterwards, a new planar waveguide with
refractive indices Ny, N, and N; for each layer (Fig. 3.4(b)) is formed and the thickness of
the core layer is exactly the width of the rib waveguide. By applying Eqgs. 3.23 and 3.24
again, the refractive index of this new planar waveguide can be calculated, which is the
refractive index of the rib waveguide.

For the strip waveguide, the equivalent procedures are similar except that considering
an additional substrate layer is required to form the first planar waveguide in Fig. 3.4(a),
because there is no core layer between the substrate ny and top-cladding n,.
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3.2. Waveguides

n- w
I’l2 l n2 l
m— ;B — A,
Ny T ny ny T Nl Nl

N 1 N 2 N 1 N
(a) (b)

Figure 3.4.: The rib waveguide is equivalent as planar waveguides in two steps to calculate the effective
refractive index.

3.2.3. Bent Waveguides

In the introduction above, it is assumed that the light propagates straightly along the
z—direction inside the waveguides. However, bent waveguides are unavoidable in the
design of photonic integrated circuits (PICs) to alter the direction of light propagation.
Compared to a straight waveguide, there are more mechanisms that cause losses in bent
waveguides and several of them are listed as below [62]:

1. Scattering losses and substrate leakage: These losses come from fabrication
defects, impurities and in material surface roughness, which are small for shorter
propagation distance.

2. Radiative loss: This loss is closely related to the curvature of bend. Smaller curvature
leads to larger radiative loss. Light in TE mode polarization is also beneficial for
reducing this loss.

3. Mode mismatch loss: This loss comes from imperfect mode overlap when the
waveguide curvature changes non-adiabatically and contributes most to the loss in
waveguide bends.

The mode mismatch loss is appreciable especially when the straight waveguide is connected
by a bent waveguide in arc shape [124]. Although the cross-sections of straight and bent
part are the same, there is bending-induced mode mismatch due to the curvature jump at
the connecting point. Introducing the Euler bend [124, 125], which possesses an adiabatic
radius transition from infinite (straight line) to finite (curved line), is an effective way to
reduce the mode mismatch loss significantly. The curvature of the Euler bend ¢(s) varies
linearly with its curve length s:

o(s) =as (3.25)

where « is a geometrical parameter. Fig. 3.5(a) intuitively compares the shape of three 90°
bends with the same radius Rj, namely an arc bend with fixed curvature along the length
(R = Ry), an Euler bend'with Reg and with Ry, equaling to Ry. Fig. 3.5(b) demonstrates

29
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relations between the normalized curvature (¢(s) - Ry) and normalized curve length of
these three bends.

y A
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(a) Comparison of shapes of bends (b) Normalized curvatures vs. curve length

Figure 3.5.: Comparison of curve shapes and corresponding normalized curvatures of arc bend (R = Ry),
Euler bend (R = Reg) and Euler bend (R = Ry, ), respectively.

From Fig. 3.5(a) it can also be learned that the length of the Euler bend is generally larger
than the arc bend depending on R.g. Therefore, this introduces additional scattering loss.
Besides, the area required for the Euler bend also becomes larger, which is not appealing
for a compact design. Some researchers have proposed the partial Euler bend design to take
advantage of both Euler bend’s low loss property and arc bend’s compactness [124-126].
Such a bend is constituted by two Euler bends and one arc bend: Transiting from a straight
waveguide, it starts with an Euler bend until the curve radius reduces to a specific value
Ryin- An arc bend with Ry, is then connected to the Euler bend. At the other end of
the arc bend, another identical Euler bend is designed so that the curvature can reduce
gradually until it becomes zero again, being able to connect to straight waveguide. It has
been demonstrated that the total loss can be minimized when the ratio of Euler bend to
total bend p is 0.5 [124]. This low-loss bent waveguide shape is also applied in the design
of racetrack ring resonators [127]. Detailed geometrical analyses of partial Euler bend can
be found in Appendix A.

It is worth noting that the Euler bends described here constitute two identical mathematically defined
Euler bends, whose curvature increases monotonically with curve length and shape develops into a spiral.
The reason for this difference is that the bent waveguides are designed to connect two straight waveguides
in different directions, hence a curvature maximum point is required.
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3.3. Directional Coupler

In the design of integrated photonic circuits, there are various fundamental components for
different tuning and modulating purposes, which includes the directional coupler, the ring
resonators [127], the Mach-Zehnder interferometer and the multi-mode interferometer
(MMI) [60, 62]. The introduction here solely focuses on the directional coupler, which is
of the research interest of this dissertation in Chapter 7.

A classical directional coupler consists of two identical waveguides that have the same
propagation constants and are aligned in parallel. Due to the oscillation features of
the electromagnetic waves, there is coupling effect between the light waves in the two
separated waveguides when the gap between them is close enough. A demonstrative
directional coupler is drawn in Fig. 3.6, which comprises a bus waveguide and a receiving
waveguide. The gap distance between them and the coupling length are denoted by g
and L.. Assuming a wave is input from the bus waveguide, after propagating a certain
distance, the energy of the wave is redistributed in the two waveguides due to coupling
effect and be output through the two output ports. In case of perfect coupling, the wave is
completely transferred to the receiving waveguide and there is no output from the bus
waveguide.

Bus Waveguide
— —-
Input * Output 1
g
| t |
| L, | —-
Receiving Waveguide Output 2

Figure 3.6.: Sketch of a directional coupler.

Based on the "supermode" method [62], the eigenmodes of directional coupler consist of
a symmetric mode f; and an asymmetric mode f,. The different phase velocities of the
two modes leads to a phase difference Ap between the modes. When Ag = 2nt  (n =
0,1,2,...), the wave power is concentrated in the bus waveguide; while if A¢p = (2n +
D (n=0,1,2,...), the wave power in the receiving waveguide reaches maximum.
Therefore, the coupling length for a full power transfer is

A

L.=——m
¢ 2(n$ - na)

(3.26)
where n; and n, are the effective refractive indices of the symmetric mode and the asym-
metric mode, respectively.

The coupling efficiency which denotes the proportion of power coupling into the receiving

waveguide is
Peoupled m oz
2 = oWl _ in? (_ . _)’ (3.27)
Protal 2 L

where z is the distance that the light has traveled in the directional coupler.
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There are also different variants based on the classical design to improve the performance
of coupling. For example, an adiabatic design of directional coupler has been investigated
recently to achieve wider operation bandwidth [128, 129]. These structures are beyond
the discussions of this dissertation.

3.4. Grating Coupler

One of the most important components of integrated photonic circuits that has not been
introduced yet is the optical input/output (I/O) port, which can guide the light from the
external optical fibers to the on-chip waveguides and reversely. The challenge comes from
that there is enormous mode mismatch between the optical fiber and the waveguides,
which originates from the large difference of the feature sizes. The typical diameter of
an optical fiber is around 10 pm while the dimensions of the cross-section of a typical
waveguide are 500 nm X 220 nm. Hence, it is necessary to have a component adjusting the
modes between the waveguide and the optical fiber.

There have been different approaches proposed to tackle this problem [121], and two of
the most commonly adopted methods are by designing the grating couplers and the edge
couplers. Having the advantages of simple fabrication processes and flexibility of position
[62, 130], grating couplers are selected for designing the photonic circuit of the work of
this dissertation.

Apart from some specially designed apodized grating couplers [131-134], the general
grating couplers are periodically etched structures on the device layer of SOI wafers that
can diffract light. In brief, the working mechanism of grating couplers can be described by
the Bragg condition [135] as

ﬁwg—kz:@, m=1,23,..., (3.28)

p
where fy is the propagation constant of the waveguide, k; is the projected component
of the incident wave vector k in the z—direction, m is diffraction modal order and p is
the period of the grating. These variables are demonstrated in the schematic diagram

Fig. 3.7.

n, ; Z
;l—ll =) ., Waveguide
&0

Figure 3.7.: [llustrative Bragg condition for periodic grating coupler.
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Substituting with Eqgs. 3.17 and 3.22 and taking the first mode of diffraction, the Eq. 3.28
becomes

N —n;sin@; = %, (3.29)

where N is the effective refractive index of the waveguide and ; is the coupling angle
between the incident wave and the vertical direction (if the light propagates horizontally
in the waveguide). Evidently, the grating coupler is a polarization-dependent structure
and is sensitive to the wavelength of the light. If the top-cladding is air, the coupling angle
is expressed as

sinf; =N — A/p, (3.30)

which is a helpful equation to determine the coupling angle in transmission tests.

3.5. Summary

This chapter has given an overview of the basics of the integrated photonics from the
fundamental Maxwell’s equations to some on-chip photonic components that are used in
the work of this dissertation, which include the rib and strip waveguides, the directional
coupler and the grating coupler. The concepts, definitions and equations introduced form
the basis for the design and characterization work of the photonic circuits in Chapter 7.

33






4. Mechanical and Thermal Analyses of
Multilayer Beam Structures

In Si-based MEMS and NEMS technologies, freely movable and mechanically active "ac-
tuator" structures are usually based on beam structures with at least two layers, i.e., Si
layer as the common substrate and a layer of a transducer material that converts input
energy into work. Therefore, it is of importance to understand the mechanical performance
and temperature distribution of multilayer beam structures, especially when heating is
involved in the actuation mechanism. Although having the shortcomings of limitation
to rather simple material model and structural geometry, building an analytical model
is still a simple and fast method useful for an overall understanding on the influences of
all involved parameters. In this chapter, the bending behavior of multilayer beams due
to inelastic strains is firstly analyzed based on Euler-Bernoulli beam theory. Next, the
temperature distribution along such a structure is obtained by solving the equation of
Fourier’s law, and this analytical model is further validated by experiments at macroscale.
A wing structure design proposed recently is used to overcome the large temperature
gradient along beams at the nanoscale. The mechanical influence of introducing this
design is studied in the following section based on the energy method.

4.1. Mechanical Analysis

4.1.1. Stress, Strain Distribution and Deflection

Considering a general beam illustrated in Fig. 4.1, the elastic modulus E(y) and beam width
b(y) vary along the thickness direction. According to the assumption of Euler-Bernoulli
beam theory, the cross-section of the beam keeps flat and remains vertical to the beam
axis after bending. The stress distribution along the thickness direction can be therefore
expressed linearly:

G(y) = E(y) [50 + oy — ginelastic(y)]a (4'1)

where ¢ is the strain at the centroid z, in the cross-section of the beam, ¢ is the curvature
of the bent beam and éjpelastic (y) is the inelastic strain, which includes strains due to the
thermal expansion effect and the residual stress.
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Figure 4.1.: Sketch of a general Euler-Bernoulli beam model. Elastic modulus, inelastic strains and width
vary in thickness direction. The distance between the top surface of beam and centroid in the cross section
is marked as y..

In Fig. 4.1, the z—axis is placed at the top surface of the beam preliminarily. In the following
analysis, the z—axis is shifted to the z,—axis crossing the centroid in the cross-section. The
distance y. between the top surface and centroid is

_ [ E(y)yb(y) dy
[E@b(y)dy

(4.2)

Ye

In the case of a cantilever without external load on the beam in a quasi-static deformation,
the boundary conditions are that both external force and moment equal to zero

Fexternal = 0 : / o(y)b(y)dy = 0;
Mexternal = 0 : / ny(y)b(y) dy =0. (4~3)

Combining Eqgs. 4.1-4.3 gives ¢ and ¢ as

— / E(y)ginelastic(y)b(y) dy

. 4.4
! [ E(yb(y) dy (44)
_ /E(y)ginelastic(y)yb(y) dy
B - (4.5)
[ E(y)y*b(y) dy

The deflection value at the free-end of a cantilever-shaped beam actuator is usually of
great interest, which is dependent on the beam curvature and length. As depicted in
Fig. 4.2, the deformed shape of the beam can be defined by variables (x, y, ¢) in a global
planar Cartesian coordinate system Oxy, where ¢ is the rotating angle of cross-section
at point (x, y) and also equals to the angle between x—axis and tangent line of deformed
beam at this point. The parametric equations of these three variables based on the arc
distance s from free-end of cantilever to the point (x, y) along the beam and the curvature
¢ therefore are

dx d d
() = —cos¢(s); y(s) =—sing(s); ¢ =- ¢(s), (4.6)
ds ds ds
and the corresponding boundary conditions are
x()=0; y(I)=0; ¢()=0. (4.7)
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Figure 4.2.: Sketch of a deformed beam. Variables (x, y, #) are introduced to define the flexure curve of the
beam.

Assuming that the curvature ¢ is independent of the position on the beam and the elon-
gation of the beam is negligible, from Eqs. 4.6-4.7 the deformed beam shape is given
as

x(s) = —sin [p(I - 5)],
@

1
y(s) = ;(1 —cos [p(l - s)]). (4.8)
The deflection § at the free-end of the cantilever is

6 =y(0) = %[1 —cos (pl)]. (4.9)

It is worth noting that the assumption of small deflection is not considered in the analysis
above, therefore Eqs. 4.1-4.9 remain valid in the case of large deflection. However, the
assumption of constant curvature does not hold under certain circumstances. For example,
there is a temperature gradient in Joule-heated cantilever actuators along the beam length
direction, which will be demonstrated in Section 4.2. Therefore, éjnelastic(y) induced by
different thermal expansion coefficients effect becomes dependent on the position in
the length direction. The external moment leads to a constant curvature, whereas the
external force results in a position-dependent curvature as well. Solutions of Eq. 4.6 in
such a scenario are based on functions of elliptic integral, which have been investigated in
previous work [136-138], and are not further discussed here.

4.1.2. Equivalent Treatment

To further simplify the analyses of multilayer beam structures, the following equivalent
parameters are taken based on the parameters from all the layers.

Geometrical and Material Parameters These equivalent parameters are introduced so
that the multilayer structure can be simplified as a single-layer structure of one material,
which are
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beam height:
heq = / dy, (4.10)
beam width:
b(y)d
eq = M, (4.11)
J dy
elastic modulus:
E(y)b(y)d
[b(y)dy
bending stiffness:
(D = [ E@b() d (413)

respectively.

ExternalLoads The multilayer beam structure described in Fig. 4.1 are bent because of
the effect of inelastic strain, which can be replaced by an equivalent external force and
moment applied on the free-end of the beam resulting in the same deformation shape,
i.e., the tensile strain at the centroid ¢, and the curvature of the beam ¢ remain identical.
Therefore, the equivalent force is

Feq = / E(y)eob(y) dy, (4.14)

combining with Eq. 4.4, it equals to
Feq = / E(y)ginelastic(y)b(y) dy- (4-15)

Because the bending equation of Euler-Bernoulli beam is [139]

M
= 4.16
¢=% (4.16)
combining with Eq. 4.5 and Eq. 4.13, the equivalent moment is
Mg = [ E@anaic(w)ub(y) dy. (@.17

It should be highlighted that Eq. 4.16 implies the assumption of small deflection.
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4.1.3. Case Study: Bimorph Cantilever Beam and Stress Measurement

Giving a bimorph cantilever beam similar to the beam shown in Fig. 4.1, its width, length
and layer thicknesses are b, 1, h; and hy, respectively. The elastic moduli and inelastic
strains of the two layers are E;, E, eiln, gizn. Therefore, the position of the centroid of the
cross-section defined by Eq. 4.2 is

_ Elhf + E2(2h1h2 + hg)
YT T Bk + Eshy)

(4.18)

The curvature of the cantilever beam due to inelastic strain is then obtained by applying
Eq. 4.5 as

_ 6(h1 + ho) (&) — &' (219
hiK ’ '

where

hy hy 2 Ei (hy 3 E; hy
K=d4+6++4|2] + 2 (2] + 22
TOh T (hz) "E\m TER

Eq. 4.19 acts as the basis of stress measurement in thin-film engineering, as the residual
stress or strain in film can be explicitly revealed by the change of curvature of beam;
by combining with Eq. 4.9, it can be further demonstrated by the change of deflection
[140-143].

Additionally, in case that the film is deposited on a wafer scale, i.e., the two in-plane
dimensions are much larger than dimension in out-of-plane direction, the bilayer system
is in biaxial stress state, and the elastic modulus needs to be modified accordingly due to

the effect of Poisson’s ratio as E

E = ——, (4.20)
L—p

where E’ is the biaxial elastic modulus and p is Poisson’s ratio. Assuming that there is
no residual strain in the substrate (¢;' = 0) and its thickness is much larger than the
film (hy > hy), based on Eq. 4.19 and Eq. 4.20, the relation between the residual stress in

deposited thin-film o and the curvature change A¢ after deposition is expressed as

Eoh2

=———Ap, 4.21
o e kY (4.21)

which is exactly the famous Stoney equation [86, 140-142]. The minus sign here indicates
the direction of the curvature: a positive curvature corresponds to a concave shape
indicating compressive residual stress in the film, whereas a negative curvature corresponds
to a convex shape indicating tensile stress in the film.
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4. Mechanical and Thermal Analyses of Multilayer Beam Structures

4.2. Thermal Analysis

4.2.1. Analytical Model

The following presumptions are made beforehand when considering this model:
« Ambient air is at isothermal state denoted by .
« The substrate shares the same temperature as the ambient air.

The differential form of Fourier’s law in cylindrical coordinate system (r, ¢, z)[144] is

written as o 19 o
c—=—-——Wr—) +
p oT  r 8r( 8r)

1 0

ot 19, . 0t .
S—(A)+-—(A=) + &, (4.22)
rede = dp z0z 0z

where

« tis temperature,

p is density,

c is specific heat capacity,

T is time,
« A is thermal conductivity,
« & is net heat generated by inner heat source in unit volume and unit time.

Because the length of the beam is usually much larger than its width and thickness, it
can be assumed that the temperature gradient in the plane of the beam’s cross-section
is negligible. If thermal conductivity A is independent of the position and in a steady
situation (time-independent), Eq. 4.22 can be simplified as

d’t .
e p
: -\
oL ' A,
z "

Figure 4.3.: Sketch of 1-D thermal model of cantilever beam

For this 1-D situation, considering a finite element section dz shown in Fig. 4.3, the net
heat generated in dz by Joule heating and heat dissipated to surrounding environment in
unit time, which includes heat convection and radiation to the air, is

d
® = —h(t—te)pdz + I2pefff. (4.24)
C
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4.2. Thermal Analysis

Therefore @ in unit volume is

b = —h(t—t)p + Iz%. (4.25)

c
The meaning of the new notations here is:
« his the combined heat convection and radiation transfer coeflicient,
« p is the perimeter of the beam’s cross-section,
« I is the current through the beam,
* pefr is the effective resistivity and it can change along x—direction,
« A, is the area of the cross-section.

