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ABSTRACT

SELF-ASSEMBLY MICROFABRICATION OF MULTILAYERED
HELICAL NANOMEMBRANE AND ITS APPLICATION AS
MICROSWIMMING ROBOTS

MILAD SHOJAEIAN

Mechatronics Engineering, M.Sc. Thesis, July 2021

Thesis Supervisor: Prof. Dr. Serhat Yesilyurt

Keywords: Microswimming robots, self-assembly micro-fabrication, multilayer
nanomembranes, numerical modeling, magneto-acoustic propulsion

Microswimming robots are promising agents in biomedical disciplines due to their various
potential functionality such as targeted drug delivery and microsurgery. This dissertation is
dedicated to three main areas: (i) development of a self-assembly micro-fabrication technique
to generate micro-scale, non-crystalline, multilayer, magnetic and helical nanomembranes;
(it) modeling and simulation; and (iii) magneto-acoustic propulsion. A thin film of nickel is
sandwiched between two silicon nitride nanolayers with internal strain mismatch. Two
methods of fabrication are proposed to determine the direction of rolling. The first one is
changing the width-to-length aspect ratio and thickness, and the second one is topological
modifications by grating the top layer of the tri-layer composite. The process of rolling from
a 2D ribbon to a 3D shape is modeled by COMSOL V5.6. by moving boundary conditions
inspired by the real rolling process. The results are compared and validated by experimental
data with an error of less than ten percent for all cases. Near-wall swimming of the fabricated
microrobots is characterized inside a cuboid reservoir filled with isopropyl alcohol by means
of a rotating magnetic field. The effects of vibration are studied by using a piezo transducer
next to the reservoir. The results show a maximum swimming velocity of 125 um/s, which is

improved to 250 um/s under 1 kHz vibration frequency.



OZET

KENDILIGINDEN OLUSMA YONTEMIYLE COK KATMANLI SARMAL
NANO-MEMBRAN URETIMI VE MIKROYUZUCU ROBOT OLARAK
KULLANIMI

MILAD SHOJAEIAN

Mekatronik Miihendisligi YUKSEK LISANS TEZi, Temmuz 2021

Tez Danismani: Prof. Dr. Serhat Yesilyurt

Anabhtar kelimeler: Mikroytiziicii robotlar, kendiliginden sekil alma yontemiyle mikro-
tiretim, ¢ok katmanli nanomebranlar, sayisal modelleme, magneto-akustik ytzdiirme

Mikroyuzuci robotlar hedef dokuya ilag teslimi ve mikrosiruji gibi gesitli biyomedikal
uygulamalar i¢in timit vaat eden yapilardir. Bu tez iic ana alana odaklanmistir: (i) mikro
olgekte, kristalize olmayan, ¢cok katmanli manyetik ve sarmal yapida nano-membranlar elde
etmek i¢in kendiliginden sekil alma temelli bir mikro-iiretim yonteminin gelistirilmesi, (i1) bu
yapilarin modelleme ve simiilasyonu ve (iii) bu yapilarin manyetik ve akustik tahrikle
ylizdiiriilmesi. Ince bir nikel tabakasi, aralarinda i¢ gerinim farki bulunan iki silisyum nitriir
nano-tabakanin arasina yerlestirilmistir. Yapinin yuvarlanma yoniiniin tayini igin iki farkl
iretim yontemi onerilmistir. Bunlarin ilki, genislik ve uzunluk oraniyla kalinligin beraberce
degistirilmesi, ikincisi ise lig-katmanli yapinin iist katmaninda rendelenmis bir yiizey profili
elde edilmesidir. 2-boyutlu bir seritin 3-boyutlu sarmal bir yapiya doniisiimii, deneylerde
gozlenen sarmalanma siirecinin hareket eden sinir sartlariyla temsil edilmesiyle COMSOL
V5.6 programinda modellenmistir. Simiilasyon sonuglar1 deney sonuglariyla kiyaslanmis ve
biitiin vakalarda yiizde ondan az bir hata pay1 gozlemlenmistir. Uretilen mikro-robotlarm
duvar yakininda yiizme performansi izopropil alkol ile doldurulmus kiibik bir rezervuarda ve
doner manyetik alan altinda karakterize edilmistir. Rezervuarin yanina yerlestirilen bir
piezoleketrik doniistiiriicli yardimiyla titresimin etkileri de ¢alisilmistir. Titresim olmaksizin
elde edilen en yiiksek hiz olan 125 pm/s, 1 kHz titresim frekansi altinda 250 pm/s’ye ¢cikmistir.
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1 INTRODUCTION

In the fast-growing scientific world, microrobots with various forms of shapes, and motion
mechanisms, have been utilizing extensively due to their unique functionalities which are
inaccessible for macro scale robots [1]. The designing of the majority of such robots, however,
are inspired by nature, so that they can be directly fabricated from natural patterns [2], or
manufactured by synthetic materials [3]. In order for the robots to be mobilized, an array of
methods have been proposed that can fall into two categorize: 1) off-board actuation including
magnetic field, acoustic field, and light source of energy; and 2) on-board power sources like
chemical energy and electrical energy [4, 5].

This thesis will go over one kind of bio-inspired artificial microrobot (i.e.
microswimming robots) that have drawn extensive attention over the last two decades due to
their span of applications specifically in the biomedical discipline, ranging from drug delivery
and micromanipulation [6-9] to biochemical detections [10]. The small scale of such robots
poses a challenge in the mechanism of locomotion; as depicted in Eq. (1-1), at low Reynolds
numbers (Re<<1) where the viscous forces dominate the inertial forces, the hydrodynamic
equation could be considered time-independent (i.e. stokes flow). That is, reciprocal motions
mechanism, like fish swimming, would not be effective anymore in gaining net displacement
[11,12].

Finertiar _ pv’L*  pvl

Fviscous MUL u

where, p, v, L, and p respectively stand for density of the fluid (kg/m®), speed (m/s),
characteristic dimension (m), and dynamic viscosity (kg. (m.s)?). As an alternative, the
motion mechanisms of ciliated and flagellated natural organisms like E-coli bacteria [13],
which are based on generated propagating waves, have come into play. For instance,
Monotrichous bacteria with a single flagellum consists of a head and a helical tail; the head
generally provides a torque to rotate the tail, resulting in backward wave propagation, leading

to the propulsion of the whole swimmer forward or backward [14-16].



To replicate this behavior, and also, to remotely propel and control the artificial
microswimmers, a wide array of methods has been proposed [17-21], among which magnetic
and acoustic actuation fields play integral roles in both in-vivo and in-vitro applications due
to their viability, controllability and permeability properties [4]. In terms of safety, also, the
human body is not at risk in case of using static magnetic fields less than 8T [22]. On the other
hand, the acoustic field is a biocompatible off-board actuation force, whereby one may convey
the required energy to move the microswimmers with various shapes using the generated

waves as acoustic streaming or vibration modes [23, 24].

These unique properties have allowed researchers to mimic the mobilization behavior
of E-coli bacteria by using a magnetic head attached to a helical tail. Having the magnetic
head rotated by a magnetic field (generally by Helmholtz coils), the required torque for
rotation of the helical tail is provided, leading to the corkscrew-like motion of the whole
microswimmer into fluid [25-28]. Another motion scenario emanated from the Spirochete
bacteria locomotion mechanism, which is also appropriate for high viscous environments [15,
21, 29], is when the microswimmers lack a magnetic head; instead, the whole helical tail is
made out of magnetic materials making it possible to be rotated by external rotating magnetic
fields [2, 8, 30-34].