The Dirichlet boundary condition at the fixed end of the beam and the Neumann boundary
condition at the free end are introduced respectively:

z=0: t =t
dt

z=1 — =0. (4.26)
dz

Introducing the concept of excess temperature as
0=t—tw, (4.27)

and combining Eqs. 4.23-4.26, the temperature profile in beam structure is solved as

n? cosh[m(z = 1)]
0(z) =— 31— 4.28
2 m? { cosh(ml) }’ (4.28)
and the corresponding temperature gradient is
do _n_2 sinh[m(z — )] (4.29)

dz = m cosh(ml)

_ | ph

m= \/ 1A,
/12 .

n= /li f, (4.30)

The maximum temperature occurs at the free end (z = I) of the beam and the value is

where

6. =" |1 ! (4.31)
Y cosh(ml) | '
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4. Mechanical and Thermal Analyses of Multilayer Beam Structures

It is crucial to highlight that the model imposes no restrictions on the shape of cross-section,
unlike the mechanical model in Section 4.1. Cross-sections with the same perimeter and
area leads to the same temperature profile.

Quantifying the energy dissipation mechanism is also of large interest in design of micro-
and nanoactuators. As introduced above, the heat generated by electric current is dissipated
to the substrate by conduction and to the ambient air by convection and radiation, which
are denoted as Psypsirate and P respectively. They can be calculated based on Fourier’s
law and Newton’s law of cooling [144]

2
n
Pgubstrate = EAAC tanh(ml), (4.32)

2 [1 ~ tanh(ml)] .

n
Puir = —5ph - (4.33)

In a steady state, the total dissipated energy, Piotal, equals to the generated electric energy

plI?

A 4.34
N (430

Piotal =

according to the law of conservation of energy. Hence, the ratio of dissipated heat through
the substrate is

Psubstrate — tanh(ml) (4 35)
P total ml . .

To validate the temperature profile from Eq. 4.28, a 3D-finite element model of Joule-heated
Cu/Si bimorph double-beam cantilever is built in Comsol Multiphysics® as depicted in
Fig. 4.4. The length, width and thicknesses of the Si and Cu layers in each beam are
10 pm, 400 nm, 220 nm and 300 nm, respectively. A voltage is applied between two fixed
ends of the double-beam cantilever. The extracted temperature profile at the center of
the cross-section along the direction of beam length shows excellent agreement with the
calculated results, indicating that this analytical model is precise enough to analyze this
Joule-heating scenario.

Temperature profiles of various beam lengths from 2.5 um to 30 um are also plotted in
the same figure. It is interesting to notice that the maximum temperature at the free-ends
of the beams remains almost unchanged in such a large length range. This shows that
the beam length can barely lower the temperature gradient in Joule-heated micro- and
nanoactuators. The corresponding power ratio from Eq. 4.35 drops slightly from nearly
100% to 99.6% in this length range, indicating that heat conduction to the substrate plays
the major role in the heat dissipation mechanism.

A similar study of varying width from 0.15 pm to 5 um is also carried out based on Egs. 4.31
and 4.35, and there is no noticeable change of neither the corresponding 0,y nor power
ratio, which further confirms that variations of dimensions have a minor influence on the
large temperature difference and the heat dissipation mechanism of Joule-heated micro-
and nanoactuators.
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Figure 4.4.: Calculated temperature profiles of cantilevers with different beam length. Joule-heated 20 um-
cantilever is simulated with result plotted in dashed line for comparison.

4.2.2. Experimental Validation

Due to the resolution limitation of most of the existing temperature measurement tech-
niques, it is challenging to in-situ measure the real-time temperature distribution of micro-
and nanoactuators. Therefore, a Joule-heated structure at macroscale is built and its tem-
perature distribution is captured by an infrared camera, which is then compared with the
analytical model. !

As shown in Fig. 4.5(a), a tin wire of 75 mm in length is structured into a double-beam
cantilever shape. The diameter of the wire is 0.5 mm. The two ends of the wire are fixed on
the steel pads that are large enough to be used as the heat sink. A current is applied through
the wire to Joule-heat the structure and the temperature distribution along the beam is
captured by the infrared camera FLIR A665sc-25, which has a detector pitch of 17 um.
Fig. 4.5(b) demonstrates the temperature distribution of a part of the beam when being
Joule-heated. It can be noticed that the temperature gradient in the diameter direction is
negligible, which validates the one-dimensional assumption of the analytical model.

The experimental and analytical temperature distribution curves of this double-beam
cantilever structure are depicted in Fig. 4.6, and there is a noticeable gap between the two
curves that is irrelevant to the position. This difference can be explained by the failure of
the Dirichlet boundary condition in Eq. 4.26, which assumes that there is no temperature

1 Experiments conducted by master’s student Nengqi Zhang.
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4. Mechanical and Thermal Analyses of Multilayer Beam Structures

Figure 4.5.: Experimental validation of the thermal model by a Joule-heated double-beam cantilever. (a) A
tin wire is folded into the shape of a double-beam cantilever structure. Its left ends are connected to the
steel pads as the heat sink. (b) The wire is Joule-heated and the temperature distribution is captured by the
infrared camera.

gradient between the fixed end of the beam and the substrate at environment temperature.
However, due to the non-ideal heat conduction between the fixed ends of wire and the steel
pads, the former are at about 33 °C while the latter are at room temperature of 24 °C. The
corrected analytical temperature distribution is also plotted in Fig. 4.6, which is slightly
higher than the experimental results. This error can be attributed to the inaccuracy of the
heat convection coefficient adopted in the analytical model.
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Figure 4.6.: Experimental and analytical temperature distribution of the tin wire double-beam cantilever
structure when being Joule-heated. The analytical result is modified by correcting the boundary condition.
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4.3. Wing Structure Design

4.3. Wing Structure Design

In Section 4.2, it has been revealed that there is significant temperature gradient in Joule-
heated beam cantilever structures along length direction, which is unfavorable for the full
performance of corresponding SMA/Si beam actuators as the temperature of only a part
along the beam length can be above the A temperature of phase transformation.

A wing structure as depicted in Fig. 4.7 has been proposed to tackle this problem [145,
146]. The idea behind such design is to fold the undesirable low-temperature regime on
the beam to a wing shape. It has been demonstrated that this design is beneficial to reduce
power consumption of bimorph Si/SMA actuator up to 48%, compared to conventional
double-beam cantilever design [146]. However, the influence of the wing-shape design on
the mechanical performance of the SMA/Si beam actuator has not been investigated. In
the following, the influence on structural bending stiffness will be presented based on the
energy method.

a
Iy
Z
b b N X
/,0 Ve
y %"7*’ oty
/@ a3
(a) 3D model (b) 2D model with external loads

Figure 4.7.: (a) 3D and (b) 2D model of a multilayer double-beam cantilever with wing structure design. Due
to symmetry, only half of the structure is considered. The structural dimensions and external loads are
marked out.

For a 1D deformable beam-shaped structure of linear elastic materials under different types
of external loads, as depicted in Fig. 4.8, strain energies from tensile, torsional, bending
and shearing deformations are expressed as

Vi = [T E (436)
Vorsin = [T 37
Vg = [T (439)
Vi = [0 (439)

respectively. The meanings of notations used above are explained as below:
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4. Mechanical and Thermal Analyses of Multilayer Beam Structures

Fn(x),T(x), M(x) and Fs(x) Tensile force, torsional moment, bending moment and shear-
ing force,

E and G Elastic and shear modulus of material. In the case of multilayer structure, they
represent equivalent elastic and shear modulus,

Ac, I and J Area, area moment of inertia and torsion constant of the cross-section of beam,

k A factor related to the shape of cross-section without unit. For a beam with rectangular
cross-section, this factor equals to 6/5.

T(x) M(x) Fy(x) M(x)
Fn(x) e y Fn(x)
) ( :Er I
F(x) T(x)

Figure 4.8.: 1D beam-shape structure with different external loads: tensile force Fy(x), torsional moment
T(x), bending moment M(x) and shear force F;(x).

Given a structure comprised by n parts of beams, the total structural strain energy is
calculated by summing up energies of all beams

U= Z (thensile + thorsion + Vblending + Vslhearing) ’ (4.40)
i

Castigliano’s second theorem states that, for linearly elastic structure of random shape, the
partial derivative of strain energy with respect to generalized force F; gives the generalized
displacement §; in the direction of F;, which is expressed as:

_ OU(Fy,Fy, ..., Fyy..)

;i 4.41
l 2 @41)
Therefore, the corresponding structural stiffness is
F.
ki =—. 4.42
=3 (4.42)

Considering a cantilever beam with wing structure shown in Fig. 4.7(b), note that only
half of the structure in Fig. 4.7(a) is analyzed due to symmetry, the structure undertakes
external loads at its free-end, i.e., the force F,, in y—direction and the moment M,, in
z—direction, and it is fixed at the other end. The lengths of the beam are a;, a,, as in length
direction and wing length is b, respectively. Denoting that the beam length [ = }; a; and
the ratio of wing length to beam length 1 = b/I. The following assumptions are made:

« The lengths of all parts, i.e., a1, az, as and b, are much larger than the beam width w.
Hence, the connecting points of different parts can be seen as a point.

« The material properties (E, G) and geometrical parameters (A, I, J) are independent
of the position in the length direction of the beam.
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4.3. Wing Structure Design

Case I: Applying an external moment M,, The external moment arouses rotation of the
cross-section at the free-end of the beam, the rotated angle qS\j:,/Iizg is therefore the generalized
displacement corresponding to M,,. Combining Eqs. 4.36-4.42 gives the rotating stiffness

as
m, (1 2b

-1
kwing = (E + G_]) . (443)

When there is no wing structure in the beam, i.e., b = 0, the corresponding stiffness of the
cantilever beam is

I -1
Mez —
kstraight - (E) ’ (4.44)

and the ratio y between these two structures is

L kg EI\™"
=2 —|14+2p—| . 4.45
Y . ( U J) (4.45)
straight

This external moment also induces deflection Agf;g at the free-end, which can be obtained
based on the principle of virtual work

M * M
Me, _ ez ez
wing — oF] + GJ (as + 2a3)b. (4.46)

Likewise, deflection of conventional cantilever beam A can also be got by setting
straight
b=0
M,,I?
Mez - 27 (4.47)
straight 2EI
the ratio (™ between them is
v 2a3 EI
M wing a + Z2as
¢ = =1+2n——7——. 4.48
4 . = GJ (4.48)
straight

For a monomorph beam and assuming that as >> a;, az, Eq. 4.45 and Eq. 4.48 are simplified

as
1+u(h 2™
Mo 14 7 )| (4.49)
and
2(1+p) (k)
gMez ~ 1+’7—3ﬁIJ (;) 5 (450)

respectively. Here, y1 is Poisson’s ratio, h and w are the height and width of the cross
section of the beam, f is a geometrical parameter related to the torsion of beam with
rectangular cross-section [147].
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4. Mechanical and Thermal Analyses of Multilayer Beam Structures

Case II: Applying an external force F,;, The external force arouses deflection at the free-

Fey . ) .
end of the beam, the deflected value Awfil g 18 therefore the generalized displacement
corresponding to F,. Similarly, the deflecting stiffnesses of the beam with and without
wing structure are

Foy _ P N 2b° . azb* . [(az + as)® + a3]b . k(L+2b)) " (451)
wing = | 3E] © 3E]  GJ GJ GA. ’ '
and
-1
F. P
kstriight = (ﬁ) > (4~52)
respectively. The stiffness ratio yev is
F,
ki El  (as+a)®+a El _ 1+2y EI |
Fey = W8 _ 1y op3 432200 g T T A T2
Y Foy (A ey 2 GJ 2 GA,
straight
(4.53)

Applying the principle of virtual work again, the rotated angle at the free-end due to the
external force F, for the beam with and without wing structures are

Foy Feylz N Fey(ag + 2a3)b

S o= , 4.54
¢ng 2EI GJ (4.54)
and
Feyl®
Fe _ ey
¢striight T 9EI’ (4.55)
respectively. Ratio {Tev between them is
Fey
i a; + 2as EI
[Fv= % =14 p=—2— (4.56)
¢ < l GJ
straight

For a monomorph beam and assuming that as > ay, a; and [ > w, h, Eq. 4.53 and Eq. 4.56
are simplified as

-1
1+pu(h)°
ylev ~ [1+2n% + U—ﬁ'u (;) ] ; (4.57)
and
2(1+p) (h)°
gFey ~ 1+ 77_ 3ﬁ'u (;) ) (4.58)
respectively.
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4.3. Wing Structure Design

Influences of 1 and ratio 11/ w on structural stiffnesses Based on Eqs. 4.49, 4.50, 4.57 and
4.58, it is interesting to learn that the structural stiffness is dependent on the external loads,
although there is no explicit term of loadings in these equations. Besides, Eqs. 4.50 and
4.58 share the same expression. Fig. 4.9 demonstrates the influences of wing ratio n and
height to width ratio h/w of the beam’s cross-section on the structural stiffnesses under
external loads M., and F,,, respectively. The Poisson’s ratio y is set to 0.25.
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Figure 4.9.: Influences of wing ratio 1 and height to width ratio h/w of cross-section on structural stiffness
ratio (a) yMez (b) yfev and (c) {Me= (same for {¥ev). Calculation based on half of monomorph double-beam
structure in Fig. 4.7(b).
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It is worth noting that here the range of h/w is chosen by taking the actual dimensions
and limitations from fabrication into account. SOI chips with 220 nm device layer are
used for device fabrication in studies of this dissertation, in other words, the beam height
is fixed to be 220 nm. Due to limitations from lithography techniques, beam width is
usually designed to be no less than 100 nm, which gives the upper limitation of height to
width ratio h/w < 2.2. Meanwhile, to avoid severe underetching during releasing of Si
beams, the width is usually chosen to be below 3 pum, which gives the lower limitation of
h/w > 0.07.

Fig. 4.9(a) shows that 77 and h/w have almost the same influence on y™, which decreases
proportionally to increasing n and h/w. In the region of h/w < 0.5, the wing ratio has
negligible effect on beam stiffness; however, in the region of h/w > 1.2, the stiffness is
dramatically weakened by the increasing wing ratio. For range in between, the relation is
almost linear. It shows a different trend if the beam undertakes shear force F,y, as depicted
in Fig. 4.9(b). The structural stiffness is more sensitive to 7 in the whole range studied of
h/w, especially when h/w is larger than 0.9. Decreasing the stiffness is accompanied by a
larger generalized displacement, which is demonstrated in Fig. 4.9(c). The trend in this
figure is similar to the influence of  and h/w in Fig. 4.9(a).

As previously mentioned, Fig. 4.9 is plotted based on the monomorph beam that the
bending stiffness EI and torsional rigidity GJ can be calculated conveniently. However, for
amultilayer beam that Eqs. 4.45, 4.48, 4.53 and 4.56 need to be applied, the effective bending
stiffness can still be acquired from Eq. 4.13, while deriving an accurate effective shear
modulus is challenging [148]. Despite this, one can still use the concise law of mixture to
calculate the effective shear modulus [148] and have the initial values of the parameters
for structure design by exploiting this analytical model. A more accurate mechanical study
can be achieved with finite element method (FEM) simulation. Nevertheless, these initial
values help to speed up and facilitate the simulation process.

In short, one can select an appropriate wing ratio to have a desirable structural stiffness
according to Fig. 4.9. On the one hand, a smaller stiffness arouses a larger deformation,
which is usually beneficial for actuation; on the other hand, this also causes the structure
to become fragile and "too sensitive" to external perturbation, which has been witnessed
in fabrication.

4.4, Summary

In this chapter, an analytical model of multilayer beam structures is built based on Euler-
Bernoulli beam theory to analyze the curvature and deflection after deformation due to
inelastic strains in the layers. The equations obtained to calculate the deflection at the
free-end of multilayer cantilever beam is applicable to scenarios of position-independent
inelastic strains and large deflection. An analytical thermal model of Joule-heated multi-
layer beams is then built to obtain the temperature distribution, maximum temperature
and power dissipation mechanism. It is found that heat conduction to the substrate plays
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4.4. Summary

the major role in the heat dissipation mechanism and geometrical dimensions have neg-
ligible influence on the maximum temperature on the beam. This analytical model is
also validated by the experiments of Joule-heating a cantilever beam at macroscale. The
temperature profile of the beam captured by the infrared camera closely matches the profile
predicted by the model after correction. A wing structure design has been introduced to
overcome the large temperature gradient in Joule-heated beams in micro- and nano-scale.
In the last section, the stiffness changes and induced displacement variations under two
loading scenarios are investigated by using the energy method. Two important geomet-
rical parameters, the wing ratio n and the height to width ratio of beam’s cross-section
h/w, are noticed and their influence on the structural stiffness is thoroughly studied. The
corresponding criteria are proposed to have appropriate geometrical dimensions of wing
structure designs, which will be investigated in Chapter 5.
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5. Analyses of SMA/Si Bilayer
Nanoactuators

In Chapter 4, the analytical mechanical and thermal models are built for the analyses of
the general multilayer beam structures. SMA/Si bilayer cantilever beams are the most
common and simplest type of SMA-based micro- and nanoactuators. Based on the built
models, this chapter offers insights into the mechanical and thermal performances of the
SMA/Si bilayer cantilever nanoactuators. Firstly, the deflection change of the bilayer beam
with a homogeneous thermal cycle is studied to understand the influences of different
effects on the mechanical behavior. Next, the phase transformation temperatures of a
sputtered 600 nm-thick Tis4Nis; Cuys film on Si substrate are measured by exploiting the
temperature-dependent resistance measurement, and the results are used in the thermal
analysis of Joule-heating, including the temperature profiles and the power consumptions.
The joint electro-thermo-mechanical analyses are performed afterwards to understand the
detailed effect of the temperature gradient on the mechanical bending behavior. Several
limitations and fundamental assumptions which can influence the analyzing results are
discussed in the last section.

5.1. Mechanical Analysis

In Section 4.1, an analytical model describing the bending behavior of a multilayer beam
due to inelastic strain has been proposed. Here, this model is used to analyze the deflection
change of a SMA/Si bilayer cantilever beam across the phase transformation of SMA.

The structure to be analyzed is depicted in Fig. 5.1, which is composed by a SMA layer
on the top and a Si layer at the bottom. The height of SMA and Si (hsyma and hs;) is 300
nm and 220 nm, respectively. The beam length / and width w are set to be 15 pm and 400
nm. Si is regarded as a linear elastic material with the detailed material properties listed in
Table 5.1.