So far, a brief explanation about the bio-inspired microswimming robots and the
mechanism of locomotion has been discussed. However, the most challenging part of the
microswimmers is the fabrication of micro helical tails which are amongst the new generation
of 3D microstructures. Also, since the fabrication of such micron-scale helices is incredibly
costly and time-consuming, nowadays, modeling and simulation software is employed to
develop robust designs with the final cost of the fabrication reduced substantially. In the
following subsections, a literature review will be given first about ubiquitous fabrication
procedures of swimmers ranging from additive manufacturing to self-assembly techniques.
Then, a brief review of modeling and simulation methods in the literature, followed by the
swimming performance of the fabricated swimmers will be given. Finally, a brief explanation
of the methods employed for modeling, fabrication, and propulsion in the thesis will be given,

together with novelties and comparisons with prior literature.



1.1 Background

1.1.1 Microfabrication

A broad range of microfabrication techniques can be used in the manufacturing of micro
helical structures [35]. Having an eye on some of the most prevalent and significant
techniques, we will review the nanomembranes self-scrolling fabrication techniques, as a part

of the main objectives of this thesis.
1.1.1.1 Additive microfabrication

1.1.1.1.1 3D Printing

With the advent of additive manufacturing by some novel techniques, like 3D printing, over
the past decade, flexibility in the fabrication of complicated microstructures has developed
considerably. In our group, previously Acemoglu and Yesilyurt demonstrated millimeter-
scale swimmers manufactured by 3D printing of structures made out of VisiJet EX 200
polymers [36] with a cylindrical polarized neodymium magnet attached to the head for
manipulation and propulsion of the swimmer by an external rotating magnetic field. The
performance of this kind of configuration was satisfactory so that, later on, Caldag and
Yesilyurt analyzed the motion and developed control methods of such swimmers [37, 38].
This kind of method of fabrication although enjoy several advantages like being cost-
effective, fast, and portable in small sizes, however, it is limited to studies for the
understanding of the mechanism and not suitable for micro-scale applications. Hence, as even
a slight change in the final geometries of the microswimmer can affect the performance of the
swimmer dramatically [39], this method requires many modifications in terms of nozzle

resolution and the material used.

1.1.1.1.2 Direct Laser Writing (DLW)

DLW is another form of additive fabrication, whereby generating feature sizes as small as few
microns is feasible. The high special resolution of this method is due to using a technique called
two-photon absorption. The photosensitive materials constitute the basis of the process. Once the
laser shines, the regions of the material that are exposed to the focal spot will be polymerized. As
a result, moving the laser beam through the material will create 3D structures that will be remained

on a substrate (e.g. glass) when exposing to a developer. So far, some works have employed this

3



method to create micro helical swimmers made out of bilayer [32] or composite [34] magnetic
materials. Moreover, recently, research has been carried out by Ceylan et.al [8], in which
printed microswimmers have a bio gradable material, making them medically functional. This
microswimmer is intended for cargo delivery and has a diameter of 6 um and a length of 20
um, along which a cylindrical core (with double cones at both ends of the swimmer) is covered
by a double helix. The material used in this process is a combination of iron oxide magnetic
nanoparticles, gelatin methacryloyl, and MMP2 enzyme. The authors demonstrated that this
microswimmer can be degraded by this enzyme as a biocompatible byproduct after 118 hours.
Tottori et.al [31], also proposed another novel idea by which the core of the helical swimmer
is made out of SU8 by DLW, and then, to make it magnetic, they covered the surface by
physical vapor deposition of Ni/Ti.

1.1.1.1.3 Glancing Angle Deposition (GLAD)

One technique that employs both mechanical rotations and tilting together with physical
evaporation to reach a 3D structure is called GLAD. This method is an improved version of
the conventional oblique angle deposition method with a difference that the position of the
substrate is not stationary. Instead, it is mounted on an inclined rotating sample holder and the
deposition of 3D structures is controlled utilizing a feedback controller. Although helpful, the
final structure may suffer from some caveats including large grain sizes, and surface and body
defects, because of shadowing effects [40-42]. However, this method has been used in
literature to fabricate thin film micro helical configurations. For instance, Robbie et.al [43,
44] produced nano helical columns made out of MgF», SiO2, and CaF2, with a wavelength of
50 nm to 2 um. the authors suggested that by using special materials with low adatom
mobility, fabrication of a few nanometer sculptures would be attainable as well. In terms of
magnetized swimmers, another work by Ghosh et al [45] demonstrated the GLAD method to
fabricate micro helices made out of silica followed by simple thermal evaporation to cover the

structures with a ferromagnetic material (i.e. Cobalt).

1.1.1.1.4 Vapor Phase Deposition (Growth)
This method is mainly based on the vapor transport and reaction in a specific environment.
Because of the versatility of conditions, one can have structured materials fabricated. Mostly,

the Chemical vapor deposition (CVD) method is employed to create novel materials, like



Carbon nanotubes (CNTSs) or Carbon nanowires (CNWs) by means of a vapor-liquid-solid
(VLS) procedure. To this end, carbon inside the precursor gas is a liquid catalyst droplet that
after saturation it nucleates at lower temperatures creating CNT and CNW. This kind of
structure can form a helical structure in specific circumstances which is attributed to the
interface between carbon and catalyst at the tip of the structure. Several models so far have
explained this phenomenon which is believed to be due to introduced stress at the interface
and also experiencing deposition nonuniformity [46-48], wettability at the interface [49, 50],
and in a more general point of view of VLS process, the reason why such unique geometries
generated in some other materials irrespective of carbon-based structures [51, 52]. Although
the fabrication process of such helices is not straightforward, however, their nanoscale
diameter and wavelength together with electromagnetic properties, make them useful
structures that can be utilized in future studies in various applications [53].

1.1.1.1.5 Electrospinning

The method of fabrication consists of some steps: 1) selecting a material with a proper
molecular cohesion, 2) driving this material via a syringe to form a droplet at the tip of the
needle, 3) applying a high voltage and put the device near a grounded substrate. The last step
causes an electric field, resulting in overcoming the surface tension of the droplet by an
electrostatic repulsion force, leading to stretching of the droplet until it forms fibers beyond a
critical point called Taylor cone [54]. These fibers are then collected by the grounded
substrate. In terms of the helical shape of the fibers, which is mostly due to the buckling of
fibers after hitting the collector, Yu et al [55] managed to produce helical fibers made out of
polycaprolactone by employing a slanted glass collector, and by controlling the tilting gradient
together with the gap distance between the nozzle and the glass were. Shariatpanahi et al [56]
produced long micro helical polystyrene fibers with a diameter of a couple of microns in water
and controlled the properties of which by varying a high frequency applied voltage. The
mechanical [57], optical and thermal [58] properties show a promising potential of such fiber
structures in various fields of studies. Moreover, in the future, using magnetic nanoparticles
or coating by magnetic thin films is likely to increase their versatility in electromagnetic fields

as well.



1.1.1.2 Self-assembly of strain-induced thin-film ribbons

Besides the methods mentioned above, there is an emerging self-assembly technique by which
structured configurations (e.g. microtubes and micro helices) are produced. Since the main
focus of this thesis is on such a technique, first the mechanism behind it, then, the versatility
of this method in producing rolled-up thin films with various shapes will be discussed and

examined.