Table 5.1.: Material properties of Silicon.
Elastic Modulus Eg; 170 GPa

Poisson’s Ratio  pis; 0.28

Coefficient of Thermal Expansion as; 2.6 X 1076 °C™!
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Figure 5.1.: Sketch of the analyzed SMA/Si bilayer cantilever beam.

Since the material properties of SMA are phase-dependent, it is necessary to introduce a
temperature-dependent variable, the volume fraction of martensite phase &(T), which helps
to describe the phase transformation phenomenon of SMA. This variable is assumed to be
in the form of a logistic function as

1
1+exp [k(T-T)]

&(T) = (5.1)

where the terms k and T’ are determined by the direction of phase transformation as
below:

. ko , MS + Mf
Forward transformation: k=———— T'= ——;
M, - M fi 2
k A+ A
Reverse transformation: k= —0, T = S—f.
Af — A 2

The constant kg is given in [149]. The parameters M and My refer to martensite start and
finish temperatures, and A; and Ay refer to austenite start and finish temperatures.

Therefore, the elastic modulus Esya and the coefficient of thermal expansion (CTE) asya
can be approximated by applying the law of mixture:

Esma(T) = Emé(T) + Ea(1 - £(T)), (5.2)

and

asma(T) = amé(T) + a,(1 = §(1)), (5.3)

where the subscripts m and a refer to the material properties at martensite and austenite
phase, respectively.

The values of the material properties of the SMA layer used for analyzing are listed in
Table 5.2. By applying Eqs. 4.1 - 4.5 and Eq. 4.9, the deflection change! at the free-end
of the cantilever beam with temperature is plotted in Fig. 5.2(a). A clear hysteresis in the

1 Tt is noteworthy that the deflection values in Fig.5.2 are scalar. The positive values do not contain the
information of the bending direction of the beam.
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curve is attributed to the phase transformation of SMA. Starting from room temperature
(RT), the cantilever beam is already deflected owing to the tensile residual stress (ogy,,) in
the SMA layer. As the temperature in the beam increases until A, there is a small decrease
of deflection due to the mismatch of CTE between SMA and Si. Thermal stress in the
SMA layer slightly relieves the residual stress. When entering the phase transformation
region, i.e., the temperature is above A, there is a larger and rapid increment in deflection,
which can be explained through the following aspects. Firstly, transformation to Austenite
phase hardens the material by having larger elastic modulus (AE—effect); secondly, the
martensite transformation strain gradually diminished during the reverse transformation
[86]. After having fully transformed to austenite phase (T > Ay), the deflection curve
becomes linear again as the effect of mismatch of CTE prevails again, which is similar to
the situation below A;. When the beam is cooled back to RT, the whole process reverses,
except that the forward transformation takes place in the temperature range between M;
and M.

Table 5.2.: Material properties of Ti-Ni-Cu film adopted for the analytical model. Transformation tempera-
tures and residual stress are measured by the project partner at Ruhr University Bochum. Data of elastic
moduli are from [150], and CTE from [151].

M, 62°C My 28°C

Ay 37°C Af 70°C

E, 41GPa E, 71GPa

oy 154%107°°Ct  q, 154x107°°C!
ogi/[ A 220 MPa O'gie 0 MPa

2.0 1.0 -
1.9- 0.9 1 i
1.8 0.8 ;
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Figure 5.2.: Analytically calculated (a) deflection change of SMA/Si cantilever beam with temperature, and
(b) SMA thickness-dependent stroke of the beam (thickness of Si layer fixed at 220 nm).

Because the material properties have been fixed in the fabrication process of SMA film
and the thickness of Si is also determined by the SOI wafers used for fabrication, only the
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tunable thickness of SMA is studied to learn its influence on the stroke of the cantilever
beam in the following. The stroke is defined as the deflection difference between RT
and 100 °C. Fig. 5.2(b) depicts its relationship with the thickness of SMA. The stroke
increases fast and reaches a peak when the thickness of SMA increases from 0 to 0.11 pum.
Afterwards, the stroke shows a declining trend as the thickness of SMA continues to grow.
It can be inferred that the stroke will approach zero when hsyia > hs; as the beam is
structurally analogous to a monolayer beam. Therefore, it is advisable that the thickness
of SMA is in the proximity of 0.11 pm when designing the bilayer cantilever beam in order
to have large stroke.

5.2. Thermal Analysis

In Section 4.2, an analytical model has been built to demonstrate the large temperature
gradient along micro- and nanocantilever and bridge beams when they are Joule-heated.
Based on this model, a Joule-heated SMA/Si bilayer cantilever beam is investigated, and
the temperature-dependent material properties are considered accordingly.

5.2.1. Temperature-dependent Material Properties

Material Propertiesof Si  Resistivity p and thermal conductivity A are two of the important
material properties to consider when studying a Joule-heated structure. The resistivity of
the p-type Si, ps;, is 10 Q- cm (at room temperature), which is provided by the manufacturer
of the SOI wafers used for the fabrications in this dissertation. Since this value is far higher
than the resistivity of SMA, and quantitatively describing the temperature-dependent
resistivity of Si is complicated [152], ps; is assumed to be a constant and irrelevant to
temperature. However, the thermal conductivity of Si, As;(T), is temperature-dependent
and is expressed as
3.85 x 10*

Asi(T) = 760 1078722, (5.4)
where the temperature T is in the unit of Kelvin. This semi-empirical formula is obtained
by fitting the data from [153]. The inverse proportional term represents the approximation
of Umklapp scattering process and the second term represents the approximation of
phonon-electron scattering.

Material Properties of SMA To obtain the temperature-dependent resistivity of SMA,
psma(T), firstly a SMA film is sputtered on a Si substrate, which is then placed inside a
cryostat to perform a temperature-dependent four-point measurement. The sputtering is
conducted from an alloy target by the project partner at Ruhr University Bochum. The
composition of the film is Tis4Nis; Cuys. Details of this measurement have been introduced
in Section 2.1.4. Fig. 5.3 demonstrates the temperature-resistance curve of this 600 nm
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Figure 5.3.: Temperature-resistance curve of a sputtered 600 nm-thick Tis4Nis; Cu;s film on Si substrate.
Transformation temperatures marked in the figure are determined by the tangential method.

Tis4Nis; Cuys film, which shows the typical hysteresis during the phase transformation.
The resistivity of the film is calculated based on the measured resistance data by Eq. 2.1.

The resistance shows a linear relation with temperature in the pure martensite and austen-
ite regions (T < My and T > Ay), while in the phase transformation region, the resistance
change can still be described by the law of mixture. Therefore, the temperature-dependent
resistivity of SMA is expressed as

psma(T) = pm(T)E(T) + pa(T)(1 = &(T)), (5.5)

where the resistivity at martensite (p,,(T)) and at austenite (p,(T)) are approximated by
linear functions as

Pm(T) = p;,nT + Pm,0s (5-6)

and

pa(T) = pT + pay, (5.7)

respectively. The constants p;, and p/ here are slopes of these functions, which can be
obtained by fitting with the experimental data.

Based on Eq. 5.5, the temperature-dependent thermal conductivity of SMA is derived by
applying the Wiedemann-Franz law as

LT

ASMA(T) = m,

(5.8)
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where L is the Lorenz number and equals to 2.44 x 1078 W QK™2. It is worth noting that
the temperature in Eq. 5.8 should also be in Kelvin.

These temperature-dependent material properties will be adopted for the thermal analyses
in the following. Due to the complexity of solving the differential Eq. 4.22, the analyses will
be carried out numerically in Comsol. For comparison, constant values of these parameters
atT = (As+Ay) /2, e.g., psma(T = T'), are also used as solutions of the analytical model.

5.2.2. Temperature Profile and Power Consumption

The structure investigated is also the SMA/Si bilayer cantilever beam depicted in Fig 5.1
and the dimensions remain unchanged. A current is applied through the beam, and the
temperature boundary conditions are given by Eq. 4.26. The surface convection coefficient
is set to be 400 W/(m*K). Fig. 5.4 shows the simulated and analytically solved profiles of
the excess temperature? along the length direction of the beam. These two profiles show a
close match with the maximum temperature difference about 1.5 K at the free-end of the
beam.

100
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Position (um)

Analytical Model
—— Simulation

Excess Temperature (K)

Figure 5.4.: Excess temperature profiles determined by an analytical model and by FEM simulation of a
Joule-heated 15 um long SMA/Si bilayer cantilever beam. The current applied is 1 mA.

Fig. 5.2(a) has revealed that the major deflection change of SMA/Si bilayer cantilever beam
is contributed to the phase transformation, therefore, it is beneficial that the percentage

2 The concept of excess temperature is defined by Eq. 4.27, which is the temperature difference between the
actual temperature on the beam and the environmental temperature.
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of beam length with T > Ay is as high as possible. Fig. 5.5 illustrates the correlations
between the increasing current and the rising percentage values that T exceeds A; and Ay
respectively. The current needs to be above a lower limit I, that the temperature at the
free-end of the beam is above the austenite finish temperature. As the current continues to
rise, the percentage of beam length with T > A increases rapidly at first, then gradually
saturates and tends to 100%. Due to the boundary conditions that the fixed end is at room
temperature, the beam cannot fully transform to austenite even though a large current
is applied. Hence, it is necessary to compromise between the percentage value and the
current applied. Here, the value 80% is chosen as most of the beam has transformed and
further increasing of current has minor contribution to the growth of the percentage
value.
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Figure 5.5.: The percentage of beam length starting (T > Ag) and finishing (T > Ay) phase transformation
versus the heating current.

In Section 4.3, the wing structure design has been introduced for having a more homoge-
nized temperature profile along the length direction of the beam. Thus, the section of the
beam that is partially transformed can be folded into the wing structure. The mechanical
softness of bending stiffness brought by the wing structure has been thoroughly studied in
Section 4.3, and 20% of beam length folding into the wing leads to an acceptable decrease of
bending stiffness by 40%-50%. This is another consideration of selecting the 80% criterion
as the maximum current limit.

Power consumption and maximum temperature of the beam are the other two important
aspects to investigate. Fig. 5.6 shows the relation between the current and these two
parameters, which are obtained based on both the simulation and analytical models. There
is minor difference between the two power curves, while the deviation between the two
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curves of maximum excess temperatures, Oy, enlarges as the current is increasing. The
defined maximum current Ij,,x corresponds to the excess temperature of about 160 K,
which is also within a reasonable range that the intrinsic carriers of Si are not generated
massively [154] thus avoiding the leakage of the current.
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Figure 5.6.: Power consumption and maximum excess temperature versus the heating current.

5.3. Joint Thermo-mechanical Analysis

In Section 5.1, the mechanical analyses are based on that there is no temperature gradient
along the beam, which has been proven to be inaccurate in the thermal analyses above.
In this section, the electro-thermo-mechanical simulations are carried out in Comsol to
investigate the thermo-mechanical performance of the SMA/Si bilayer cantilever beam.
The design and boundary conditions remain the same as in the previous sections.

Fig. 5.7 demonstrates the deflection change of this 15 um-bilayer cantilever beam with an
increasing current applied, which ranges from 0.1 mA to 1.7 mA. When the current is below
0.45 mA, there is a minor deflection change as the maximum temperature on the beam is still
below A and phase transformation has not started. A significant deflection increase can
be witnessed when the current keeps rising and phase transformation takes place, which
is similar to the trend in Fig. 5.2(a) based on the analytical mechanical model. However,
after having surpassed the current that the maximum temperature is higher than Ay, ie.,
the I, defined in Section 5.2, the deflection is still growing due to the inhomogeneity of
temperature along the beam, which is different from Fig. 5.2(a). The deflection reaches the
peak at a current about 1.1 mA and starts to decrease afterwards, which can be explained
by the competitive mechanism between the phase transformation and mismatch of CTE.
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By referring to Fig. 5.5, it can be observed that about 75% length of the beam has finished
the phase transformation at the current of 1.1 mA and further increase of current only
contributes a small proportion of the beam to finish phase transformation. However, as
discussed in Section 5.1, the mismatch of CTE dominates the deflection change when the
temperature is above Ay and this effect leads to the decrease of deflection due to the relief
of the residual stress. Apparently, the effect of mismatch of CTE prevails after the current
exceeds the threshold value of 1.1 mA. In addition, this threshold is smaller than the I .«
defined in Section 5.2.
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Figure 5.7.: Deflection variations of the Joule-heated SMA/Si bilayer cantilever beam with the current.

It is also introduced in Section 5.2 that 20% of the beam length can be folded into the
wing structure to homogenize the temperature profile. The wing structure is further
studied in Fig. 5.8, which demonstrates its influence on the deflections of the Joule-heated
SMA/Si bilayer cantilever beams. The beam length is kept at 15 um and the wing ratio
n denotes the length ratio between the wing length and the beam length. Evidently, the
increasing wing ratio elevates the maximum deflection value that the bilayer beam can
reach, and the corresponding current required decreases. Taking the maximum deflection,
and the corresponding maximum temperature and consumed power of the beam without
wing structure as reference values, Fig. 5.9 illustrates the effects of the wing ratio on
these three parameters. Although the increase of the deflection is not tremendous, both
the corresponding maximum temperature and power witness considerable drops, which
gradually level off when 7 is above 20%. This further confirms that 20%-25% is a suitable
range that the wing ratio can be chosen from.
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Figure 5.8.: Current-deflection curves of the Joule-heated SMA/Si bilayer cantilever beams with different
wing ratio 1. The beam length is kept at 15 pm.
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5.4. Discussion

The above analytical and numeric models are developed to give straightforward insights
into the mechanical, thermal and the joint performance of the Joule-heated SMA/Si bilayer
cantilever beam nanoactuators. However, there are several factors that can cause deviations
or even failures of these models, which will be discussed in the following.

5.4.1. Size-Effects

In Chapter 4 and this chapter, all the analytical and the numeric models are built within
the frameworks of continuous medium, i.e., the medium can be continually divided into
infinitesimal elements without separation. Usually, this assumption holds valid when
the grain sizes of the functional film and the substrate are several orders smaller than
the feature size of the structures. Fig. 5.10 presents two examples of different grain sizes.
The sputtered Ti-Ni-Cu film in Fig. 5.10(a) is dense and smooth, whereas the sputtered
VO, film in Fig. 5.10(b) is discontinuous because of the coarse grain size. Apparently, the
assumption of continuous medium is not applicable for the VO, film in the picture.

(a) SMA film

VO, Film o -
3 - e . o
‘ W
V- “ ’_!

. - - "
" -
~.
200 nm,
5 —

Figure 5.10.: Different films sputtered on free-standing Si beams: (a) dense Ti-Ni-Cu film with fine grain
size, (b) discontinuous VO, film with coarse grain size.
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Another concern of the size-effect is the size-dependent material properties. Even though
the films are dense, the material properties can vary with the thicknesses, which are the
more common situations. For example, Curtis et al. reported that the phase transformation
properties of Ti-Ni-Hf films are dependent on the film thicknesses and the types of substrate
[37]. Chu et al. investigated the grain size effect on the elastic moduli of nanocrystalline Ni-
Ti experimentally [155]. The influence of grain size effect on the hardness of nanocrystalline
Ni-Ti was also studied [156]. Konig, et al. revealed that even the in-plane dimensions
of structured Ti-Ni-Cu films influenced the phase transformation temperatures [157]. In
these cases, the models based on the assumption of continuous medium remain valid
while necessary correction terms are needed. Different theories have evolved to describe
the size-dependent mechanical behavior at micro- and nanoscale as supplements for the
classic continuum mechanics. For instance, the couple stress theory [158-164] introduces
a material length scale parameter to describe this dependency, which was adopted to
build the size-dependent constitutive model of SMAs by Choi et al. [165]. These theories
describing the size-dependency can be further integrated into the current models.

5.4.2. Inhomogeneity of the Residual Stress

The residual stresses in the sputtered Tis4Nis; Cuys films are measured by monitoring the
curvature changes of free-standing cantilever beams after being sputtered and calculating
based on the Stoney equation (Eq. 4.21)%. The derivation of the Stoney equation presented
in Section 4.1.3 indicates that the residual stresses in both the film and the substrate are
assumed to be constant and irrespective of the position. However, due to the complexity
of controlling the sputtering process, the homogeneity cannot always be guaranteed, as
shown in Fig. 5.11. Both SMA/Si bilayer structures in Fig. 5.11 are on the same wafer but
have different bending directions, indicating the variations of the residual stress across
the wafer. This inhomogeneity may also cause the variations of the material properties,
which leads to inaccurate results of the analytical and numeric models. Stress gradient
can also exist in the substrate Si layer, which will be further discussed in Chapter 6.

5.5. Summary

In this chapter, the electro-thermo-mechanical performance of the Joule-heated SMA/Si
bilayer cantilever nanoactuator is thoroughly investigated both analytically and numeri-
cally. The analytical mechanical model reveals the deflection evolution with hysteresis
in a thermal cycle due to the competitions among several different effects, i.e., the CTE
mismatch effect, the AE—effect and the shape memory effect. The phase transformation
of a sputtered 600 nm-thick Tis4Niz; Cuys film on the Si substrate is characterized by the
temperature-dependent resistance measurement, and the experimental results are used

% The measurements are performed by the project partners at Ruhr University Bochum. Further details of
the technology can be found in [166].
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(a) SMA/Si bilayer structure bending up.

(b) SMA/Si bilayer structure bending down.

Figure 5.11.: SMA/Si bilayer structures on the same chip show different bending directions: (a) bending-up,
(b) bending-down.

for the electro-thermal analyses. Two delimitation values of the current, Iy, and Iy,
are defined based on the temperature profiles of the bilayer beams, which guarantees
that most of the SMA material can transform completely to the austenite state and the
maximum temperature is within an acceptable range. Afterwards, a joint electro-thermo-
mechanical study is performed on the bilayer beam structure. It is found that there is a
peak of the deflection and the corresponding current is well below I, Improvements
of the deflection, the temperature gradient and the power consumption brought by the
wing-structure design are also studied, and the suitable range of wing ratio of 20%-25% is
further confirmed. There are situations, such as the size-effect and the inhomogeneity of
the residual stress, that restrict the applications of the proposed models. Corrections of
these situations can be the research focus in the future.

65






6. SMA Nanoactuators with Out-of-Plane
Bistability

Bistable structures are well-known for their low energy consumption compared to other
active structures as input energy is only needed during state switching. A mechanical
bistable structure usually possesses two potential energy minima, which corresponds
to two stable states. Such functionality is usually achieved by introducing a buckling
mechanism due to its multi-solution features. Besides, there are external loads to switch
between the two stable states. In this chapter, a bistable design is proposed by introducing
the buckling of cantilever beams, which is induced by the internal residual stress in the
SMA layer. Benefiting from the shape memory effect, the proposed design of bistable
nanoactuators should actively switch between two buclked stable states. Important design
criteria and parameters are investigated to ensure the bistability. The corresponding
fabrication process and results are presented and discussed afterwards.