1.1.1.2.1 Scrolling: theoretical aspects

It is evident that initially confined pre-stressed structures, once released, minimize the
potential elastic energy by deforming. A tangible example would be a doubly clamped beam
that is buckled as a result of increased ambient temperature, or a stretched/compacted spring.
Suppose that a very thin beam (ribbon) has initial stress inside while attaching to a substrate;
after releasing, it will be stretched or compacted (buckled) respectively due to initial
compressive or tensile stress. In a more complicated postulate, consider a confined bilayer
ribbon in each layer of which there are compressive and tensile stresses. This will result in a
3D rolled-up structure with a defined diameter based on the amount of initial strain mismatch,
mechanical properties, and also geometry. In Fig. 1.1., a schematic of the free body diagram
is shown for the initially stressed 2D bilayer. In Fig. 1.1. (a), the bilayer is fixed from
underneath while having an initial compressive stress (indicated by the arrows pointing each
other) in the first layer, and a tensile stress (indicated by the arrows pointing in opposite
directions), in the second. After its release, the structure deforms to minimize its initial elastic
energy. Bending moments (My, and M) are generated due to the forces emanated from the
initial stresses. Since no external forces are acting on the structure, all the forces and moments
must be in equilibrium. Based on this behavior, first, we will explain different methods to
achieve rolled-up structures for a wide variety of applications, and then, the techniques that

are employed to turn such structures into helical ribbons will be elaborated.
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Fig. 1.1. Schematic view of a pre-stressed bilayer

1.1.1.2.2 Self-rolled up nanomembranes

1.1.1.2.2.1 Crystalline nanomembranes

Crystalline nanomembranes, usually have anisotropic mechanical properties and deform
alongside a special direction because of that reason. This unique behavior has been utilized in

various studies to achieve a variety of 3D structures from 2D patterned films

As a rolled-up tube, Prinz et al [59] produced an InGaAs/GaAs bilayer heterostructure
with a thickness of a couple of nanometers and a diameter of 2 um. They took advantage of
the epitaxial properties of the prestressed layers so that the bilayer took the form of a tube in
the predetermined crystal orientation after the removal of the sacrificial layer made of AlAs
underneath the bilayer due to the elastic nonuniformity in the crystal lattice configuration of
the epitaxial layers. Likewise, Zanardi Ocampo et al [60] used a similar technique to produce
micromirrors. Chun and Li [61] also profited the same method of epitaxial growth of thin
films by metal organic chemical vapor deposition (MOCVD) to produce nanotube
semiconductors. The authors studied the effect of crystalline orientation on the rolling
direction by a selective etching method using lithography processes to create etching
windows. With a total thickness of 12nm, they observed rolled-up structures with a diameter
of around 590nm. Moreover, as an example of the structures manufactured with the use of
epitaxial nanomembranes, Yu et al [62] demonstrated the growth of epitaxial silicon on



silicon/germanium layers. The strain mismatch between the layers assisted them to achieve
rolled-up tubes after detaching the structure from the silicon substrate by etching the SiO;
sacrificial layer. As an application of the end products, the fabricated tubes were utilized as
cell culture substrates. The authors demonstrated clearly how the tube diameter changes

nonlinearly by playing with the thickness of the nanomembrane layers.

Golod et al [63] produced self-assembled multilayer microtubes, consisting of a
combination of SiGe, Si, SiNx, and Cr nanolayers. They used silicon (001) as a sacrificial layer
to be etched selectively in a defined direction (because of different etching selectivity among
different crystal orientations). As the layers have tensile, free, and compressive intrinsic
stresses, after removing the silicon layer underneath, the whole structure rolled up to form a
tube shape. In other works of the same authors [64], Si/SiGe tubes are fabricated by means of
etching a doped silicon substrate. They used two different doping concentrations to increase
the etch rate at low doped regions while high doped regions served as an etching stopper.
Single crystal materials (for directional etching) have been utilized in other studies as well,
i.e. Prinz and Golod [65]. Seleznev et al [66], also used a similar method to create a
combination of epitaxial (InGaAs/GaAs) and amorphous (SiO2/Si3N4/Au) rolled-up micro

sensors and micro heaters.

1.1.1.2.2.2 Amorphous nanomembranes

Controlling the process is more demanding in amorphous nanomembrane since the
mechanical properties are identically distributed. Hence, other techniques need to be taken

into account in order to obtain a desired 3D shape.

Mei et al [67] used two different methods to achieve self-rolled up structures made out
of a wide range of materials ranging from metals and dielectrics to diamond-like carbon
(DLC). Since their focus was on non-epitaxial thin films, they used directional etching
methods utilizing created slits using GLAD and also photolithography/etching techniques.
The interesting part of their work is that they used a simple photoresist (PR) as the sacrificial
layer which is etched away quickly and readily by acetone which has a high selectivity over
all of the inorganic materials mentioned above. In another work performed by Schulze et al
[68], they used the same method by GLAD technique to evaporate a bilayer of SiO/SiO, while
leaving an etching window to remove the photoresist sacrificial layer. Such rolled-up

8



structures were then employed to instigate a cell culture. Huang et al [69] also utilized
noncrystalline sacrificial layer and multilayer thin films. A 20nm of a sacrificial layer is
evaporated by e-beam evaporation and SiNx (LF)/ SiNx (HF)/Ni/Au are the multilayer 2D
structures grown in order by plasma-enhanced chemical vapor deposition (PECVD) and
physical vapor deposition (PVD) methods. These nanolayers possess compressive, tensile,
tensile, and tensile stresses, respectively, leading to rolled-up 3D structures after detaching

from the substrate through a lateral etching window created in front of an edge of which.

In an interesting work by Stoychev et al [70], the final shape of the self-scrolling
polymer layers is controlled by the geometric parameters of the bilayer. They showed that
three indispensable parameters affecting the direction of rolling are width, length, and
circumference. It is observed that the nondimensional parameters, length/circumference, and
width/circumference ratios, used to describe the rolling in either long side, short side, or

diagonal side of nanoribbons after etching the sacrificial layer isotopically.

Another novel study [71] describes the rolling up of a single layer of thin film by
varying the stress distribution deliberately. The authors used a layer of poly (methyl
methacrylate) (PMMA) as the sacrificial layer. Then using a nanoimprinting method, some
slots were created through the PMMA so that the grating patterns appeared. After that, a thin
layer of tens of nanometers of titanium was coated on this grated surface, so that it takes the
shape of this surface. Putting the whole structure into acetone resulted in removing the
sacrificial layer, leading to rolled-up tubes. This phenomenon occurred because rolling from
the grated edge requires far more energy than that of other edges. Hence, one can intentionally
determine the rolling direction even if using an amorphous sacrificial layer that is etched

isotopically from all sides.

As an application, very recently some research has been carried out by employing
noncrystalline rolled-up nanomembranes. For instance, Michaels et al [72] investigated the
body modification performed on LF/HF SiNx bilayers to control the thermal effect on the
structure. Moreover, a strained multilayer (AL2O3s/LF/HF/CU) has been used to generate
rolled-up sensors [73], interdigital capacitors [74], inductors [75], and transformers [76].



1.1.1.2.3 Self-assembled helical nanomembrane

The rolling mechanism of the helical structures is the same as the tube or ring-like
nanomembrane explained earlier. However, to induce the ribbon to roll in a specific direction,
whereby the helical structure is obtained, is a challenging issue since two other parameters
(i.e. helical angle and wavelength) in addition to diameter emerge. Like tube/ring rolling
techniques, we can categorize the methods of fabricating helices into two categories: 1)

crystalline nanomembrane, 2) non-crystalline nanomembrane

1.1.1.2.3.1 Crystalline nanomembranes

In this regard, there are several works taking advantage of the anisotropy distribution of
mechanical properties in crystalline thin films to produce complicated 3D shapes like helices
or spirals. For instance, Prinz on Golod [65] demonstrated that even 23% of elastic anisotropy
in (100) silicon is helpful to create spirals. This shape is obtained once the 2D strained micro
ribbons are printed with an angle to the rolling direction. To this end, the authors oriented the
ribbons on (100) and (110) silicon substrate respectively in <110> and <112> directions. As
a result, both elastic and chemical anisotropy in films and sacrificial layers led to the
fabrication of helical ribbons with a diameter and pitch of a couple of microns while the rolling
direction was 48°. Previously, Printz et al [59] also proved that using a strained (100)
InGaAs/GaAs bilayer tilted from <010> direction results in helical nanostructures. Similarly,
Golod et al [64] used GeSi/Si nanomembrane and achieved helical ribbons. In terms of a
perfect microswimmer magnetic robot, also, Zhang et al [28] fabricated an InGaAs/GaAs
bilayer as a tail with a magnetic head made of Cr/Ni/Au on top of a single crystal substrate as
a sacrificial layer (i.e. AlGaAs (001)). After removing the sacrificial layer, the whole structure

is rolled up as a microswimmer with a helical tail and ahead.

Dai and Zhang [77] managed to come up with a model to have control over the
chirality of rolled-up nanoribbons by growing materials on a silicon (111) substrate. In this
research, a multilayer nanoribbon (i.e. SiGe/Si/Cr) was patterned in a clock-like configuration
and then the behavior of each ribbon after wet etching of silicon substrate by ammonia was

examined. Since silicon (111) enjoy the anisotropic mechanical property, the multilayer which
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was fabricated by epitaxially grown method experienced the same properties. As a result,
controlling the behavior of rolling is not limited to Young’s modulus anisotropy of the
structure. Hence, in this paper it is identified that a combination of lateral anisotropy of etching
together with the orientation of nanoribbons regarding the fastest etching direction plays an
integral part in controlling the scrolling behavior, leading to either rolled-up nanostructure or

helical ones with various helical angles.

In other words, researchers have taken advantage of a crystalline sacrificial layer while
using amorphous nanomembrane on top of which. Hence, the anisotropic essence of the
crystalline sacrificial layers (due to the elastic nonuniformity) leads to a directional etching,
resulting in chirality properties in the created structures. For instance, Huang et al [69]
deposited a multilayer of noncrystalline nanomembrane (LF SiNx/HF SiNx/Ni/Au) on top of
silicon (110) as a sacrificial layer, while patterning it as ladder-shaped ribbons with an angle
of 15 Telative to (110) facets.

1.1.1.2.3.2 Noncrystalline nanomembranes

So far, we have reviewed the fabrication of helical structures with the help of crystalline
nanostructures properties in either the sacrificial layer or the whole nanomembrane. However,
only a few studies have been dedicated to noncrystalline nanomembranes. In such cases, the
mechanical properties of the nanostructures are isotropic with a uniform stress distribution.
As a result, when the sacrificial layer is removed uniformly, every side of the ribbon is
supposed to be rolled up identically. Therefore, some modifications are to be imposed
deliberately to the geometry of the ribbons to make the structure scroll in a desirable direction.
For instance, as mention in 1.1.2.2.2, using an etching window assists one to reach a perfect

rolled-up nanomembrane.

In the case of self-rolled up helical ribbons, however, only a few methods have been
proposed until now. If we consider a ribbon in a 3D coordinate system (length in x-direction,
width in y-direction, and thickness in z-direction), modification through width and thickness
can end up with stress and bending stiffness anisotropy. In this regard, Zhang et al [78] by

modifying the tip of the ribbons showed that slanted tips may affect the chirality of the final
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structure (either in shape or in rolling direction). In a more completed version of this method,
replacing 2D perfect ribbons with slanted head ribbons resulted in helical structures. The
reason behind this is asymmetric etching which causes the driving force to be anisotropic. In
this model, the authors demonstrated that playing with the angle of the head enables one to
obtain helices with different helical angles. The repeatability of the method was proved for
amorphous, polycrystalline, and nanocrystal nanomembranes [79]. The authors in previous
research [80], also, unveiled the role of 2D patterning in achieving various 3D structures. For
instance, using a hockey stick-like 2D pattern with a tapered base and slanted head with

different angles make it possible to reach imperfect helical structures.

Other studies also took advantage of stiffness anisotropy that is achievable manually
just by changing the topography of the ribbons. For example, Huang et al [71] by creating
oriented patterns with height differences, fabricated self-assembled helical nanoribbon. They
just evaporated a single layer of Titanium on a slanted wrinkled shape PMMA mold. As a
result, an anisotropic stiffness and a nonuniform strain mismatch distribution were
intentionally induced to the thin film. Having the layer released from the substrate by solving
the PMMA in acetone, and due to energy minimization, the layer tends to roll up from a flat
edge rather than a wrinkled edges. As a consequence, the rolling direction allows the ribbon
to form a helical shape with different helical angles and pitches based on the primary angle of
the slots created in the structure. In another study by Cui et al [81], the impact of anisotropic
bending stiffness on the behavior of rolling was investigated. They fabricated a bilayer
structure, one of which is a prestrained polymer (i.e. Grafix Shrink Film) which is sensitive to
temperature variation, and the other layer is a film (i.e. AL sheet) with a defined stiffness. As
a result, using different patterns, a wide range of 3D structures was fabricated just because of

stiffness variations.

1.1.2 FEM Modeling and Simulation

Simulations and modeling software are tools paving the way to take vigorous steps towards
novel designs. In prestrained rolled-up structures, there are a couple of simulation methods,

the results of which have been compared to the obtained results in fabrication. Among all,
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those which resemble the fabrication processes are more reliable, versatile, and for sure, more
challenging. This section aims to have an overview of some important models used to simulate

the behavior of self-rolled-up structures.

Guo et al [82] molded prestressed linear elastic bilayer by mean of the structural
mechanic module and tetrahedral meshes in COMSOL Multiphysics 4. For the sake of
simplicity, they took Young’s modulus as 1 which is assumed to be isotropic through the
structure, and also considered the density as zero as a result of the quasi-static method.
Considering a misorientation angle about the X and Y axes, they studied the bistability
behavior of the structure after freeing from the predefined constrained from the corners. By
changing the constrained to the middle and one edge, they also studied the doubly bent
behavior of the structure. In another work [83], they also showed that both geometric
misorientation and anisotropic implemented initial strain would result in either helical,
twisted, or ring shape structures. To avoid the structure from perfectly releasing and floating,
they intentionally fixed the bilayer at a corner point. Using the same method mentioned above
by COMSOL V4.3a for crystalline materials, Chen [84] studied the chirality of different
configurations, including V-shaped and slanted head ribbons, made out of multilayer
nanomembranes (i.e. SiGe/Si/Cr). He also revealed that how geometric nonlinearity could be
of significance (as previously proved in [85] for bistable structures) in self-rolled-up structures
by verifying his model to the experimental data achieved by Zhang et al [78].