6.1. Classic Stability and Buckling Theory

Before introducing the bistable design, it is necessary to briefly review the classic stability
and buckling theory. A slender beam can lose stability when it undertakes a compressive
force above a certain critical value F;, which leads to dramatic increase in deflection value
[139]. Such a phenomenon is named buckling.

As an example, a compressive force F is applied at the free-end of a slender cantilever
beam with length [, which bends because of this force, as depicted in Fig. 6.1. Based on
the Euler-Bernoulli beam theory and the assumption of small deflection, at position x the
deflection is y(x), and corresponding bending moment is

M(x) = F(y(l) = y(x)). (6.1)
The relation between bending moment and curvature of a deflected beam is

M(x)

T, (62)

p(x) =
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where EI is the bending stiffness of the beam [139]. Moreover, the curvature of plane
curves is expressed as

Y’ (x)
[1+ (v (x))2]*

p(x) = (6.3)

Buckled Shape II

v
I(

Initial Shape

Buckled Shape I

Figure 6.1.: A buckled cantilever beam under external compressive force F. The dashed line represents the
initial shape and the solid line represents the two symmetric buckled shapes.

When the small deflection assumption holds, i.e., y’(x) is small hence the term (y’(x))?
is infinitesimally close to zero, combining Egs. 6.1 — 6.3 leads to the bending equation of
buckled beam

_ Py - y(x)

y"(x) i (6.4)
corresponding boundary conditions of the differential equation above are
y(0) =0;  y'(0) =0. (6.5)
Introducing variable k as -
k% = it (6.6)
solution of the differential equation, Eq. 6.4, based on Eq. 6.5 and 6.6 can be obtained as
y(x) =y(l)(1 — coskx), (6.7)
with condition that k should satisfy
kl:%T (n=135---). 6.8)

The deflection value at free-end of cantilever beam, y(I), cannot be determined by equations
above due to the assumption of small deflection and the simplification of curvature in
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Eq. 6.4. Nevertheless, the critical force of buckling can be obtained from Eq. 6.6 and 6.8
as

_ m°El
- (@n”
where n is taken to be 1, corresponding to the smallest value that F in Eq. 6.6 can take.
It should be noted that, when n takes larger values, the values of F obtained correspond
to the occurrence of higher modes of buckling. An intuitive understanding of high mode
buckling based on Eq. 6.7 is that there is at least one deflection point in the deformed
shape of buckled beam. More precise solutions of deformed shape rely on the accurate
expression of curvature without adopting the small deflection assumption, which is based
on the functions of elliptic integral [138] and is beyond the discussion here.

Fer (6.9)

Furthermore, due to symmetry, there is another buckled shape drawn in Fig. 6.1. The
corresponding equations of bending moment and deformed shape remain the same as
Eq. 6.1 and Eq. 6.7 in the same coordinate system. Based on Eq. 4.38 which calculates the
strain energy of the bent beam, apparently these two deformed shapes lead to the same
strain energy. Therefore, it proves that a buckled beam possesses two buckled shapes
with identical energy level. Initial disturbance during loading and structural imperfection
determine the real shape that the beam actually buckles to. This forms the theoretical
foundation of creating a mechanical bistable structure by buckling a beam structure.

In a more general case that is not limited to cantilever beam, the critical force can be
written as:
R, = 2 (6.10)
() '
where p is named as effective length factor and is dependent on the boundary conditions of
beam. For example, in case of a beam fixed at both ends, y equals to 0.5; for a beam fixed

at one end and pinned at the other end, y approximately equals to 0.7.

The corresponding critical stress on the cross-section that leads to buckling of the beam
structure is
T°El

= m, (611)

O’CI’

where A, is the area of the cross-section.

6.2. Structural Design of the Nanoactuators

6.2.1. Bistable Mechanism

As introduced above, the key point to have a bistable beam structure is to buckle it with a
compressive force that is larger than the critical force. Considering that the residual stress
in annealed Ti-Ni-Cu films is a positive tensile stress [86], and assuming that there is no
stress in the device layer of SOI wafers used for fabrication, a design of four cantilever
beams connected in parallel is proposed as depicted in Fig. 6.2.
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For a clear description of the bistable motion mechanism, the four cantilever beams are
named as Beam I to IV, shown in Fig. 6.2. The common substrate of all four beams is Si and
the Beam II and III are locally coated with a SMA layer. The overall structure is designed
to be symmetric in order to overcome the in-plane rotation torsion due to the deformation
of beams, namely, Beam I and IV, Beam II and III are identical, respectively. Four necessary
geometrical parameters are introduced to define the beams: the widths of Beam I and II
(wsi and wgpa), and the lengths of Beam I and II (Is; and Ispa), which are marked out in
Fig. 6.2. Beam II and III form a current circuit for Joule-heating of the SMA layer on these
two beams.

z ” Isi . }
% ; Beam |
B
N peam 1 WMA
Beam III W |
A\ / : Beam IV it E 5hSMA
, 7 5___A‘ Siﬂ:‘ 1
Isma A-A’
(a) Top view (b) Section view A-A’

Figure 6.2.: (a) Top view and (b) section view A-A’ of the designed bistable beam structure. The two beams
in the middle, Beam II and III, are locally coated with a SMA layer.

Due to the tensile residual stress in the SMA layer, the potential to "shrink" acts as a
compressive force on Beam I and IV, which is able to buckle them when this force is larger
than the critical force. Once these two beams are buckled, they possess two stable states,
which are either buckled up or down.

Switching between the two stable states (State I and II) of buckled Beam I and IV is
achieved by applying different heating cycles to the SMA layer and controlling the highest
temperature of the cycle whether it is below A or above Ay. In detail, starting from room
temperature in State I by applying a first heating cycle until a certain temperature T < A
is reached and cooling back to room temperature, Beam I and IV should be able to switch
to the second stable buckling state (State II) due to the different CTE effect. In a second
heating cycle, the highest temperature should be above the austenite finish temperature
Ay so that the phase transformation can finish. Due to the shape memory effect, the SMA
layer push the Beam I and IV back to their original stable state (State I). This accomplishes
the reversible switching between the two stable states of the structure without introducing
external loads.

Meanwhile, there are some important details to discuss in the following to ensure the
bistability of the four-beam nanoactuator proposed above. Due to symmetry, half of the
structure, i.e., Beam I and II, is taken for the subsequent analyses, as shown in Fig. 6.3.
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Figure 6.3.: Only half of the four-beam structure is considered for analyses due to symmetry. Beam I and II
are separated at the marked separation point for analyses in the following.

6.2.2. The Compressive Force and Critical Force of Buckling

Originating from the inelastic strain of the SMA layer, the compressive force from Beam
II can be calculated by Eq. 4.15 as an equivalent force denoted as Feq. The critical force
F¢; to buckle Beam I is defined by Eq. 6.10. Meanwhile, a buckling mode higher than one
should be avoided, which can lead to falling into local energy minima of higher modes.
Therefore, the criterion between these two forces is

FY' < Foq < P20 (6.12)

cr
where the superscript of F,, represents the buckling mode.

However, a key point to determine F.,; by Eq. 6.10 is the value of y, which is dependent
on the boundary conditions (or supporting conditions) of the buckled beam. Here, the
equivalent procedure is taken that Beam I and II in Fig. 6.3 are separated and the buckled
Beam I is regarded as a cantilever beam on an elastic support defined by Beam II, which
provides three spring stiffnesses (ky, ky, @) in x—, y—direction and rotation respectively,
as shown in Fig. 6.4. It is worth noting that though Beam II indeed also provides spring
stiffnesses in other direction, for instance, rotation in x—direction, only the three stiffness
variables considered above can influence deflection of Beam I in y—direction.

/ k
é0—> X Fo, <-— arGWz

l Beam I k, %
y\F

Figure 6.4.: Beam I simplified as a cantilever beam on an elastic support with spring stiffnesses kx, k, and
ay, which are provided by Beam II (Side view of Fig. 6.3).

As demonstrated in Section 4.3, structural stiffness can be obtained by applying Cas-
tigliano’s second theorem, which is also followed here to calculate the stiffness of the
elastic support from the remaining structures in Fig. 6.3. As depicted in Fig 6.5, different
types of virtual external loads corresponding to the three spring stiffnesses in Fig. 6.4 are
applied at the separation point. The boundary condition of this separation point is another
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challenging point because it is also elastically connected to Beam I, in other words, it is in
a situation between free-standing and fixed. In the following, the stiffnesses k., ky, a; are
calculated in these two scenarios, respectively. Thereby, it is assumed that the actual values
of these stiffnesses should fall into the range defined by the two extreme scenarios.

M

Fy
. S

Beam I

Figure 6.5.: Beam II with virtual external loads at the separation point to calculate its structural stiffness.

Free-standing boundary condition at separation point: The spring stiffnesses are calcu-
lated when the loads in Fig 6.5 are applied separately and their expressions are

Isma 2 ki, Ioval? |7

ke = + + + , (6.13)
(EA)sma  3(EDsiy (GAc)si  (EDsma,y
& Kl 3 Kl lonl2 |7

ky = | A MA e ¢ MAE |, (6.14)

3(EDsma, . (GAc)sma  3(EDsi,  (GAc)si  (GJ)sma

and
Isma L ]_1

a = + , 6.15
[(EDSMA,Z G (6.13)

respectively. [, is the gap size between Beam I and II, as marked in Fig. 6.3. The subscripts
"Si" and "SMA" refer to the type of the cross-sections of Beam I and Beam II, respectively.

The subscripts "y" and "z" represent the reference axis for calculating the area moment of
inertia I. The factor k is given in Eq. 4.39.

Fixed boundary condition at separation point: The loads in Fig 6.5 are applied simulta-
neously, therefore the generalized displacements induced by these loads can be obtained
based on Eqgs. 4.36 — 4.41, which are

5 aU(FX3 FysMZ) 5 aU(F)O Fys MZ)

aU(FX5 Fy, MZ)
* OF, Y OF, - '

6.16
PV (6.16)

z
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6.2. Structural Design of the Nanoactuators

The spring stiffnesses are obtained by letting two displacements in Eq. 6.16 to zero. For
instance, ky is calculated by

ky == with conditions 6, =0 and ¢, =0. (6.17)

The spring stiffnesses therefore are:

ky remains the same as Eq. 6.13.

o = ( 3M; ) I3MA klsna [ kl, Ismal?

y=||1- + + + + ,
2Flsma ) 3(EDsma, 2 (GAo)sma  3(EDsi,,  (GAco)si  (GJ)sma

(6.18)

where

Mz _ [ lc (EI)SMA, z ] -
=12+2 —_— .
F,lsma Isma  (GJ)si

Because the gap between Beam I and II, [, is usually much smaller than the beam length,
ie, l. < Isma, the ratio term M, /F,lsya approximately equals to 1/2. And the rotational

stiffness is
F,lspma IsMA I -1
oy = [(1 _ s ) 5 + ] , (6.19)

2M, ) (EDsma,z  (G))si
where
Fylsma 2 2k (EDswa. 2 ( e )3 (EDsvia,z , 2kl (EDswia, 2
M, 3 BBya (GAsma 3 \lma/ (EDsiz By, (GAosi

2( I, )2<EI>SMA,Z
(GJ)sma

Similarly, taking the approximation that I./Isma is close to zero, the ratio term Fylsya /M,
is simplified as

Isma

Fylsma

-1
E 2k (EI)SMA, Z
M,

+
3 lgMA (GAC)SMA

Eqgs. 6.13 - 6.15 and Egs. 6.18 — 6.19 define the lower and upper bounds that the values of
the spring stiffnesses (k,, k, and a,) can take. It can be noticed that the main difference
between these two scenarios is the factor of the term relating to the length and cross-section
property of Beam II, i.e., the beam with SMA layer.

To determine the critical force of buckling of the beam in Fig. 6.4, Michael and Kwok [49]
have derived the value of effective length factor ; when k is infinite. Unfortunately, their
method is not applicable when k, is finite due to the concern of complexity of solving
high-order differential equations. Therefore, the buckling behavior of the structure in
Fig. 6.4 is simulated in Comsol with the calculated spring stiffnesses to investigate the
critical force to ensure the validity of Eq. 6.12.
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6. SMA Nanoactuators with Out-of-Plane Bistability

6.2.3. The Moment for State-switching

To have a first impression of the switching of stable states of Beam I in Fig. 6.4, the pure Si
structure with the parameters in Table 6.1 is simulated in Comsol. Firstly, the first and
second mode of the critical forces of buckling are calculated to be 13.56 uN and 30.52
uN, respectively. Afterwards, a displacement load in y—direction is applied at its right
free-end and the reaction moment also at the free-end is extracted from the simulation
results. The relation between the displacement and the reaction moment is plotted in
Fig. 6.6, which demonstrates a typical bistable behavior. The curve crosses the zero moment
line for three times, which represents the two stable states and the unstable state during
state-switching. The maximum moment of the curve denotes the threshold of moment for
successful state-switching.

Table 6.1.: Values of parameters adopted for the illustrative example of the bistable behavior of buckled
Beam I.

wl/um h/pum Ig/um  ky/N-m™ k,/N-m™' o /uN-pm F/uN

0.7 0.22 15 1659.29 0.24 72.70 23.73
1.5 4
—————— X
€ 1.0 5 Moment
2 Threshold
2
= 0-57 Stable
g - State |l
6 004 - oo \— —————————— RV
= AN
5 1 Stable  Energy
T -05 State|  Threshold
o
(n'd
-1.0 1
-15 . . . : . - . - .
-0.4 -0.2 0.0 0.2 0.4

Displacement (um)

Figure 6.6.: Simulated reaction moment-displacement curve of buckled Beam I showing bistability. Parame-
ters used for simulation are listed in Table 6.1. Shaded area represents the energy threshold that needs to be
overcome for state-switching.

1w and h here represent the width and the height of the cross-section of beam, respectively.
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6.3. Parametric Study

However, from Eqs. 4.15 and 4.17, it can be learned that the residual stress in the SMA
layer not only contributes to the force for buckling in Beam I, but also results in a "residual
moment", which is unfavorable for the state switching. The active thermal moment
generated in the SMA/Si bilayer of Beam II needs to be large enough to overcome this
residual moment plus the moment threshold of state-switching, which gives another limit
on the design of dimensions.

Overall, one can conclude that the geometrical dimensions of this four-beam structure
interplay with each other in a complicated way:

« The critical force of buckling of Beam I is heavily dependent on the dimensions of
itself and Beam II (through spring stiffnesses k,, k, and ;).

+ The actual compressive force for buckling is determined by the residual stress and
dimensions of SMA layer on Beam II and the force should be larger than the critical

force of buckling.

+ Similar to the compressive force, the thermal moment is dependent on the residual
stress and the dimensions of the SMA layer on Beam II as well, whereas the moment
threshold is also influenced by the compressive force.

6.3. Parametric Study

In Section 6.2, the influences of geometrical dimensions on structural performance have
been explained qualitatively. In this section, these influences are explored quantitatively
through parametric study, which is beneficial for discovering the design space of geomet-
rical dimensions of the proposed four-beam structure.

6.3.1. Spring Stiffnesses

Egs. 6.13 — 6.15 and Egs. 6.18 — 6.19 have revealed the relations among the spring stiff-
nesses, material properties and geometrical dimensions of Beam II. Meanwhile, there are
parameters that have been constrained from the view of fabrication, including the elastic
moduli and thicknesses of the Si and SMA layers. Besides, one can notice that the width
of Beam II, wspa, has a simple linear relation with these three stiffness values, hence the
influence of width is not studied here. The gap size, [, is also negligible as it is far smaller
than the lengths of both Beam I and II. Therefore, the length of Beam II, Ispa, is the focus
of parametric investigation on the spring stiffnesses in the following.

The values of parameters used for analyzing are listed in Table 6.2. Based on Egs. 6.13 -
6.15 and Eqgs. 6.18 - 6.19, Fig. 6.7 demonstrates the variations of the three spring stiffnesses,
ky, ky and o, with the length Is\a ranging from 5 um to 40 um. Generally, they all have
a inversely proportional relation with Isya. For ky and «, having the upper and lower
bounds, the difference between the two bounds also shrinks rapidly as Isyia increases. The
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6. SMA Nanoactuators with Out-of-Plane Bistability

average values of the two bounds of k, and «; are taken for further analyzing hereinafter,
and for this reason, larger Isyia is preferred to reduce the error of using the average value.

Table 6.2.: Values of the parameters adopted for analyzing the spring stiffnesses induced by the rigidity of
Beam IL

Esi/GPa  hgi/um Egpya/GPa  hgya/Mm  wsya/pmm

170 0.22 41 0.3 1.0
10000 801
8000 . 60+
= £
2 6000 - é 40 Upper
E & Bound
4000+ 20+ Lower
_Bound
~
2000 04
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Ispia (em) Ignma (Lm)
(@) kx (b) ky
700
600
~ 500
£ |
% 400 \ Upper
Z Bound
2 300 ,
5&-
200+
100 Lower
0 BOUM

0 5 10 15 20 25 30 35 40
Ispia (nm)

(c) ar

Figure 6.7.: Influence of the length of Beam II [syis on the spring stiffnesses (a) ky, (b) ky and (c) a,. The
shaded areas in (b) and (c) define the regions that the actual spring stiffnesses should fall into.

6.3.2. Critical Forces of Buckling

As introduced previously, the critical forces of buckling of Beam I can be numerically
calculated in Comsol once the three spring stiffness values are known. In the following
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6.3. Parametric Study

the interactions between the critical forces and different parameters are investigated and
visualized, which includes the length of Beam II Ig\a (Fig. 6.8), the length of Beam I g;
(Fig. 6.9) and the width of Beam I wg; (Fig. 6.10). Values of the parameters used for all the
studies in this section are listed in Table 6.2 and Table 6.3, except that the parameter is
chosen for investigation.

Table 6.3.: Values of the parameters adopted for analyzing the critical forces of buckling.