In another work that was carried out by Chen et al [86] by using ABAQUS FEM
software, composite layups together with four nodes doubly curved thin/thick shell elements
were employed to model a prestrained bilayer. The mismatch strain then was obtained by
defining various thermal expansion coefficients while changing the temperature. Using a
quasi-static solving model, and dividing the whole structure into small strip elements, and
releasing them step by step, they analyzed the rolling procedure. To have control over the
rolling intentionally, they introduced a constraint with delayed releasing.

Huang et al [69] used a transient quasi-static molding to simulate the behavior of
amorphous multilayer ribbons made out of LF SiNx and HF SiNx. The authors applied a fixed
boundary condition on the bottom of the bilayer which is released step by step employing
transient quasi-static modeling. Each step was taken to be around 0.05 of the circumference

13



of the rolled-up structure. Geometric nonlinearity in this work was also taken into account as
aresult of large deformation. They measured the stress inside each layer and then implemented
different thermal expansions while using appropriate temperature increments to reach that
amount of stress inside each layer. They confirmed their model by verifying the results by
experimental images coming out of scanning electron microscopy (SEM). In the other phase
of their work, they investigated the behavior of structures that are released anisotropically
from underneath. For instance, to model helical ladders, they took advantage of moving
boundary conditions in the direction of the actual etching process. This method has been
proved to be reliable so that some other papers used such a method to model the rolled-up
structures in different applications [74, 76]. Likewise, Chun et al [87] investigated the effects
of geometry on the behavior of the rolling procedure. The authors utilized ABAQUS software
by employing eight-node thick shell elements in order to be able to examine the properties
variation alongside the thickness. In their study, the materials (InGaAs/GaAs) were assumed
to be fully elastic. By considering the etching process to be isotropic, they elucidated that not
only aspect ratio together with the diameter of the structure play integral parts in rolling
direction, three other significant factors (i.e. ultimate energy, history dependency, and kinetic

control of isotopic etching process) also determine the final shape of the rolled-up structure.

Chen et al [88] by employing ABAQUS software, used two different methods in their
modeling of grated structure. The first one was quasi-static in which the structure is divided
into a set of segments perpendicular to the rolling direction and then made them released
gradually until it is freed completely. Another method was employed in the case of isotropic
etching in which the releasing of the structure is not predefined. They performed such
simulation as a transient model and examine the rolling behavior of either rolled-up or helical
nanomembrane. Then, they investigated the effects of some significant parameters (patterns

density and thickness together with aspect ratio) in the final shape and geometry of the helices.

Xu et al [89], recently in an interesting paper, used a pre-layer nanomembrane (e.g.
Au on glass) to create van der Waals interaction. Then, a multilayer of other materials, like
SiO/Fe/Ag, was deposited as an active nanomembrane with initial stress inside. Ejecting a
microdroplet at a specific edge of the patterned structure leads to having liquid-triggered

movement of the structure because of overcoming the van der Waals force and pre-layer
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delamination from the substrate. This leads to generating various shapes (tubular and helical
microstructures) just by changing the location of the droplet injection. Then, they predicted
this behavior by FEM modeling. To this end, they modeled the system as a quasi-static
problem in which the structure is detached from the substrate gradually and step by step by
defining a set of segments which represent the etching process. Regarding the location of
release, the ribbon can form either a tubular shape or a helical structure; inspired by this fact,

the segments were considered as either straight lines or slanted lines, respectively.

1.1.3 Magnetic and acoustic propulsion

As discussed at the beginning of this chapter, magnetic helices can be employed as
microrobots. If these robots are capable of moving by an external source of energy, they can
be served for bio-application. To this end, two ubiquitous sources of energy have been
proposed (i.e. magnetic field and acoustic field). To use the magnetic field, one may utilize
materials with a suitable response in the fabrication of the swimmers, such as ferromagnetic
materials (e.g. nickel, steel, iron, and cobalt). For this reason, the swimmers are made out of
either a magnetic heal and helical tail, or just a magnetic helical tail. The magnetic fields have
to be rotated to provide the required torque for the rotation of the swimmer. To this end,
Helmholtz coils are employed which are mainly consist of a couple of opposite pairs with a
center axis perpendicular to the helical axis. However, in some cases, to control the orientation
of the swimmer, a pair of coils with the center axis parallel to the helical axis is also added to
the other mentioned pairs. The acoustic field, unlike the magnetic field, can be applied to all
kinds of small robots. The acoustic field can be exerted by a wide range of transducers like
focus transducers or piezoelectric disk transducers. In this section, we will have a brief review
of the magnetic and acoustic locomotion of microswimmers, and examine the behavior of the

swimmer by discussing the swimming velocities.

Gao et al [2] collected spiral xylem vessels with a fiber diameter of 2 um on the surface
of which a bilayer of Ti/Ni was deposited. They stretched and diced them mechanically to
produce microswimming robots with diameters between 10-60 um that were tested under

magnetic field by triaxial Helmholtz coils. The magnetic field strength was fixed at 10 G with
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varying the frequency ranging from 10 to 80 Hz. They reported that the swimmer at low
frequency suffers from wobbling following by cork-screw-like motion at higher frequencies,
ending up with a step-out at high frequencies greater than 80 Hz. Beyond step-out frequencies,
the torque generated by the magnetic field is not sufficient to overcome the fluidic drag,
leading to a decrease in the swimmer's velocity. Hence, the velocity increased linearly up to
the maximum velocity of 250 um/sec at the frequency of 80 Hz and then experienced a

descending behavior.

Li et al [30] utilized the template-based electrodeposition method to produce
submicron rod helices made of Pd/Cu with a minimum diameter of 100 nm and length of 600
nm that were coated with nickel to make it magnetized. They used three swimmers with
different diameters (i.e. 100 nm, 200 nm, and 400 nm) and observed the swimming behavior
of which under the magnetic field at three various frequencies of 90 Hz, 120 Hz, and 150 Hz.
They demonstrated a linear increase for the swimming velocity by increasing the frequency,
while the bigger the swimmer resulting in higher velocity up to 15 pum/s at =150 Hz. For
lower frequencies, they discussed tumbling motion that changes to cork-screw motion at

higher frequencies greater than 100 Hz.

In an interesting work, Tottori et al [31] studied how two swimmers can be assembled
and disassembled at specific frequencies owing to magnetic interaction. They fabricated two
different swimmers with the help of a 3D lithography process and coated them with Ni, which
was going to be propelled under a rotating magnetic field of 1 mT. two swimmers with the
length of 24 pum and 35 pm in length and diameters of 4 um and 6 pm were fabricated by that
method. The authors demonstrated that the two swimmers can swim together as a bigger
swimmer at low frequencies less than 40 Hz due to the dominant magnetic force than drag
force in the smaller swimmer. However, as the frequency increases the counterbalance

between the magnetic and fluidic forces change in smaller swimmer leading to a separation.