Isi/um  wsi/um  Ispa/pm

15 0.7 30

Length of Beam Il [sya: It has already been illustrated in Fig. 6.7 that increasing Isyia leads
to "softer" spring stiffnesses. In other words, constraints on the bending of the beam from
the springs are smaller. Fig. 6.8 further confirms this softening by revealing that both the
first and second mode of critical forces of buckling decrease with increasing Isya. Worthy
of particular attention is that the curves of these two forces approach to each other at first,
then separate again before crossing. Afterwards, the difference gradually saturates though
Isma is still growing. The length corresponding to the smallest difference of first and
second mode of critical forces is 18.5 um. By comparing the buckling shapes at different
Isma, as drawn in Table 6.4, it can be noticed that there is a change of buckling shapes
when crossing this length delimitation. Focusing on the shape of the first buckling mode,
the position with the maximum deflection locates at the middle of the beam when Isy4 is
below 18.5 pm. Because the constraint from the springs weakens as Isyia increases, the
deflection at the free-end is increasing and the part of the beam, which is close to its fixed
end, becomes flat gradually. The shapes of two modes also become similar progressively,
which explains the narrowing down of the gap of the first and second critical forces. After
crossing the delimitation (Isya > 18.5 pm), the deflection at the free-end of the first mode
continues to increase while it decreases for the second mode. Therefore, the critical forces
also separate from each other.

Overall, to satisfy Eq. 6.12, a larger difference between these two critical forces is preferable,
because it gives larger tunable range of the compressive force for buckling. Therefore, it is
advisable that Ispa should be carefully selected to avoid falling into the proximity of the
value that the change of buckling shape takes place. Choosing either small or large value of
Isma depends on the required buckling shape and the compressive force that the structure
can provide to create buckling, which should be larger than the first-mode critical force.

Length of Beam I [5;:  Changing the length of Beam I, s, shows a similar trend to that of
Isma, as depicted in Fig. 6.9. Two critical forces decrease considerably with increasing Is;
and there also exists a length delimitation of 24.5 um, for which the difference between
the two critical forces reaches the smallest value. The reason can also be contributed
to the change of buckling shape by observing the shape changes at different Is; listed in
Table 6.5. A subtle distinction from Fig. 6.9 is that there are local extrema in the curves: in
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Figure 6.8.: Influence of the length of Beam II, Isypa, on the first- and second-mode critical force of buckling.
Shaded area represents the region that the compressive force should fall into to create buckling.

Table 6.4.: Shapes of the first and second buckling modes of Beam I at different lengths of Ispa. The left
ends are fixed in all scenarios drawn.

Isma First Buckling Mode Second Buckling Mode

10 um C — T oo
18.5 um ’ h
30 um L e— L e———

the length range below the delimitation value, the curve of the first-mode critical force
of buckling has a local minimum at Is; = 16 pm; meanwhile, a local maximum of the
second-mode critical force is witnessed at Is; = 32.5 um, which is in the length range above
the delimitation value. To conclude, I5; should be chosen carefully likewise to prevent
from falling into the proximity of the length, for which the change of buckling shape takes
place. Because the difference between the two modes of critical force at the local minimum
(Isi = 16 pm) is larger than the the difference at local maximum (Is; = 32.5 pm), and the
first-mode critical forces at the two local extrema are comparable, the length value at the
local minimum is the optimal value to choose.

Width of Beam | wg;: The third parameter investigated is the width of of Beam I, ws;.
Its relationship with the critical forces of buckling shows a different trend, as drawn
in Fig. 6.10. The second-mode critical force increases nearly linearly with increasing
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Figure 6.9.: Influence of the length of Beam I, I5;, on the first- and second-mode critical force of buckling.
Shaded area represents the region that the compressive force should fall into to create buckling.

Table 6.5.: Shapes of the first and second buckling modes of Beam I at different lengths of Is;. The left ends
are fixed in all scenarios drawn.

I; First Buckling Mode Second Buckling Mode
10 pm | — =
16 pm | — | ——————
24.5 um — — -
32.5 pm S o= — s

wsi. Meanwhile, variation of the first-mode critical force is comparably trivial in the
investigated width range. Besides, the curve of first-mode critical force also shows a local
minimum at wg; = 0.7 pm. To conclude, the first-mode critical force shows less sensitivity
to the width of Beam I. A larger width is favorable for enlarging the difference between
the first- and second-mode critical force. This can also increase the etching time from the
view of fabrication, which leads to unwanted over-etching phenomenon. A compromise
between these two aspects gives the appropriate range of ws;, whereby the local minimum
of wg; is the optimal value to choose.
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Figure 6.10.: Influence of the width of Beam I, ws;, on the first- and second-mode critical force of buckling.
The shaded area represents the region that the compressive force should fall into to create buckling.

6.3.3. Compressive Force and Thermal Moment

As discussed previously, the compressive force Feq for creating buckling and the thermal
moment Mq for state-switching of Beam I originate from the residual strain and thermal
strain in SMA layer of Beam II and they are defined by Eqgs. 4.15 and 4.17, respectively.
Parameters relating to material properties in these two equations, e.g., Espa and residual
stress in SMA layer, cannot be tuned during structure fabrication, therefore these param-
eters are not discussed here. Modifiable geometrical parameters include the SMA layer
thickness hsyia and the width of the two beams (ws; and wsya). Among them, the widths
have a linear relation to both F.q and M., and the relation between hsya and Feq is also
linear. Hence, only the interaction between hsya and Meq is discussed in the following.

Based on the material properties of the SMA listed in Table 5.2 and the parameters from
Table 6.2, the variation of Mq with increasing hsya is plotted in Fig. 6.11. Though there
is a peak in the thermal moment, the corresponding thickness of the SMA is too high to
be compatible with the lift-off based process, which requires the resist to be 2-3 times
thicker than the deposited film. Thick resist usually poses challenges during resist coating
and lithography. In the range below 1 um, the moment increases nearly linearly with the
thickness of SMA. Therefore, the major restriction on the selection of hgya comes from
the limitation on the fabrication process.

Besides, one can also notice that the thermal moment is far lower than the residual moment
(around 9 puN-um). A potential solution is to introduce a low stress layer, e.g., a SiO; layer
[50], on top of SMA layer to offset the residual moment.
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Figure 6.11.: Analytically calculated relation between the thermal moment generated by Beam II in the
temperature range from room temperature to A and the thickness of SMA layer.

6.3.4. Bistable Stroke and Threshold Moment

In the previous sections, the parametric studies are focused on the parameters that have
direct relations to geometrical variables. The parameters that describe the bistable per-
formance, i.e., the bistable stroke A and threshold moment My, are influenced by the
parameters investigated above and their relations are studied in the following.

Fig. 6.12 depicts the reaction moment-displacement curve of Beam I under different com-
pressive forces, which are simulated in Comsol. Dimensions and the spring stiffnesses are
based on the values in Table 6.2 and Table 6.3. The second mode critical force of buckling
is 2.25 times the first mode force, hence all compressive forces studied are within the range
of Eq. 6.12. Evidently, larger compressive force leads to larger bistable stroke, while higher
switching moment is also required. It is worth noting that due to the limitation of the
classic buckling theory, a compressive force being slightly higher than the critical force
may not be able to successfully trigger the buckling of the beam. Thus the curve of 1.02F.S!
does not show bistability.

In conclusion, due to the complexity of the interplays among all the parameters discussed
above, it is challenging to describe the designing process of the SMA-based bistable
structure by a clear linear flow chart. While in general it can be summarized as follows:
Based on the material properties of the SMA layer, the first step is to decide the length
of Beam II (Ispa) and have appropriate spring stiffness values (ky, k, and a,). Meanwhile,
according to the compressive force and thermal moment that the SMA film can provide,
the geometrical dimensions of Beam I can be decided by a parametric sweep so that it
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Figure 6.12.: Simulated reaction moment-displacement curves of Beam I under different compressive forces.

has appropriate critical forces of buckling. Several iterations of this process are necessary
until finding the optimal design space of parameters.

6.4. Fabrication Process

Fig. 6.13 demonstrates the fabrication process of the out-of-plane bistable SMA nanoactua-
tor. The process starts with a SOI chip and corresponding thicknesses of device layer and
box layer are of 220 nm and 3 pum, respectively (Fig. 6.13(a)). Standard cleaning procedures
are carried out beforehand and gold markers are patterned on the chips by lift-off prior to
structure fabrication due to the demand of more than one exposure step, as introduced in
Section 2.2.1.

A negative resist is firstly coated on the chips and exposed by EBL to define the patterns
of nanoactuators and conductive lines. The patterns are transferred to the Si layer by RIE
using the cryo process, as shown in Fig. 6.13(b). Etching gases for this process include
SF¢, O, and Ar. The structures are then released in HF-based solution. Next, the chips are
transferred to critical point drying to avoid potential damage on free-standing structures
caused by liquid stiction (Fig. 6.13(c)). Afterwards, a bilayer PMMA is coated and exposed
to define the sputtering window for the SMA layer, which is added to the chip by DC
magnetron sputtering. Followed by a lift-off process, the SMA layer remains only on the
two beams in the middle (Fig. 6.13(d)). Lastly, the chips are annealed to crystallize the
SMA layer.
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Moreover, it is important to note that the bilayer PMMA for lift-off in Step (d) needs to
be thick enough to fill the height difference between the free-standing structures and
substrate after releasing. For instance, if this height gap is 1 um after step (c) and the
thickness of the SMA layer is 300 nm, the bilayer PMMA needs to be at least 1.6 um to
fulfill a successful lift-off. The upper limit of the SMA layer thickness that can be deposited
is therefore restricted by the thickness of the bilayer PMMA that can be coated.

Side View Top View
I
(a)

(b) .
(c) W
Si

(d) m— | W SO,

B svA

Figure 6.13.: Fabrication processes of the SMA nanoactuator with out-of-plane bistability. Starting with (a)
the SOI chip, the patterns of nanoactuators and conductive lines are defined by EBL and transferred to the
device layer by RIE in step (b). Afterwards, the structures are released by a wet-etching step (c). Lastly, the
SMA layer is locally deposited on the two middle beams by lift-off process and annealed in step (d).

6.5. Characterization of the Fabricated Nanoactuators

Beyond the expectation, after following the fabrication process in Fig. 6.13, it is found that
there is unforeseen and significant internal stress in the Si layer of the fabricated devices,
which greatly influences the functionality of the original design. In the following, this
internal stress and its influences on the performance of bistable nanoactuators will be
investigated.

6.5.1. The Pure Si Structures

After releasing the patterned Si layer and before depositing the SMA layer (Step (c) in
Fig. 6.13), it is observed that there is large deflection of the free-standing beams. Fig. 6.14
demonstrates two of these bent beam structures, which have the deflections of around
4.1 um and 4.8 um , respectively. The structural dimensions are

e in Fig. 6.14(3.): lSMA =30 uwm, wspa = 2.2 wm, lSi =25 wm, wsj = 1.0 wm,
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« in Fig. 6.14(b): Ispma = 40 um, wspa = 2.7 pm, Is; = 25 pm, wg; = 0.7 pm,

and the thickness of both structures is hs; = 220 nm. Besides, the curvatures of Beam II
and Beam III vary along the length direction, which are marked out by the dashed frames
in Fig. 6.14. In the light-green frame regions, Beam II and Beam III have larger curvatures
than Beam I and Beam IV, as the sidewall of Beam IV is clearly seen. While in the yellow
frame regions, Beam I and Beam IV are "flatter" than Beam I and Beam IV indicating
smaller curvatures.

Smaller Curvature of
Beam Il and lIli

Larger Curvature of
Beam Il and llI

e)

Smaller Curvature of
Beam Il and Il

Figure 6.14.: SEM images of two four-beam structures of pure Si after Step (c) of the fabrication process.
Structural dimensions are: (a) Ispa = 30 pm, wspma = 2.2 pum, Is; = 25 pm, ws; = 1.0 um; (b) Ispa = 40 pm,
wsMA = 2.7 pm, Is; = 25 um, wg; = 0.7 pm. The dashed frames indicate the regions with curvatures difference
between Beam I and Beam II. The deflections at the free-ends of the beams are marked out in the pictures.

Table 6.6 lists the deflection values of additional four-beam structures of pure Si with
different dimensions. By comparison among the values, the influences of structural
dimensions on the deflection can be qualitatively summarized as:

« increasing Isya has negligible influence on deflection,
« increasing wsya leads to larger deflection,

« increasing Is; leads to larger deflection,

« increasing ws; leads to minor decrease of deflection.

Another experiment is conducted to intentionally fracture the front end of the structure in
Fig. 6.14(a), which connects the four beams. This is achieved by using a nanoindenter, as
shown in Fig. 6.15. It can be noticed that the Beam II and Beam III in the middle remain
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Table 6.6.: Deflections of the designed bistable beam structures of pure Si with different combinations of
dimensions.

Isma/um  wspa/pm  Isi/um - wgi/um  Deflection/pm

20 2.2 15 0.7 2.3
15 0.7 2.2

30 2.2 20 0.7 3.5
0.7 4.4

25 1.0 4.1

1.8 25 0.7 3.3

15 0.7 2.2

0.7 4.2

40 22 25 1.0 4.2
1.4 4.0

2.7 25 0.7 4.8

bending up and the deflection increases about 1 um. On the contrary, Beam IV becomes
flat. Beam I is broken during loading the nanoindenter and flies out of the scope of the
current view. It can be assumed that Beam I is at the same deflection state as Beam IV due
to symmetry.

Figure 6.15.: After breaking the front connecting the four beams of the structure in Fig. 6.14(a), Beam II and
Beam III are still bent up whereas Beam IV becomes flat (Beam I is broken and flies out of the scope of the
view).

Based on the observations in the SEM images of Fig. 6.14 and Fig. 6.15, the following
phenomenological conclusions can be drawn.

1. There is position-dependent internal stress in the Silayer that results in the deflection
of the single layer structure. The stress in Beam II and Beam III is considerable,
whereas it is negligible in Beam I and Beam IV.

2. The curvature variations indicate the buckling of Beam II and Beam III due to the
compressive internal stress, as bending by constant moment leads to also constant
curvature (Eq. 4.16).
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3. The internal stress does not originate from the fabrication of the SOI wafers, which
is supposed to distribute evenly across the wafer. This stress is introduced during
the fabrication process (Fig. 6.13).

Based on these summarized points, by referring to the cross-section of Beam II (same for
Beam III) in Fig. 6.16(a), the internal stress oy, (y) in Si layer is assumed to have a linear
distribution along the thickness (y—direction). Accordingly, as illustrated in Fig. 6.16(b),
oin(y) is composed of two terms as

oin(y) =00 + Ulz—y, (6.20)
Si
where the first uniform term oy is negative and contributes to the buckling phenomenon;
the second proportional term generates a bending moment. It is worth noting that o, ()
does not need to strictly meet the distribution in Fig. 6.16(b) that the stress at y = —hs;/2
is positive; it may also be negative if the slope of the linear function Eq. 6.20 is small.

Wsma o 0 4
ﬂo—)l < —
he z — >
P — <
(a) Cross-section of Beam II. ~ (b) Decomposition of the linearly distributed internal stress oy, (y).

Figure 6.16.: (a) The cross-section of Beam II and (b) the linear distribution of the internal stress i, (y) in
the Si layer. oy, (y) is decomposed into a uniform term oy and a proportional term.

Due to the non-linearity of buckling and the interactions between buckling and elastic
bending, it is difficult to analytically determine the two unknown terms oy and o;. In
other words, both compressive stress and bending moment can lead to deflection of beam,
while the proportions of contribution from these two terms cannot be exactly determined.
Nevertheless, the ranges of the two terms can still be given by considering the extrema
situations. If the bending is exclusively caused by buckling, the maxima of oy is simulated
to be 13.5 MPa; on the contrary, the bending only caused by moment gives the maxima of
o1/ hs;i to be 1980 MPa/um, which is calculated based on Egs. 4.9 and 4.16.

Because the fabrication results reveal the compressive stress in Beam II and Beam III,
which is different from the assumptions in Section 6.2 and 6.3 that there is no internal
stress in the Si layer, hereinafter the analyses are reversed that Beam II (and Beam III) is
buckled on the elastic supports provided by Beam I (and Beam IV).

To verify the buckling of Beam II and Beam III, a displacement load is vertically applied
at the front end of the structure with the nanoindenter. An example is demonstrated in
Fig. 6.17, in which the structural dimensions are Isya = 30 pm, wspa = 2.2 pm, Is; = 25 pm,
wsi = 0.7 um, respectively. The loading rate is set at 0.05 pm/s to satisfy the quasi-static
condition. Theoretically this out-of-plane load should be able to switch the beams from
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one buckled state to the other. The displacement of the nanoindenter and the reaction
force are recorded.

(a) Buckled down state.

(b) Buckled up state

Figure 6.17.: The snap-through of the four-beam structure upon loading at the front end by the nanoindenter.
Dimensions of structure are Ispia = 30 pm, wspa = 2.2 pm, Is; = 25 pm, ws; = 0.7 pum.

The initial shape of the structure in Fig. 6.17 is similar to that in Fig. 6.14, and with the
deflection of 4.4 um (given in Tab. 6.6). Because of the downward loading, the struc-
ture gradually becomes flat, and Beam II (and Beam III) deforms into a concave shape
(Fig. 6.17(a)). With a slight increment of the loading, the middle of Beam II and Beam
III quickly snap to a convex buckled-up shape (Fig. 6.17(b)). The snap-through stroke is
approximately 500 nm, corresponding to 1.67% of beam length. Unfortunately, the snapped
state is not able to be held. When the nanoindenter is retracted at the same rate of 0.05
pm/s, the structure firstly snaps back the to shape in Fig. 6.17(a), and restores to the initial
deflected shape at the end. Explanation of this snapping-back is that the bending moment
generated by the term o7/hg; is larger than the moment required for state switching. A
similar phenomenon has also been studied in [49]. Same loading cycles are applied to
structures of different dimensions, and the snapping phenomenon is witnessed on all the
tested structures.

The displacement-reaction force curves of two tested structures, i.e., Structure A with
dimensions Isya = 20 um, wspa = 2.2 um, Is; = 15 um, ws; = 0.7 um and Structure B
with dimensions Igya = 30 pm, wspa = 2.2 um, Ig; = 25 pum, ws; = 0.7 pm, are plotted in
Fig. 6.18. The negative force represents the downward direction. Because the non-linear
snapping does not take place at the loading position, the curves show a simple linear
relation before the nanoindenter touches the substrate. The slopes of the fitted lines
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indicate the stiffnesses of the structures, which are 0.522 N/m for Structure A and 0.106
N/m for Structure B, respectively. In Chapter 4, Eq. 4.52 has defined the bending stiffness of
cantilever beams. The analytically calculated stiffnesses by Eq. 4.52 for the two structures
here are 0.437 N/m and 0.114 N/m, respectively, which are close to the fitted values.
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Figure 6.18.: Relations between the displacement and the reaction force (solid lines) recorded by the nanoin-
denter, which can be fitted by linear functions (dashed lines). Dimensions of the tested structures are:
Isma = 20 um, wspa = 2.2 um, Is; = 15 wm, ws; = 0.7 wm for Structure A; Ispa = 30 wm, wspa = 2.2 um,
lsi = 25 um, ws; = 0.7 pm for Structure B.