Zhang et al [25] produced microswimming robots made out of trilayer tail (i.e.
InGaAs/GaAs/Cr) and head (Cr/Ni/Au) using the self-assembly technique that resulted in a
diameter of 2.8 um. To check the behavior of the swimmer, they produced both small and
large magnetic heads. First, for the large head swimmer, the authors used three different
magnetic fields of 1 mT, 1.5 mT, and 2 mT and increased the frequency from 5 Hz to 35 Hz.
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They observed that swimmer velocity increases by increasing the frequency up to step-out
level. Also, they concluded that due to the higher torque generated by 2 mT, the swimmer
would swim at higher frequencies. As a comparison, they investigated the velocity-frequency
variation of the two swimmers at the magnetic field of 2 mT. As a result, it is concluded that
although the larger head has a lower velocity rather than the smaller one due to higher forward
viscous drag, however, it can rotate at higher frequencies greater than the step-out of the
smaller swimmer, leading to a velocity of around 12 pum/s at =18 Hz. This is believed to be

due to the larger mass of Ni that can result in stronger magnetic torque.

Tottori et al [32] fabricated a pile of microswimming robots by employing the DLW
method followed by PVD nickel/titanium coating. The fabricated swimmers had a length and
diameter of 8.8 um and 2 um, respectively. The authors characterized the performance of the
swimmers by employing both static and rotation magnetic fields. It is shown that the geometry
can affect the magnetization so that the magnetization in larger length/diameters and lower
helical angles are more preferable in the helix axis. On the contrary, once the length/diameter
is decreased while the helical angle is increased, the magnetization closes to the perpendicular
axis (radial axis) of the helical axis. This anisotropic magnetization, therefore, leads to
misaligned swimming specifically at low magnetic frequencies. At higher frequencies, where
the wobbling is disappeared and the swimmer enters a stabilization region, the swimmer aligns
itself concerning the magnetic field. the authors also demonstrated that in the case of having
all parameters fixed except for diameter, the swimmers with higher diameters show better
performance in terms of velocity. Moreover, it was shown that the swimmer's velocity in DI-
water and fetal bovine serum are the same, indicating that the velocity-frequency behavior of

the swimmer would not be affected by viscosity.

Ceylan et al [8] manufactured double helix microswimming robots made of
biodegradable materials while using iron oxide nanoparticles as magnetic materials that were
magnetized under a uniform magnetic field in the course of fabrication. The authors observed
that their fabricated swimmers with a diameter of 6 pum and length of 20 um can show
wobbling behavior at low frequencies less than 3 Hz, followed by cork-screw motion up to
f=5 Hz with the maximum velocity of around 4 um/s, and finally, experience step-out at higher

frequencies.
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Li et al [24] studied the behavior of magneto-acoustic hybrid nano swimmers. They
fabricated the swimmer using a template-assisted electrochemical deposition method so that
the swimmer consist of a magnetic Ni coated Pd nano spring and a concave Ni coated Au. The
fabricated swimmers were then propelled by either a rotating magnetic field or ultrasound
field. They first applied acoustic standing waves using a piezoelectric transducer to move the
swimmer at the frequency of 618 kHz, followed by a rotating magnetic field. The speed of the
swimmer in the case of using the acoustic field and magnetic field respectively was controlled
by the ultrasound voltage and magnetic frequency. It is depicted that the swimmer's velocity
increases by applying higher voltage (amplitude) so that a maximum velocity of around 20
pum/s was obtained. Similarly, increasing the magnetic frequency resulted in faster movement
of the swimmer of the maximum velocity of around 15 pm/s at f=200 Hz. They also compared
the performance of the swimmer once made of a nanorod, nano spring, and a combination of
them, which was concluded that nano spring is faster under magnetic field whereas the hybrid
swimmer has better performance under acoustic actuation field. Based on their experiments
in various liquids, both swimmer's magnetic and ultrasound velocities diminished in order in

seawater, cell culture medium, serum, and blood.

In another study, Ahmed et al [23] investigated the performance of a nano swimmer
under the acoustic field. The swimmer with the length of around 20 um and 0.5 pm was
fabricated by multistep electrodeposition so that a bimetallic head was attached to a flagellum.
They used a PDMS chamber in the vicinity of a piezo transducer both mounted on a piece of
glass. In this study, they characterized the performance of the swimmer by changing the
voltage and acoustic frequency, so that the higher the voltage resulted in higher velocities
while at an optimum frequency (91 kHz) the highest velocity was obtained at around 60 pm/s.

Xu et al [90] fabricated iron oxide-coated Spirulina cells as a bio template micro helix.
The setup used consists of a PDMS channel bounded on a piece of glass with a mounted piezo
transducer underneath. Employing a rotating magnetic field of 5mT utilizing triaxial
Helmholtz coils, combining with the acoustic levitation with a frequency of 4.8 kHz and
amplitude of 300 Vp-p, the authors claimed how the lateral drifting is reduced. Moreover, the
behavior of the swimmer in terms of drift angle was discussed based on changing the magnetic

frequencies.
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1.2 Modeling, fabrication, and propulsion overview and

novelties

In this thesis, we have mainly focused on bilayer and sandwich noncrystalline micro helices.
To this end, we first came up with a new sacrificial layer, i.e. E-beam evaporated chromium,
with an etchant with high selectivity relative to the other main nanomembranes. The sandwich
helical ribbon, which serves as a micro swimming robot, contains a ferromagnetic thin film
(i.e. nickel layer) covered by two thin layers of silicon nitride with various initial stress inside;
low-frequency silicon nitride (LF SiNx) and high-frequency silicon nitride (HF SiNx) with
compressive and tensile initial stresses, respectively. Silicon nitride is a suitable material with
impressive properties such as biocompatibility [74], stress controllability [72], suitable
oxidation and corrosion resistivity together with thermal and chemical stabilization [91, 92].
Since nickel is believed to be toxic for the bio-environment [8] while susceptible to humid
environments in terms of oxidation [25], exploiting a sandwich microswimmer with nitride
cover layers makes it possible to enhance the performance of the swimmer in bio-applications.
Moreover, the strain mismatch inside of the layers which are on the order of around 0.01
allows for controlling the dimension of the helix merely by changing the layer thickness [93].
This microswimmer is self-assembly fabricated just based on a magnetic helix. This
eliminates the need for a magnetic head, leading to more suitable geometric symmetry and
distribution of the weight; therefore, no additional control is required to keep the swimmer
straight and aligned with the horizontal axis of the chamber [94]. In this project, our group
has strived to fabricate a microswimmer by considering the ordinary materials and equipment
in the cleanroom. For this reason, nanomembranes are noncrystalline materials that can be
readily fabricated by PVD and PECVD. Since the structure is fully amorphous with uniformly
distributed mechanical properties, we had to consider some factors to induce it to roll up in a
desirable direction to obtain chirality. To this end, two different methods were put forward: a)
creating grating patterns to determine the rolling direction, b) the geometry effect on

producing micro helical ribbons.

The conversion between strain-induced nanomembranes to microswimmers has been
modeled by COMSOI Multiphysics V5.6. Considering large deformation in the structure by

implementing the geometric nonlinearity, we assumed the structure to be fully elastic and
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isotropic to be solved by the structural mechanics module as a 3D multilayer structure. To
simulate the detachment of the structure from the substrate after sacrificial layer etching, we
mimicked the behavior of the real releasing coming out of our experiments. The structure is
released isotopically from all edges by implementing moving boundary conditions. Then, after
having almost all of the sacrificial layer removed, the structure which is rolled up alongside
the long edge remains on the substrate for a while because of capillary force. After a while,
due to energy minimization, at specific aspect ratios, it starts rolling about a diagonal line with
gradually moving through the length until the structure is fully released. We first validated
our results by comparing the diameter obtained from perfectly scrolled-up hanomembranes.
After that, to ensure that the molding is reliable, we compared the results of helical structure

properties (e.g. diameter, and pitch) by our fabricated helices.