6.5.2. The SMA Nanoactuators

Continuing the fabrication process in Fig. 6.13, a 300 nm-thick Tis4Nis;Cuys layer is
selectively deposited on the area of Beam II and Beam III by lift-off. Fig. 6.19 compares
the initial deformation of the nanoactuators before and after the annealing of the SMA
layer. The dimensions of the structures are the same as the structure in Fig. 6.14(a). Due
to the change of the residual stress from negative to positive in the SMA layer by the
annealing process, the structure experiences a significant shape variation from almost flat
shape before annealing to largely bent shape after annealing (deflection about 8.6 pum),
which is twice as large as the deflection before SMA deposition. It is worth noting that the
deformation before annealing is probably hindered by the insufficient space between the
beam and the SiO, substrate. To rephrase this, because of the negative residual stress in
SMA layer, there can be noticeable downwards deflection if the gap size between the beam
and the substrate is large enough. Additionally, severe sidewall deposition originating
from sputtering process of Tis4Ni3; Cuys film is observed, causing the skirt-like residuals
along the patterns of SMA layer.
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Residuals from the
sidewall deposition

Figure 6.19.: SEM images of the structure in Fig. 6.14(a) after depositing the SMA layer (Step (d) of fabrication
process), (a) before and (b) after the annealing of SMA layer.

Compression tests with the nanoindenter are also conducted with the nanoactuators after
being annealed. Fig. 6.20 presents the displacement and force versus time curves of the
nanoactuator with the following dimensions: Igpya = 40 pm, wsya = 2.2 pm, Is; = 25 pm,
wsi = 1.4 um. Several turning points (Point (a)-(e)) are marked in the figure, which
correspond to the SEM images showing the deformed structural shapes in Fig. 6.21. Before
the deposition of the SMA layer, the structure has a deflection of about 4 um, whereas
this value increases to around 9.8 pm after the annealing of SMA, as demonstrated in
Fig. 6.21(a).

Upon the quasi-static loading at the free-end of the nanoactuator, the deflection decreases
linearly with the displacement until point (b) that Beam I and Beam IV begin to touch the
substrate (the yellow dashed frame in Fig. 6.21(b)). These two beams possess a concave
shape that is similar to a buckled-down shape. Afterwards, the reaction force surges from
10.1 uN at point (b) to 84.4 uN at point (c) with a small displacement increment from
7.7 um to 10.0 pm. During this loading process, Beam IV gradually buckles up, which is
highlighted by a yellow dashed frame in Fig. 6.21(c). This fast growth of the force can be
attributed to the switching of the buckled shapes of Beam IV that additional energy input
is required to overcome the energy barrier. Possibly due to the imperfections during the
fabrication, the shape change of Beam I does not take place simultaneously with Beam IV
despite the structural symmetry. This delay is explicitly manifested by another increase of
force from point (c) to point (d) within an almost negligible displacement change. Having
reached the peak value of 108.7 uN at point (d), the force witnesses a noticeable drop to
49.3 uN at point (e). As shown in Fig. 6.21(e), this process is accompanied by the continuous
buckling up of both Beam I and Beam IV without displacement variation, because the
instable position of the bistable buckled beams has been crossed and no further energy input
is required. Though the snapping of Beam I is not completely finished, Beam IV exhibits
a buckled-up shape with maximum deflection of around 900 nm, which is 3.6% of beam
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Figure 6.20.: Loading curves (Displacement and Force versus Time) of structure with the following dimen-
sions: lspya = 40 pm, wspma = 2.2 pm, Ig; = 25 pm, ws; = 1.4 um. The structural shapes at Point (a)—(e) are
shown in Fig. 6.21. The minus force represents the direction.

length. Further loading leads to another surge in the force as the nanoindentor touches
the substrate. These buckled-up shapes are also not able to be held during unloading, and
the tentative explanation is the large moment induced by the internal stresses in both
SMA and Si layers.

With varying geometrical dimensions, the snapping phenomenon takes place only on
certain nanoactuators, which is different from the structures without SMA layer that the
snapping phenomenon exists commonly. The relations between the snapping and the
geometrical dimensions are still under investigation.

6.6. Discussion

Because the bistability of the proposed design of nanoactuators is based on the buckling of
beams, the analyses of buckling play a key role in the bistable performance. As presented
above, in the experiments the major reason causing the deviation from the design is the
internal stress introduced during the fabrication. Though this stress has a compressive
component that is beneficial for buckling, its gradient component generates a moment
having the same direction as the residual moment from the SMA layer. Therefore, the
overall threshold moment that the state-switching moment needs to overcome is largely
elevated, and in the worst situation, the bistable property brought by buckling completely
disappears.
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(a) Initial shape.

(b) Beam I and Beam IV begin to touch the substrate. (c) Beam IV begins to buckle up.

(d) Beam I begins to buckle up. (e) Final buckled shape.

Figure 6.21.: SEM images show the deformed structural shapes during the loading process. The corresponding
moments (a)—(e) are marked in Fig. 6.20.

Another influence brought by this internal stress is the coupling effect between the com-
pressive term for buckling and the gradient term for bending, both of which lead to
deflection. As depicted in Fig. 6.22, for a cantilever beam that is already bent because of the
moment M, the compressive force F for buckling also generates a bending moment to the
beam, especially in the situation of large deflection. This coupling effect complicates the
analyses of the internal stress with gradient. Furthermore, the moment M leads to changes
of the critical buckling force F., as deformed structures are more sensitive to buckling
loads. For instance, Michael and Kwok [49] have derived the change of critical buckling
force of a beam in the presence of external and residual moments. This dependency poses
another challenge of the analyses of buckling performance.

Consequently, understanding the origin and the generation mechanism of this position-
dependent internal stress is of great importance for the amelioration of the bistable
design. In-situ characterization techniques such as Raman spectroscopy [166], which
reveals stress change by monitoring shift of Raman spectrum locally, complemented by
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Figure 6.22.: The coupling effect between the bending moment M and the compressive force F for buckling.

sophisticated non-linear finite element simulations, are potential methods to reveal the
actual stress distribution. On this basis, further improvements to the structural design
should concentrate on compensation of the undesirable moments induced by the residual
stresses. Feasible approaches include precise stress tuning in the SMA layer and adding a
third stress compensation layer so that Eq. 4.17 can equal to zero in the ideal situation.

6.7. Summary

In this chapter, a bistable nanoactuator design composed of four cantilever beams is
proposed by exploiting the residual stress in the SMA layer to introduce the buckling of
beams. The bistable mechanism is based on that the buckled beams naturally possess
two stable states. The state-switching load comes from the thermal moment and the
moment induced by the shape memory effect of SMA layer. The buckled beam is analyzed
as a cantilever beam supported by springs with finite stiffnesses, and the influences of
geometrical parameters on the critical buckling force are investigated on this basis. After
structural fabrication, it is found that there is noticeable internal stress in the Si layer
resulting in significant moment, which hinders the bistable performance. By mechanically
applying a force at the free-end of the nanoactuator, snapping phenomena are witnessed
with a stroke about 3.6% of the beam length.
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7. Integration of SMA Nanoactuator with
Directional Coupler

Directional coupler is one of the fundamental components in the design of photonic circuits.
Its coupling performance can be tuned by controlling the gap between the waveguides.
The SMA/Si bilayer nanoactuator introduced in Chapter 5 is a potential candidate to
perform this mechanical tuning. In this chapter, the multiphysical structure, i.e., the
nanoactuator integrated directional coupler, is designed, fabricated and characterized.
The photonic, mechanical and electric parts are designed separately. Parametric studies
are performed to ensure the optimal performance of the key component, the directional
coupler. A fabrication process involving three exposure steps is proposed together with
the fabrication results. The performance of the photonic circuits is characterized by
transmission tests. Lastly, the revealed fabrication problems and potential improvements
to this structure are discussed.

7.1. Design

It has been introduced in Chapter 3 that light propagation can be coupled from a bus
waveguide into a neighboring receiving waveguide with the help of a directional coupler.
The coupling efficiency is dependent on the gap between the two waveguides. The idea
behind the design is that by actively controlling the waveguide distance with the help of
the nanoactuator, the coupling efficiency is tuned by the nanoactuator stroke accordingly.
Therefore, the nanoactuator functions as a light switch in controlling the propagation path.
A general sketch of the device is depicted in Fig. 7.1, which can be decomposed into several
different parts: Optical input/output (I/O), waveguides, directional coupler, nanoactuator,
electric circuit and I/O. Designs of these parts are introduced in the following in detail.

7.1.1. Opticall/O

As introduced in Section 3.4, the grating couplers are used to match the large mode
difference between the optical fiber and on-chip sub-micrometer waveguides. A focusing
shallow-etching grating coupler is adopted from [130] with the following advantages:

« Allowing for air as the top-cladding. Thus, this grating coupler is compatible with the
movable structures on chip where the common top cladding material, for instance
SiO;, cannot be applied.
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Figure 7.1.: The (a) overall and (b) detailed views of the designed directional coupler integrated with SMA-
based nanoactuator.

+ Designing for the TE-mode light propagation, which has higher effective refractive
index and converges more electromagnetic energy inside the waveguide.

« Simplifying the fabrication process as no protection layer is needed when releas-
ing the movable structures by wet etching. Further explanations can be found in
Section 7.3.

« The focusing design possesses a much smaller footprint by avoiding long taper
structure between grating couplers (micrometer) and waveguides (sub-micrometer).

Fig. 7.2 shows the sketches of this focusing grating coupler with important design parame-
ters. Exact values of these parameters are listed in Table 7.1.
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Figure 7.2.: (a) Top and (b) side view of the grating coupler with the design parameters.

Table 7.1.: Values of the design parameters of the grating coupler adopted from [130].

Design Parameters Value

Initial radius ry 31 um
Focusing angle a 25°

Period p 633 nm

Groove width w 300 nm

Etching depth e 70 nm

7.1.2. Waveguides and Taper

Taking into account that the grating coupler is shallow-etched while the directional
coupler is deep etched in order to fabricate movable free-standing structure, two types of
waveguides are needed to connect them, i.e., the rib waveguide and the strip waveguide.
Design details are described in the following.

Geometrical dimensions: The (total) height for both types of waveguides is 220 nm,
which is determined by the thickness of the device layer of the SOI wafer used for device
fabrication. To avoid the existence of higher modes, the width of the waveguide is selected
to be 500 nm. An additional parameter for the rib waveguide, the shallow etching depth,
is kept to be 70 nm, which is the same as for the grating coupler described in Table 7.1.

Effective refractive index: Materials neighboring to the waveguide have a significant
influence on the effective refractive indices. For the structure studies here, the top cladding
for both types of waveguides is air; however, the bottom cladding for the rib waveguide
is SiO; and for the strip waveguide is air, as the latter needs to be free-standing for
functioning purposes.

Fig. 7.3 compares the contour of magnitude of the Poynting vector in the cross-section of
the rib and strip waveguide, which is simulated by Comsol. Arrows in the figure show
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the direction of electric field E and their lengths represent the magnitude |E|. It can be
learned from this figure that electromagnetic energy fluxes are well constrained in the
waveguides of both types; the electric fields are almost in horizontal direction proving
that the mode is very close to the theoretical TE-mode. Effective refractive indices for the
rib and strip waveguides are 2.6624 and 2.3584 respectively. Therefore, it is necessary to
further introduce a taper structure to connect these two types of waveguides to avoid loss
due to the mode mismatch.
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Figure 7.3.: Contour of magnitude of the Poynting vector of (a) rib and (b) strip waveguide in TE-mode.

Taper design: To design the taper structure with appropriate dimensions, Fig. 7.4 demon-
strates the relation between the slab width and the effective refractive index of a rib
waveguide. It should be noted that different from the simulation in Fig. 7.3(a), both top
and bottom claddings are set to be air aligning with the real situation in fabrication. The
effective refractive index saturates when the slab width increases above 2 um, therefore,
the dimensions of the taper structure are determined to have the size of 2 X 10 um? with a
slab width ranging from 500 nm to 2 um, which lowers the mode mismatch loss and does
not bring additional fabrication difficulty at the same time.

7.1.3. Directional Coupler

As introduced in Section 3.3, the coupling length of a directional coupler is determined by
the symmetric and asymmetric effective refractive indices with Eq. 3.26. An example is
given by the free-standing directional coupler composed of two strip waveguides, which are
separated by 110 nm, and both top and bottom claddings are air. The simulated symmetric
and asymmetric TE-modes at wavelength 1550 nm are presented in Fig. 7.5 where the
color contour represents the value of electric field in x—direction E,. The corresponding
coupling length L. is 36.6 um. Fig. 7.6 shows the relation between the gap size g, the
symmetric and asymmetric effective indices ng, n, and the coupling length L.. Due to
limitations of fabrication techniques, the gap can be well patterned when its size is no
less than 100 nm, meanwhile, a larger gap size also leads to also a longer coupling length
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bringing further instability to the free-standing structure. Therefore, the gap size is chosen
to be 110 nm for structure fabrication. Fig. 7.7 further demonstrates the oscillation of the
scale of the Poynting vector between the bus waveguide and the receiving waveguide. The
distance between two peaks in bus waveguide and receiving waveguide represents the
coupling length L.. Because the length of the simulated structure equals to 2L, it can be
clearly seen that the power flow switches back to bus waveguide after propagating this
distance.
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Figure 7.5.: (a) Symmetric and (b) asymmetric TE-modes of the directional coupler composed by two strip
waveguides with a gap of 110 nm. Both top and bottom claddings are air. The structure is simulated at the
wavelength of 1550 nm.
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Additionally, the bent waveguides are adopted to connect to one waveguide of the direc-
tional coupler to separate coupling. As introduced in Section 3.2.3, the bent waveguides
are in the shape of partial Euler bend, the effective radius R is chosen to be 10 um and
the ratio p = 0.5.
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Figure 7.6.: Influence of gap size of the directional coupler on symmetric and asymmetric effective refractive
indices and the coupling length simulated at the wavelength A of 1550 nm.

7.1.4. Nanoactuator

The general considerations of designing the SMA/Si bilayer nanoactuators have been
introduced in Chapter 5, which remain valid for the applications in the current chapter.
However, the connected waveguide can bring additional constraint to the deflection of the
nanoactuator, and this influence is analyzed in the following.

As plotted in Fig. 7.8, the length and the bending stiffness (defined by Eq. 4.13) of the
nanoactuator are leam and (EI)q respectively. When there is no constraint from the
waveguide, the deflection of the nanoactuator induced by the equivalent bending moment
M.q (defined by Eq. 4.17) is §.q, which can be obtained by Eq. 4.9 and Eq. 4.16. For the
waveguide structure, because it is fixed at the end connecting to the taper, it can be also
seen as a cantilever beam with the length [, and bending stiffness (EI)ys.

Assuming that the interaction between the nanoactuator and the waveguide is represented
by a shear force Fy, in y—direction at the free-end of the nanoactuator, the deflection of
the waveguide induced by this force is

3

5wg = 3(E—I)Wg (71)
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Figure 7.7.: Simulated oscillation of the scale of the Poynting vector between the bus waveguide and the
receiving waveguide aroused by the imposition of symmetric and asymmetric modes. The gap of the
simulated directional coupler is 110 nm and the length is twice of the coupling length (73.1 pm).

Figure 7.8.: Force analysis of the SMA/Si bilayer nanoactuator connected to a cantilever-shape waveguide.

Similarly, this force also induces a deflection on the nanoactuator

Fyol?
W8 beam
O = —————. 7.2
S(EI)beam ( )

The resulting deflection of the nanoactuator needs to be equal to the deflection of the

waveguide, which gives
Oeq + OF = Owg. (7.3)
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Combining Eq. 7.1-7.3, the ratio between Jq and dyy is

53(1 (EI)Wg lseam

=1+ .
5wg (EI)beam l\?vg

(7.4)

Since (EI)wg < (EI)beam and Ipeam < Lyg in the current design, it can be concluded that the
influence of the waveguide on the deflection of the nanoactuator is minor.

In addition, the nanoactuator needs to be located at a position where the interference
coming from the metal layer of nanoactuator on the light propagation is negligible. This
distance is set to be 2.5 pum in the layout design.

7.1.5. Electriccircuitand1/O

Apart from the photonic circuit, the appropriate electric circuit and I/O is also necessary
to be integrated on the chip for Joule-heating of SMA-based nanoactuators. General
considerations include that the gap between the electric and photonic circuit needs to
be large enough to avoid possible crosstalk. Positions of electric I/O are located near the
boundaries of the chip for convenient connections to external electrical wires. In the
current design, a minimum distance of 100 pm is guaranteed between electric lines and
photonic waveguides, and the pads with size of 600 X 600 pm? are arranged near the edges
of the chip for the wire-bonding.

7.2. Parametric Study

The performance of the nanoactuators has been thoroughly investigated in Chapter 5,
therefore, the focus of this section is the parameters that have influence on the performance
of the directional coupler, including the dimensions of the waveguides, the gap size and
the wavelength of the propagating light. The values of the parameters for the reference
directional coupler are as follows: the length, width and height of both the bus and
receiving waveguides are 36.6 um, 500 nm and 220 nm, respectively; the gap size is 110
nm and the corresponding coupling wavelength of the light is 1550 nm. Both the top and
the bottom claddings are the air.

7.2.1. Dimensions of the Cross-section of the Waveguides

For the free-standing strip waveguides of the directional coupler, the two geometrical
parameters are the width and the height of the cross-section of the waveguides, which
have direct influences on the effective refractive indices. The errors of the dimensions
originate from the fabrication processes. For example, the width may not be exactly 500
nm due to the proximity effect. Besides, it has been provided by the manufacturer of the
SOI wafers used for the fabrication that the tolerance of thickness of the device layer
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is +10 nm. In the following, the errors will be added to the width and the height of the
waveguides respectively.

1. Error of the Width:  Fig. 7.9 plots the influence of the errors of the width on the effective
refractive indices of the symmetrical and asymmetric modes (n; and n,) and the coupling
efficiency k2. It should be emphasized that the gap between the waveguides is kept as
constant while varying the width of the waveguides. It can be learned from Fig. 7.9
that both the refractive indices decrease with smaller waveguide width, meanwhile the
difference between ng and n, enlarges resulting in smaller L.. The shaded area highlights
the error range corresponding to 1 dB loss. Evidently, the coupling efficiency is more
sensitive to smaller width due to a local minimum at the width error of -70 nm. This
is because the coupling length at this point is 17.9 pm, hence the light travels almost a
complete cycle that almost all the power returns back to the bus waveguide.
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Figure 7.9.: Relations of the symmetric and asymmetric refractive indices ns and n,, and the coupling
efficiency k? versus the errors of the waveguide width. The shaded area represents the 1 dB width of the
error range.