The required torque for rotating the swimmer has been prepared by Helmholtz coils setup
that provides an mT-scale magnetic field. The swimming is characterized in both a centimeter
PDMS reservoir and an mm-scale cylindrical channel. In-channel experiments show that the
swimmer tends to swim near wall boundaries, just like its counterparts. In the reservoir, also,
the swimmer is observed to exhibit a lateral drift alongside its propulsion in the swimming
direction. In addition to the magnetic field, in another bunch of experiments, acoustic
actuation force using a piezoelectric transducer mounted on a piece of microscope slide next
to the square PDMS reservoir is also been simultaneously exerted to the swimmer to observe
the effect of which on both drifting and swimming velocities. The experiments demonstrate

that at low acoustic frequency, the swimming velocity of the swimmer improves.
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2 METHODOLOGY

This section presents the whole process of fabrication, including the devices used and the problems
that had to be addressed, and afterward the modeling and simulation through elucidating the
reliability of the model by comparing the results with some experimental data. In the end, also,

the design of the setup used for the swimming experiments is elaborated.

2.1 Fabrication process

Since in fabricating micro/nanoscale structures even small contamination negatively affects
the final obtained results, an extremely clean environment is required to carry out such
experiments. Fortunately, this has been conceivable thanks to the state-of-the-art cleanroom
laboratories with different classes which almost provide a particle-free environment because
of robust ventilation systems in an isolated area from the other parts of the building. For this
reason, all of our fabrication processes were performed in a well-equipped cleanroom at
SUNUM at Sabanci University. To this end, we took advantage of a wide variety of
micro/nanofabrication processes, including lithography, physical and chemical thin film

depositions, spin coating, wet/dry etching, and topography, to make our designs practical.

2.1.1 Microfabrication procedure

In the thesis, two main techniques of microfabrication of self-assembled micro-helical ribbons
have been examined and discussed: a) geometry modifications and b) grating method. The
method of fabrication in both methods is the same to a large extend with two additional steps
in the second method. Moreover, to shift from bilayer to sandwich nanoribbons, an excess
step of deposition is required as well. For this reason, in the following, we will go through the
fabrication of grated sandwich structures which cover the other phases of the fabrication as
well, so that wherever required, the differences will be explained.
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Schematically shown in Fig. 2.1., is a complete version of the fabrication process flow.
In this figure, we categorized the fabrication process into 7 steps, and each step will be
explained in detail in the following subsections. Similar to any other bottom-up/top-down
microfabrication techniques, we were to deposit and growth the nanomembrane on a fairly
thick substrate. In our cases, the substrate was chosen to be a 4-inch p-doped single crystal
silicon wafer (100) with a thickness of 500£10 um. Yet, in some cases, another substrate (i.e.,

thermally grown silicon oxide on silicon wafers) was also utilized to provide a cleaner surface.

Step 7
— Substrate
— Sacrificial Layer
— SiN, (LF)
| Ni
— SiN, (HF)
Step 4 C—3  Resist

Fig. 2.1. Process flow of fabricating self-rolled up microstructures
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2.1.1.1 Step 1: Sacrificial layer deposition

The sacrificial layer, generally, is an interlayer between the nanomembrane and the main
substrate. Once it is etched away, the nanomembrane detaches from the substrate. This can
result in different configurations like beam-type electrostatically actuation sensors and
actuators. In our case, however, it brings about the releasing stresses inside the
nanomembrane, leading to rolled-up 3D structures like helices. The selection of a suitable
sacrificial layer, however, is of significance since it might affect the final result considerably.
For instance, in sandwich structures in which different materials are used, if the etchant does
not a high selectivity to the other layers but sacrificial layer, the other nanomembranes are
likely to be removed completely or partially by the etchant. This, for sure, leads to having a

completely different final shape which may not be desirable.

In this thesis we used a wide range of sacrificial layers (i.e. Al, Ni, SiO2, PMMA, and
photoresist), among which, chromium has been selected because of six main reasons: 1) being
a prevalent material in the cleanroom, 2) having high selectivity to the other layers at ambient
temperatures, 3) being easy to fabricate, and 4) having roughly fast etching rate at ambient
temperature (around 400nn/min in no diluted etchants), 5) being less hazardous than other
acids like Hydrofluoric acid, and 6) being resistive to high temperatures (e.g. 300 °C in
plasma-enhanced vapor deposition (PECVD) method melts the resists). To fabricate a thin
layer of the sacrificial layer of around 100nm, the physical vapor deposition (PVD) method
was utilized. In the PVD device (shown in Fig. 2.2., which is a Torr Evaporator machine),
first, the sample, which has already been stuck to the main substrate by a holder and some
piece of Kapton tapes, is put into the device. Putting a tungsten crucible with chromium pellets
inside to the rotating pockets of the device, we press the vacuum bottom to reach a high
vacuum (less than 8e-6 mTorr) by a turbomolecular pump. Having the vacuum reached, a
bombardment of electrons emanated from a hot filament and directed by a magnetic field
towards the center of the crucible is started. This electron bombardment causes the chromium
to be melted and evaporated, so that after a while (because of the high vacuum which provides
a high mean-free path) the evaporated metal is settled on everywhere inside the chamber

including our main substrate. This method is called electron beam PVD or E-Beam PVD.
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The important factors of the PVD method are the amount of vacuum which is
controlled by a pressure gauge, and also the deposition rate which is measured by checking
the natural frequency variations of a piece of quartz, based on the mass of the nickel deposited
on the surface of that. In our case, the chromium was deposited at a vacuum of 5e-6 mTorr,
and a deposition rate of 2.5 A/Sec. The sample before and after PVD of chromium is depicted

in Fig. 2.2.

To measure the thickness of the deposited chromium, a probe measurement method
using a profilometry device (KLA Tencor Surface Profiler) was carried out. In this device,
based on the frequency and speed of the microprobe, a bunch of height measurements is
performed. Finally, using an interface, the profile of the surface is given. This process was
carried out based on the height differences of non-deposited and deposited areas shown in Fig.
2.4. As demonstrated in this figure, after leveling and analyzing the profile, the step height
(StepHt) was obtained at around 100 nm which was favorable.

Sample
Holder
Thickness
Sensor
Vacuum
pump
blades
Crucible —
Tungsten
Filament

Fig. 2.2. Inside view of the PVD device used
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Fig. 2.4. A part of the Surface profile of chromium deposited wafer

2.1.1.2 Step 2: Low frequency (LF) silicon nitride deposition

To cover the core layer of the sandwich structure, we used silicon nitride thin films due to
their unique properties mentioned in chapter 1. PECVD is a method that can produce a thin
layer of dielectrics like silicon nitride, and silicon oxide, or semiconductors like amorphous
silicon (a-Si). Thanks to the plasma and an electrical field, one is able to produce an
amorphous thin film layer at low temperatures. However, lots of parameters influence the
mechanical, and optical properties of the thin film, including power, gas mixtures, and their
flow rate, pressure, frequency, and plate temperature. For instance, in silicon nitride
deposition, having all parameters fixed except for the frequency, the film could have
compressive or tensile stress inside, respectively for low frequency and high-frequency
processes. This is attributed to the other subsequent parameters (e.g. ion bombardment effect)
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[95]. Accordingly, the recipe used for the process plays an indispensable role in defining the

final quality of the film.