Il. Error of the Height: The influence of the height of the waveguide is displayed in
Fig. 7.10. In the error range from -20 nm to 20 nm, both n; and n, increase nearly linearly
with the growing errors in parallel. Therefore, there is minor variation of the coupling
length, and the coupling efficiency is insensitive to the errors of waveguide height.

7.2.2. Gap Size

Because the studied directional coupler is a movable structure, this parameter is studied in
a wide range from 60 nm to 600 nm, as illustrated in Fig. 7.11. With the increasing gap
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Figure 7.10.: Relations of the symmetric and asymmetric refractive indices ns and n,, and the coupling
efficiency x? versus the errors of the waveguide height.

size, the symmetric effective refractive index drops significantly in comparison with the
asymmetric term, which gradually increases and approaches the symmetric counterpart.
The coupling efficiency shows high sensitivity to the gap size, where the upper limit of the
3 dB loss range is 178 nm, as marked out by the shaded area. This suggests that, starting
from complete coupling, a displacement of only 100 nm can lead to significant attenuation
of the output signal from the receiving waveguide.
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Figure 7.11.: Relations of the symmetric and asymmetric refractive indices ng and n,, and the coupling
efficiency x? versus the gap size of the directional coupler. The shaded area represents the 3 dB width of the
gap size.
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7.2.3. Wavelength

Due to the fabrication errors of the grating couplers, the optimal coupling wavelength
may deviate from the designed wavelength of 1550 nm. Therefore, it is necessary to
know the coupling efficiency change in a wavelength sweep. In Fig. 7.12, both effective
refractive indices decline almost linearly with the increasing wavelength approximately
in parallel. Hence, the coupling efficiency witnesses a low diminution of about 1 dB in a
large wavelength range between 1460 nm and 1550 nm.
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Figure 7.12.: Relations of the symmetric and asymmetric refractive indices ns and n,, and the coupling
efficiency x? versus the wavelength of the light propagating in the directional coupler.

7.2.4. Refractive Index of Si

The refractive index of Si exhibits a dependency on various factors, including the wave-
length [167], the doping level [168-170] and the temperature [171, 172]. For the investi-
gated structure, because of the thermally induced phase transformation of SMA in the
nanoactuator, there is a temperature gradient along the free-standing waveguides as
well, thus resulting in an increase of the refractive index of Si. Fig. 7.13 presents the
influence of the error of the refractive index of Si, Ang;. The linearly growing effective
refractive indices of the two modes gradually approach each other, which gives larger
coupling lengths. Consequently, the coupling efficiency decreases, and the loss exceeds 1
dB when the deviation of ng; is larger than 0.144. Based on the thermo-optic coefficient of
Sidn/dT =1.818 x 10"*K™! at the wavelength of 1550 nm [171], this error corresponds to
a temperature increase about 790 K, which is significantly higher than required to induce
the phase transformation. The influences of the wavelength and the doping level on the
refractive index of Si are also low [168, 170, 171], taking in account that the doping level
of the device layer of the SOI wafer used for fabrication is about 10'® cm™3. Thereby, it
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can be concluded that the factors leading to fluctuations of the refractive index of Si have
limited influence on the coupling efficiency.
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Figure 7.13.: Relations of the symmetric and asymmetric refractive indices ns; and n,, and the coupling
efficiency x? versus the error of the refractive index of Si Ang;. In the studied error range, the loss is above 1
dB when Ang; > 0.144.

7.3.

Fabrication Process

The fabrication process of the actuated directional coupler comprises several runs of
exposures and etching steps. For clarity of explanation, the major steps are introduced
separately in the following.

L

IL.

104

Chip Preparation

This fabrication process starts with a SOI chip (Fig. 7.14 (a)). The thickness of the
device layer and box layer of these chips are of 220 nm and 3 pum, respectively.
Standard cleaning procedures are carried out beforehand and gold markers are
patterned on the chips by lift-off prior to structure fabrication due to the demand of
more than one exposure step, as introduced in Section 2.2.1.

Definition of Photonic and Mechanical Structures

The first exposure step is to define the patterns of waveguides, grating couplers,
nanoactuators and conductive lines. The negative resist HSQ is coated and patterned
by EBL. Different dose values are chosen depending on the feature sizes. These
patterns are then transferred to the device layer by RIE with shallowly etched depth
of 70 nm (Fig. 7.14 (b)). Etching gases for this process include CHF; and SFg, and the
chamber temperature during etching is set at 20 °C. It is important to note that HSQ
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is not removed after this dry etching step as it will still act as a hard mask for the
following etching step.

III. Definition of Release Windows

The second exposure step is to define the release windows, inside which the structures,
including nanoactuators and directional couplers, will be free-standing. The positive
resist PMMA is coated on the chips and exposed by EBL, as depicted in Fig. 7.14 (c).
The pattern transfer is achieved by another cryo-RIE step to fully etch the remaining
device layer of 150 nm in the defined windows. Etching gases for this step are SFg,
O, and Ar, respectively. The chamber temperature is cooled down to —100 °C. It
should be highlighted that there are defined waveguide and actuator patterns in the
windows and they are protected by the HSQ from previous exposure step. PMMA is
removed after RIE to get prepared for the next wet-etching step (Fig. 7.14 (d)).

IV. Structure Release
The chips are immersed in HF-based solution to etch SiO, underneath. The etching
depth needs to be at least 1 um to avoid potential interference on waveguides from
the substrate. Critical point drying follows afterwards to avoid damage on the
structures caused by liquid stiction (Fig. 7.14 (e)). Additionally, HSQ is also dissolved
and removed in this wet-etching step due to its composition properties.

V. SMA Deposition

Because the SMA layer is required to be locally sputtered on conductive lines and
nanoactuators, it is added to the chips by a lift-off process. A bilayer PMMA is
coated and exposed to define the sputtering window, then the chips are handed
to DC magnetron sputtering of SMA. Similar to the thickness requirement of the
bilayer PMMA that having been explained in Section 6.4, it is necessary that the
resist is thick enough to fill the height gap between the free-standing structures and
the substrate. After lift-off and being dried by critical point drying, the chips are
annealed to crystallize SMA (Fig. 7.14 (f)).

The main advantage of this fabrication process is that no additional mask is required during
the wet-etching step. Because the waveguides are only partly released, as a comparison,
the conventional process is to apply a resist as the protective mask on the waveguides
sitting on the substrate. Since HF is highly aggressive to polymer-based resists, the etching
time is largely limited and there is risk of introducing contamination from resist. A trial
with resist AZ 1505 is taken before the above process is conceived and it is found that the
resist starts to peel off during etching. By exploiting the high selectivity between Si and
SiO; in HF-based solution, shallowly etched rib waveguides function as a perfect mask to
define the etching windows.
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(b)

l TINiCu

Figure 7.14.: Fabrication processes of SMA-based nanoactuator integrated with the directional coupler. (a)
The SOI wafer used for fabrication; (b) The shallow Si RIE of 70 nm. The patterns for this etching step are
defined by the first EBL exposure with the resist HSQ. (c) A window for the deep Si RIE is defined by the
second EBL exposure with the resist PMMA. (d) Deep Si RIE to expose the box layer in the regions that the
structures will be released. (e) Wet-etching of SiO, to release the free-standing nanoactuators and directional
couplers. (f) 300 nm-thick Tis4Nis; Cuys layer is added to the top of the nanoactuators and the electric circuit
(not displayed in the figure) by lift-off. The whole wafer is annealed lastly.
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7.4. Fabrication and Experiment Results

7.4.1. Fabrication Results

Firstly, the fabrication results following the process in Section 7.3 are presented. Fig. 7.15(a)
shows the free-standing directional coupler integrated with a cantilever beam of 12.5 um in
length after Step (e). The height gap from the shallow etching (Step (b)) and the deep
etching (Step (d)) of Si can be clearly seen around the conductive pads at the fixed-end
of the cantilever beam. The free-standing structures are released successfully without
adhesion problem. However, one can notice a slight height difference between the bus
waveguide and the receiving waveguide due to the residual stress in the device layer,
which has been discussed in Chapter 6. This is better revealed on the partially released
reference waveguide in Fig. 7.15(b). The reference waveguide refers to a waveguide without
functional component in order to acquire the transmission loss through the waveguides
and the grating couplers. In Fig. 7.15(b), the partially released part of the waveguide is
in a shape of the bridge beam of 20 um in length, and it buckles up with the maximum
deflection about 320 nm.

a

Receiving

; Waveguide
Bus Waveguide

(b) Partially released reference waveguide.

Figure 7.15.: SEM images showing (a) a free-standing directional coupler with a 12.5 um-long cantilever
beam and (b) a reference waveguide with a partially released section of 20 um in length. Both pictures are
taken after step (e) of the fabrication process.

Fig. 7.16 presents two identical structures (A and B) at different positions on the same
chip after the annealing of Tis4Nis;Cuys layer (Step (f)) in both the side and top views.
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The dimensions of both structures are the same as the structure in Fig. 7.15. Due to the
severe sidewall deposition during the sputtering process, one can notice that there are
the "skirt-like" residuals along the edges of the electric conductive pads. Besides, the
isolation gaps between the pads are almost or completely filled causing short-circuit of
the current through the double-beam nanoactuators. Another noticeable phenomenon is
that the identical nanoactuators deform into different shapes—the beam bends upwards
in Structure A while deflects downwards in Structure B. This indicates that the stress
distribution is not uniform across the wafer surface. Fig. 7.17 further demonstrates a
deformed 10 um-long nanoactuator, which has a large deflection of about 3.3 pm. In all
three examples, the gaps between the directional couplers are significantly enlarged than
the designed 110 nm, which causes the light coupling impossible. The unstable and uneven
stress distribution across the wafer surface brings considerable challenge of precisely
controlling the gap of the directional couplers, which is crucial to the functionality of the
actuated directional coupler.

Therefore, in the following only the results of the photonic transmission tests are presented,
which are conducted with the photonic circuit after step (e) of the fabrication process.

7.4.2. Setup of Transmission Test

For the fabricated nanophotonic devices, the standard procedure to learn the device
performance is to perform transmission tests. A laser beam with a specific power is guided
into the integrated photonic circuit from an input optical fiber, which then propagates
along the designed waveguide path until it reaches the output terminal connecting to the
output optical fiber. The beam from the output end is analyzed to learn its power and
phase information, which reveals the loss and performance of on-chip structures. In terms
of the directional coupler, the output power from the bus and receiving waveguides are of
great interest to learn the coupling efficiency.

Fig. 7.18 shows a sketch of a transmission test platform of integrated photonic chips, which
comprises the following different parts.

Fiber-coupled laser source: The tunable wavelength of the laser source renders a wave-
length sweep feasible, which is necessary to find the optimal functioning wavelength.

Fiber polarization controller: The polarization states of light is converted between the
linear, circular and elliptical states by using stress-induced birefringence.

Charge-Coupled Device (CCD) camera: The accurate positions of the fiber tips are moni-
tored in real-time with the help of the magnification lens on the camera.

Optical spectrum analyzers (0SA): The output light from the chip is collected and ana-
lyzed.

Unless explicitly indicated, the input power from the laser source is set to be 0 dBm for all
the transmission tests in the following sections by default.
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(c) Top view of Structure A. (d) Top view of Structure B.

Figure 7.16.: SEM images of the side and top views of two identical structures with different deformation
shapes, which have the same dimensions as the structure in Fig. 7.15.

7.4.3. Transmission Test Results
Reference Waveguides Obtaining the transmission spectrum of a reference waveguide

is usually the first step in a transmission test, which gives the information such as the
efficiency of the grating coupler, the envelop curve and the loss of a photonic circuit in a
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Figure 7.17.: SEM image of a 10 um-long nanoactuator with a deflection of about 3.3 pm after the annealing
of Ti54Nigl Cu15 layer.
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Figure 7.18.: Sketch of the test platform for transmission tests.

certain bandwidth. Fig. 7.19 compares the transmission spectra of two types of reference
waveguides: the first one is the pure rib waveguide, and the second one is composed of
both rib and strip waveguides by partially releasing a section of the waveguide in the
middle. The purpose of comparison is to learn the loss brought by the taper structure. The
wavelength range of the tests is between 1460 nm and 1560 nm.

Clearly, the two approximately coincident curves confirm that the loss from the taper
structure is negligible. The peaks of the curves fall at the wavelength of 1555 nm, which
validates the efficiency of the grating coupler at the incident angle of 10°. The grating
coupler also possesses a wide 1 dB bandwidth of about 18 nm (from 1542 nm to 1560
nm). Moreover, the reference waveguides are tested after experiencing the annealing
environment of the SMA. The dashed curve in Fig. 7.19 is from a reference rib waveguide
before annealing, which indicates that the annealing process of Tis4Ni3; Cuys films has
minimal influence on the performance of Si photonic circuits.

Free-standing Directional Couplers In Section 7.1, the gap and the length of the directional
coupler are designed to be 110 nm and 36.6 pm, respectively, which correspond to the
length of full coupling L.. Fig. 7.20 plots the transmission spectra of the directional couplers
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Figure 7.19.: Transmission spectra (solid lines) of the reference waveguides with and without partially
releasing section after being annealed. The dashed line is from the reference rib waveguide before annealing.
The shaded area represents the 1 dB bandwidth of the grating coupler.

with different lengths ranging from 0.89L, to 1.06L.. Evidently, at the wavelength of 1550
nm, it is only at the length of 1.0L, that the output power from the receiving waveguide is
higher than the power from the bus waveguide. The exceeded magnitude is about 4 dB
corresponding to about 71% of the total power coupled into the receiving waveguide. A
full coupling takes place at the wavelength of 1520.8 nm, while it is inconsistent with the
analyses in Fig. 7.12. For the other lengths, the power from the bus waveguide is about 9
dB higher on average than the receiving waveguide at the wavelength of 1550 nm. Fig. 7.21
demonstrates the power ratios distributed in the bus and receiving waveguides of different

lengths.

The imperfect coupling at the length 1.0, and the high sensitivity of the coupling efficiency
to the length can be attributed to various reasons. One concern is the extra coupling from
the non-parallel waveguides (bends) in the neighboring area of the directional coupler.
The extra coupling distance can reach to 2.3 um for a directional coupler designed to be
15.5 um in length [62]. Due to the systematic error in the exposures, the dimensional
deviations of the grating couplers may excite TM mode instead when the phase matching
condition can be satisfied. The mode analysis gives that L, equals to 2.8 pm at TM
mode, which is significantly smaller than the length at TE mode. Because of the fragility
of the free-standing structure, the variations of the gap size can also contribute to the
discrepancy.

Directional Couplers on Box Layer To further verify the analytical and numeric models
in the analyses above and exclude the influence of the movable waveguides, the fixed
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Figure 7.20.: Transmission spectra of the free-standing directional couplers with various lengths from 0.89L,
to 1.06L.. The magenta line is the spectrum of the reference waveguide.

directional couplers on box layer with the grating couplers for TM-mode are also fabricated
to perform the transmission tests. The dimensions of the waveguides and the gap size are
kept the same. A thick PMMA layer is coated on top of the chips as both the protective
layer and the top cladding layer. At the wavelength of 1550 nm, the symmetric and
asymmetric TM-modes of such directional couplers are presented in Fig. 7.22, in which the
color contour represents the value of the magnetic field component in x—direction H,. The
corresponding coupling length L, is 4.5 pm. As examples, Fig. 7.23 plots the transmission
spectra of the directional couplers with lengths of 19.6 um and 31.3 um, respectively. The
former gives the full coupling at the wavelength of 1556.5 nm while for the latter, the
wavelength of full coupling shifts to 1540.5 nm.

At the wavelength of 1550 nm, the power outputs from the receiving and the bus waveg-
uides of a series of lengths are marked out in Fig. 7.24. Taking the extra coupling length
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Figure 7.21.: Power ratios in the bus and receiving waveguides of the lengths in Fig. 7.20.

Zextra from the non-parallel waveguides into account, the coupling efficiency of Eq. 3.27
can be rewritten as

. Tt (Z + Zextra)
k% =sin? |- 220 (7.5)
L
Accordingly, the power ratio through the bus waveguide is
T0(Z + Zextra)
2 =1—K? = cos? | = —Z22 . (7.6)
L.
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Figure 7.22.: (a) Symmetric and (b) asymmetric TM-modes of the directional coupler composed by two strip

waveguides with a gap of 110 nm at the wavelength of 1550 nm. The top and bottom claddings are PMMA
and SiOg, respectively.

By fitting the data points in Fig. 7.24 with Eqgs. 7.5-7.6, both fitted equations give the
coupling length of 5.1 pm, which is comparable to the theoretical value 4.5 um. The
fitted extra coupling length zey;a = 5.25 wm, which indicates that the coupling effects

from non-parallel waveguide bends are not negligible when designing the directional
couplers.
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Figure 7.23.: Transmission spectra of the fixed directional couplers in TM mode with lengths of (a)

19.6 wm and (b) 31.3 um.
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Figure 7.24.: The ratios of power outputs from the receiving and the bus waveguides of different lengths at
the wavelength of 1550 nm. The dots are experimental data, and the dashed lines are curves of the fitted
functions.

7.5. Discussion

The fabrication results and the transmission spectra of the photonic devices have been
presented, which in principle verify the feasibility of the integration of the SMA-based
nanoactuator and the directional coupler. Meanwhile, the quality problems and the discrep-
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ancy exposed in the fabrication and experiments form the basis for the future amelioration,
which will be discussed in detail hereinafter.

I. Stress EngineeringinLayers: The stresses in the SMA and Si layers play a crucial role in
the deformation behavior of the nanoactuator. It has been revealed that the inhomogeneous
stress distribution across the wafer surface seriously impaired the functionality of the
actuated directional coupler. Apart from the residual stress in the SMA layer introduced
during sputtering and annealing processes, particular attention should be paid to the
internal stress in Si layer generated during the fabrication process. Fig. 7.25 shows a
directional coupler without nanoactuator. After releasing, both waveguides bend upwards
with an exceptionally large deflection of about 5.6 pm, which is not seen in Fig. 7.15(a), even
though the same releasing processes are followed. Therefore, to optimize the performance
of this structure, it is imperative to pinpoint stress sources and implement precise control
of it. In addition, by referring to Eq. 4.17, a stress compensation layer with appropriate
residual stress can be added on top of the SMA layer so that the nanoactuator can start
from a flat state at room temperature.

Figure 7.25.: A released directional coupler without the nanoactuator. Though there is only the Si layer, the
directional coupler has a deflection of about 5.6 pm.

Il. Directionality of the SMA Sputtering Process: Fig. 7.16 explicitly demonstrates the
influences of the sidewall deposition. Besides the short-circuit problem, the sidewall
depositions not only change the original designed dimensions, but also bring harmful
metal particles during the lift-off process. The remaining particles on the photonic circuit
can greatly attenuate the light propagation. The adjustments on the sputtering parameters
and processing with IBE after sputtering and before lift-off are necessary to mitigate the
negative influences of sidewall deposition.

Ill. Structural Robustness: Another reason contributing to the difficulty of deflection
controlling is the large length of the directional coupler. Although the TE-mode has higher
effective refractive indices to "trap" the light, the required coupling length of 36.6 pm also
causes the mechanical sensitivity of the structure to external disturbance. Integrating
tapers into the design [173] or switching to TM-mode are two potential methods to improve
the structural robustness with smaller coupling length. Meanwhile, the degradation of the
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deflection change of the nanoactuator, which is defined by Eq. 7.4, and the sensitivity of
the coupling efficiency with shorter length require an overall consideration to guarantee
both the mechanical and optical performance of this nanoactuator integrated directional
coupler.

7.6. Summary

In this chapter, the design, fabrication and photonic characterization of the nanoactuator
integrated directional couplers are investigated analytically and experimentally. The mul-
tidisplinary structure is decomposed into the photonic circuits, the mechanical actuators
and the electric circuits for separate designs. The key components, directional couplers,
functions in TE-mode with the coupling length of 36.6 um at the wavelength of 1550 nm.
The parametric studies of the directional coupler reveal that the width of the waveguides
and the gap size have more substantial influences on the coupling efficiency compared
to other parameters. In the fabrication process that requires three exposure steps, the
combination of shallow etching and deep etching of Si renders more controllable wet
etching process of SiO;,. The fabrication results show that stress engineering of both SMA
and Si layers plays an important role in precise controlling of the gap size. About 71% of the
input power is successfully coupled into the receiving waveguide at the designed length by
performing the transmission tests. The tests with fixed directional couplers verify that the
deviations between the analytical and experimental results of the free-standing structures
can be attributed to the error of the gap size control.
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8. Summary and Outlook

8.1. Summary

Belonging to the category of smart materials, shape memory alloys (SMAs) exhibit high
work density and potential scalability of dimensions down to nanometer size, which renders
SMAs highly attractive for applications in the fields of MEMS and NEMS. Integrating SMA
films into the design of bistable structures and MEMS-tuned photonic circuits brings new
possibilities of having more compact and energy efficient nano-scale actuators for broader
application domains, e.g., electric relay, photonic switch and non-volatile memory.

The overall objective of this dissertation is to perform bistable out-of-plane actuation at the
nano-scale enabling novel tunable devices for optic and photonic applications. To achieve
this objective, SMA-based bilayer and multilayer cantilevers are investigated including
their design, fabrication and characterization. The base SMA materials are Tis4Nis;Cu;s
films developed by the collaboration partners at RUB. The first part of the dissertation
addresses the development of analytical models to predict the mechanical and thermal
performances of multilayer beam structures. This allows the model-based development
of Ti-Ni-Cu/Si bilayer cantilevers and advanced bistable nanoactuators with four-beam
structure. Finally, the potential use of the nanoactuators in mechanically tunable photonic
directional couplers is explored. Accordingly, appropriate fabrication processes are de-
veloped for the bistable nanoactuators and the mechanically tuned photonic directional
couplers. Various requirements of techniques are taken into account, including EBL, RIE
and magnetron sputtering. The major results from this work are summarized in the
following.

I. Analytical models predicting the mechanical and thermal performances of multilayer
beam structures

Based on the Euler-Bernoulli beam theory, an analytical mechanical model is developed to
calculate the stress distribution, curvature and deflection of multilayer beam structures
deformed due to the inelastic strains in the layers, such as thermal and residual strain.
This concise model does not rely on the assumption of small deflection and is compatible
with the non-linear material properties present in SMAs.

Starting from the Fourier’s law, an analytical thermal model is derived to describe the
temperature profile and heat dissipation mechanism of Joule-heated multilayer beam
structures, which can be in cantilever or bridge shape. It is found that at the scale below
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micrometer, heat conduction to the substrate plays the major role in the heat dissipation
mechanism and geometrical dimensions have negligible influence on the maximum tem-
perature on the beam. This model is validated experimentally by a Joule-heated cantilever
beam at millimeter scale.

Despite the limitations on the applicability of material and structural shape, these two
analytical models are convenient for having a fast overall understanding of the involved
parameters and preliminary designs of mulitlayer nanoactuators. The models also form
the bases of the further investigations of this work.

Il. Mechanical and thermal analyses of Ti-Ni-Cu/Si bilayer nanoactuators

The phase transformation temperatures of 600 nm magnetron sputtered Tis4Nis;Cuys film
on Si substrate are determined by temperature-dependent electrical resistance measure-
ment, and the result shows that the film transforms above room temperature with a narrow
hysteresis width of 1.9 °C. This confirms the feasibility of the Tis4Nis; Cuys films for the
applications in actuation. On this basis, the electro-thermo-mechanical performances of
the Joule-heated SMA/Si bilayer cantilever nanoactuators are investigated analytically and
numerically. The mechanical model reveals that the deflection evolution with hysteresis
in a thermal cycle can be attributed to several competitive effects, i.e., the mismatch of
thermal expansion coefficients effect, the AE-effect and shape memory effect. The stroke
of the nanoactuator reaches the maximum when the thickness of Tis4Nis; Cuys layer is
half of the Si layer. Due to the temperature gradient disclosed by the thermal model,
an appropriate current range is proposed that 80% of beam length can complete phase
transformation to austenite state while overheating is avoided.

Folding the beam length that partially transforms into a wing structure is an effective
approach to mitigate the temperature gradient. The diminution of mechanical stiffness
brought by the wing structure is studied by employing the Castigliano’s second theorem.
Combining with the joint electro-thermo-mechanical simulation, it is found that the
optimal range of the wing ratio is 20%—-25% to attain a compromise among the stroke,
power consumption and structural stiffness.

I1l. Bistable out-of-plane SMA nanoactuators with four-beam design

The novel design is composed of four cantilever beams arranged in parallel. The Tis4Nis;Cu;s
film is selectively deposited onto the two center beams, which leads to buckling of the

two outside beams because of the residual stress in Tis4Ni3;Cu;s film. The thermal effect

and shape memory effect provide the moment to switch between the two stable buckling

states. The structure of the nanoactuator is equivalent to a cantilever beam supported

with finite stiffnesses at the free-end for the buckling analyses. Precise adjustments of

the geometrical dimensions are essential to enlarge the difference between the first and

second mode of critical buckling forces.
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The fabrication process successfully demonstrates the feasibility of selective deposition
of SMA layers on free-standing structures. The deflection of the fabricated structures
without SMA layer suggests that there is significant position-dependent internal stress in
the Si layer, which can be decomposed to a compressive term resulting in buckling and
a gradient term resulting in a bending moment. Snapping with a stroke of 1.67% beam
length is observed during the nanoindention test of structures without SMA layer. After
the deposition and annealing of SMA layer, the initial deflections of the nanoactuators
further increase. With specific geometrical dimensions, the nanoactuator snaps during the
nanoindention test with an enhanced stroke about 3.6% of beam length, accompanied by a
force surge of around 98.6 uN. The non-linear force-displacement relation demonstrates
the requirement of additional energy input during the snapping process. The linear
loading process before snapping indicates the extra moment from residual stress that the
switching moment should overcome before entering the snapping stage. These results
mark milestones in the development of bistable nanoactuators based on the buckling
induced by internal stress.

IV. Integration of SMA nanoactuators with photonic directional couplers

Based on the Ti-Ni-Cu/Si bilayer nanoactuators that have been developed, the photonic
directional couplers are designed to be mechanically tuned by the nanoactuators. Because
of the free-standing structures, there is a change of the bottom cladding materials between
SiO; and air, resulting in propagation loss due to mode mismatch. Appropriate taper
structures are designed as transitions between the strip waveguide (air bottom cladding)
and the rib waveguide (SiO, bottom cladding) to minimize the propagation loss. All
photonic components are studied based on the TE-mode. Special attention is paid to the
mechanical influence of the waveguide on the nanoactuator. It is analytically proven that
the constraining of waveguide has minor influence on the deflection of nanoactuator, if the
length of the free-standing waveguide is far larger than the length of the nanoactuator.

The developed fabrication process comprises three lithography steps, i.e., two steps defining
patterns of the rib waveguide and the strip waveguide and the last step defining the
deposition window of Tis4Nis;Cuys film. The chemical nature of HSQ as a silicon oxide
compound is fully exploited in the process, as the high selectivity of HSQ renders it to
survive two steps of Si RIE with different recipes. In addition, the rib waveguide naturally
functions as a hard mask with high selectivity in the wet etching of SiO,. Utilizing HSQ
resist and adopting the rib waveguide design are proved to significantly simplify the
fabrication process and avoid contamination. The process of selectively depositing SMA
layer on free-standing structures from the fabrication of bistable nanoactuators is also
successfully integrated.

Transmission tests of the reference waveguides confirm that the designed taper structures
and the annealing process of Tis4Ni3; Cuys film bring negligible additional propagation
loss to photonic circuits. Because of the internal stress in the Si layer and the observed
severe sidewall deposition of SMA layer, the fabricated nanoactuators are highly degraded.
Nevertheless, 71% of light power is successfully coupled into the neighboring waveguide
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at the designed length of a free-standing directional coupler. Fixed directional couplers
are also fabricated for validating the simulation model. The experimental coupling length
of 5.1 um is comparable to the theoretical length of 4.5 pm. In addition, there is an extra
coupling length of 5.25 pum coming from the non-parallel waveguide bends connecting the
directional couplers to the grating couplers, which should be highlighted for the design of
directional couplers with precise coupling control.

8.2. Outlook

These results open new possibilities of designing bistable out-of-plane SMA nanoactuators
and mechanically tuned photonic devices by employing SMA nanoactuators. Although
the principal designs, fabrication processes and characterizations have been performed in
this dissertation, the precise controlling of stress, deformation mechanism and influential
parameters in fabrication still need further investigations and optimizations. In detail, it
would be valuable to explore the following aspects in the future.

I. Stress management of Si layer: origin, control and utilization

The observed internal stress in the Si layer significantly deviates the shapes of the fabricated
structures from the original design, which is witnessed in both the bistable nanoactuators
and the free-standing directional couplers. The primary step to resolve this issue is
identifying the generation mechanism of the stress. Having confirmed that this position-
dependent stress is generated during the process of SiO; wet etching, it is necessary to
systematically examine the individual influence of each adjustable variable in this process
through the control variable method. The modifiable variables include the type of etchant,
etching time, DI-water rinsing time, spin and exchange rates during critical point drying.
In addition, implementing techniques such as Raman spectroscopy is another possible
approach to determine the stress distribution in the deformed Si free-standing structures.

Having understood the origin of the internal stress in Si layer allows for the deliberate
manipulation of the stress, leading to the improved performances of the designed devices.
Precisely, the uniform compressive component of the stress is beneficial to creating buck-
ling in the bistable design, whereas the proportional term, which gives a bending moment,
causes undesirable initial deformation hence should be suppressed.

Il. Improvement of the SMA film quality

The fabricated bilayer structures highlight two aspects that require the improvements of
the SMA film quality, i.e., sidewall deposition and stress uniformity. Systematical tuning
and optimizing the sputtering parameters, such as chamber pressure and sputtering power,
assist in the amelioration of both problems. IBE technique is an effective post-processing
tool to mitigate the problem of sidewall deposition, while the damages caused to the
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surfaces because of low selectivity need to be taken into account. The annealing condition
plays an important role in the formation of the residual stress in the SMA layer, providing
further possibilities of tuning the stress distribution.

111. Buckling mechanism and moment tuning in the design of bistable out-of-plane
nanoactuators

Although snapping phenomenon is witnessed during the loading process of the bistable
SMA nanoactuator, the position presenting the largest stroke locates at the middle of
beam, posing difficultly in the application of the nanoactuator. It is preferred that the
maximum stroke takes place at the free-end of the cantilever-shape nanoactuator, allowing
the potentially connected passive devices, e.g., the photonic directional coupler, to achieve
larger motion stroke. It has been demonstrated that the buckling shape undergoes changes
with the variations of specific geometrical parameters. More work is required to fully
understand the influences of the geometrical dimensions and buckling stress on the
buckling shape and snapping stroke by simulation and experiment.

Beyond this, enlarging the gap size between the nanoactuator and the SiO; substrate also
facilitates larger snapping stroke. Extending the time of SiO; wet etching is a straightfor-
ward solution, whereas it may further increase the stress level in the Si layer and aggravate
the unintended under-etching beneath patterns such as electric conductive pads. A more
promising approach is to insert a step of highly anisotropic SiO; RIE before the step of wet
etching. Two more adjustments of the fabrication process are required accordingly: firstly,
another lift-off of the hard mask for defining the patterns of bistable structures is required
to replace the currently used negative resist. Secondly, the bilayer PMMA thicknesses and
exposure doses for the lift-off of Tis4Ni3; Cuys film need to be adjusted as well.

The residual moment induced by internal and residual stress in the Si and SMA layers is a
tremendous obstacle to achieving bistability, because this moment elevates the moment
threshold that the switching moment needs to cross. It is advantageous to lower the
residual moment (ideally to zero) and increase the moment for state switching, i.e., the
moment from thermal effect and shape memory effect. Apart from precisely manipulating
the stresses in the Si and SMA layers, another feasible method to lower the residual
moment is to introduce a third compensation layer above the SMA layer, which should
possess similar stress distribution to the Si layer. To avoid an additional lithography
and lift-off step, this layer needs to be deposited immediately after the SMA sputtering.
Corresponding, the material of the third layer should be compatible with the annealing
condition of SMA without degrading it, i.e., considerable inter-diffusion during annealing.
Potential candidates of the third layer material include SiO; and SizNy.

Increasing the thermal moment can be achieved by tuning the phase transformation of
SMA to show relatively high transformation temperatures and narrow hysteresis width.
On the one hand, high A; leads to larger thermal moment in the martensitic state; on the
other hand, low Af reduces the possibility of overheating.
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IV. Mechanical robustness of directional couplers

Precision in the gap size control plays the key role in the coupling efficiency of directional
couplers tuned by nanoactuators. The initial inaccuracy of gap size observed in this work
can be improved by stress management in the Si layer, which has been discussed above.
Enhancing the mechanical stiffness of the directional couplers renders the structure to be
less prone to external perturbations during functioning, and a favorable approach is to
redesign the directional coupler from TE-mode to TM-mode, owing to the considerable
decrease of full coupling length from 36.6 um to 2.8 pm. Accordingly, the grating couplers
need to be switched to the TM-mode type. Combination with the designed bistable
nanoactuator is also beneficial to promoting structural robustness due to the tendency of
staying at stable state of bistable structure.
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A. Partial Euler Bend

For an arbitrary curve s in planar Cartesian coordinate system, as depicted in Fig. A.1,
relation between curvature ¢(s) at point (x(s), y(s)) and bend angle ¢ (s), which is marked
by the angle between x—axis and tangential line of curve at this point, is

dg(s)

o(s) =—3— (A1)
B(5) = $(0) + /0 p(u) du (A2)
Therefore, coordinates (x(s), y(s)) are
= ’ du,
x(s) x(0)+/0 cos(¢(u)) du
) =30)+ [ sin(§(w) du (A3

respectively.

0,

Figure A.1.: An arbitrary curve in planar Cartesian coordinate system. The angle between x—axis and
tangential line of curve at point (x(s), y(s)) is denoted as @(s).

Because the curvature of Euler bend is linear to its length, i.e.,

o(s) = as, (A.4)

where « is a geometrical parameter, by integrating Eq. A.2-Eq. A.4, the coordinates in
Eq. A.3 can be reconstructed in the form of Fresnel integrals

x(s) = /OS cos (% . uz) du,

y(s) = /s sin (% . uz) du. (A.5)
0
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A. Partial Euler Bend

For simplicity, here the initial coordinates x(0), y(0), ¢(0) are all set to zero:
x(0)=0; y(0) =0; $(0) =0. (A.6)

In Section 3.2.3, it has been explained that a partial Euler bend is composed by two identical
Euler bends and one arc bend sharing the same curvature at connecting points, as shown
in Fig. A.2. Necessary parameters to describe the partial Euler bend are also marked out,
which include the effective and minimum radii Reg and Ryin, total bend angle ® and angle
ratio p. Coordinates of connecting point of the first Euler bend and arc bend is (x;, y,) and
the final point of total bend is (xz, y1). In design of PICs, usually values of variables ®, p, Ref
or Ryin are preset, in the following, solutions of other relevant geometrical parameters
will be presented based on geometrical relations.

Ay

Rcf_f
‘\‘ (TLJ yL)
@/,
Arc Bend
Y
‘\/ mm
\(1-p) e

Euler Bend
(p=1)

Euler Bend

(=05 \
() ; x
/(tp’.lp) >

O

Figure A.2.: Partial Euler bend and necessary defining parameters. An arc bend and Euler bend with p =1
are also drawn for comparison.

At point (x;,y,) Based on Eq. A.1 and Eq. A.4, bend angle of Euler bend ¢, and the
minimum radius, which is also the radius at connecting point of Euler bend and arc bend,
are

a’sjzj
$p =pP=—, (A7)
1
Ryin = —, (AS)
as,

respectively.
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A. Partial Euler Bend

At point (x,y;) Total length of partial Euler bend L is

L =25y + (1= p)®Ronin. (A.9)

From Fig. A.2, y; can be expressed by R.g and ®
yr, = Reg(1 — cos D). (A.10)

In the meantime, based on Eq. A.2 and Eq. A.3, y; can also be obtained by integrating
along different sections of bends

L
UL :/ sin(¢(u)) du (A.11)
0
where
guz, if 0<u<s,
2y
P(u) = +Cy, if s, <u<L-s, (A.12)

min

Eu2+C2, if L-s,<u<L

Integration constants Cj, C, can be determined by the consecutive conditions of this
piecewise function

) Sp
=S, = +C
2 Sp Rmin !
L-—s
PO =2(L-s,)2+C (A.13)
Rmin 2

Combining Eq. A.7-Eq. A.13 can give the solutions of &, sp, Rmin and L.
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