In this thesis, we used PECVD (OXFORD Plasma Pro100) device by employing a
constant recipe that was recommended by the manufacturer. Therefore, we did not go through
the effects of changing parameters on the final quality of the films which was far from the
scope of this thesis. The recipe mentioned in Table 2.1. was used to deposit a couple of tens
of nanometers of the thin film on top of the sacrificial layer. These parameters then give a
deposition rate of around 8-10 nm/min (based on the conditions of the main chamber) which

was measured by both profilometry and Ellipsometry devices.

Table 2.1. PECVD Recipe for LF

Temperature | Power | Pressure | Frequency | 5%SiH4/N2 NHs3 N2
20 650 20 600
300 [C] W] [mTorr] 380 [kHZz] | 400 [sccm] [scem] [scem]

After deposition of 160nm on top of the sacrificial layer, the sample had the color
shown in Fig. 2.5. It is noted that the uniformity of the thin film layer depends on the shape
symmetry and also the heat distribution. That is, the reason why the whole wafer seems more
uniform than the quarter shape is the symmetricity of the wafer resulting in smother
distribution of thickness through the surface. It is worth noting that since the fixture of the
PECVD machine is not designed for wafer slices, we have to stick them on a dummy wafer
with Kapton tape. The key factor here is that the heat distribution would be nonuniform
because of the intermediate wafer used. For this reason, it is highly recommended to increase
the preheating time from 2 minutes to 10 minutes whenever using wafer slices on dummy

wafers in order to have a perfect heat transfer.
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Fig. 2.5. Sample with 160nm LF SiNx deposited on the sacrificial layer

One factor that is of importance in our designs is understanding the amount of stress
inside the thin films. Since the stress varies based on different recipes, and even for the same
recipes in different devices, measuring the stress is beneficial to control the final dimensions
of the microswimmer. To this end, we deposited a layer of around 160 nm LF SiNx on bare
silicon, and used 3-point support (a standard method of stress measuring as shown in Fig. 2.6

), whereby the stress inside the film was measured by the profilometry device.

Probes Tip
3-point
stands Elevated
Fixtures

Fig. 2.6. Profilometry configuration for measuring the stress
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The tip of the machine travels on the sample through a line with a length of 80% of
the diameter of the wafer, so that it collects a wide range of data points, the number of which
can be varied based on the defined frequency and speed of scanning. Each of these points has
unique 2D coordinates relevant to the start point of scanning. By a 5™ order polynomial curve
fitting (recommended by the user manual of the device), a curve is obtained with an
approximated radius of curvature. Now, having the radii of curvatures of the sample before

and after the deposition, the stress can be calculated based on the Stoney formula mentioned

below [97]:
K R\ /1 1 -
0_6(1——1/5)<h_f)<R_f_R_s)‘ @-1

in which, Es, vs, hs, and Rs stand for substrate elastic modulus, Poison’s ratio, thickness, and
radius of curvature, while hs and R represent film thickness and radius of curvature,
respectively. Based on this formula, the interface of the profilometry device analyzes the data

and gives the amount of stress inside the film.
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Fig. 2.7. Stress Measurement by profilometry: LF silicon nitride with a thickness of 160 nm: a) parallel, and b)
orthogonal

For instance, as depicted in Fig. 2.7., the average amount of stress was achieved at -
1286 MPa which shows that the low-frequency silicon nitride has compressive stress inside.
Since silicon nitride is assumed to be amorphous with isotopically distributed mechanical
properties, we expect to achieve the same amount of stress in other directions. For this reason,
in addition to the stress measurement shown in Fig. 2.7. (a), we measured the stress in an
orthogonal direction as well, which resulted in the stress of -1267 MPa as depicted in Fig. 2.7.
(b). This trivial difference is acceptable due to various reasons like edge effects of non-
perfectly circular wafers that can result in thickness variations. Also, some other factors can
influence the distribution of stress through the sample [98-100].

2.1.1.3 Step 3: Nickel deposition

This thesis has aimed to create microswimming robots which can be driven by magnetic fields.
For this reason, ferromagnetic materials are the best options to perform this mission. Here, we
used nickel thin film due to its unique physical properties [101, 102]. The nickel thin film was
deposited by E-beam PVD at a vacuum of 5e-6 mTorr and deposition rate of 2-3 A. min*? ,

resulted in 50 nm of thickness shown in Fig. 2.8.
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Fig. 2.8. Nickel thin film deposited by E-beam PVD on LF Silicon nitride

Again, the stress inside the thin film was measured by the profilometry device which

IS on average around 646.25 MPa tensile as derived from parts (a) and (b) of Fig. 2.9.
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Fig. 2.9. Stress measurement of nickel: a) parallel to the flat edge of the silicon substrate, b) orthogonal to the flat edge

It is worth mentioning that for bilayer nanomembranes, this step is omitted so that just

two layers of silicon nitrides with opposite stresses were deposited.
2.1.1.4 Step 4: High frequency (HF) silicon nitride deposition

The processes of fabrication of this step are exactly the same as what was mentioned in 2.1.1.2
for LF SiNx with the difference that in HF SiNx deposition, the frequency was set to 13.56
MHz. The thickness measurement was carried out by means of J.A Woollam Ellipsometer
device. This device used an optical technique in order to measure the optical and mechanical
properties of dielectric materials like silicon nitride. It consists of a light source that shines a
light or laser beam on the sample with different angles and measures the polarization after
reflection from the surface. Using a standard model (continuing amplitude component (Psi)
and phase difference (Delta) versus wavelength) for different materials, and compare the
results by fitting the thickness and roughness automatically together with other parameters,
the approximate thickness with a mean squared error (MSE) is obtained. For sure, the lower
the MSE, the more accurate the results. However, in our case, it is recommended that for MSE
less than 20, the results enjoy high reliability. The measurement report given in Fig. 2.10.
represents the perfect curve fitting with an MSE of 9 that gives a thickness of around 364 nm.

As the time of deposition was 24 minutes, the deposition rate was understood to be around 15
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nm/min in case the main chamber is devoid of contamination after cleaning it by a special

recipe.
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Fig. 2.10. Ellipsometry results of a 24-minute deposited SiNx (HF)

Now, having the thickness, by using the profilometry device, the stress inside the LF
layer was measured to be around 304.5 MPa on average (depicted in Fig. 2.11).
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Fig. 2.11. Stress measurement of SiNx (HF): @) parallel to the edge of the wafer, and b) orthogonal to the edge

2.1.1.5 Step 4: Lithography

After the deposition of all layers, the 2D patterns are to be transferred to the layers through a
top-down process. This is called lithography which in our case was done by two different
methods: 1) electron beam lithography (EBL): which uses electron beams emitted from an
electron source (e.g. tungsten filament, or filed emission guns) and accelerated, demagnified,
and moved through the sample by an anode, a set of electromagnetic condenser lenses, and
scanning coils, respectively. When the accelerated electron beam hits a substrate, it interacts
with the structural elements of that. In the case of using a polymer like Poly (methyl
methacrylate) (PMMA), the chemical bonds are weakened so that in contact with a developer
like (Methyl isobutyl ketone) MIBK, those exposed regions will be removed, resulting in 2D
patterns created through the PMMA. 2) Photolithography: the mechanism of creating 2D
patterns is exactly the same as EBL with some differences. For instance, instead of the
electron, UV light is shone through a mask and after passing through the open regions of the
mask it reaches the sample which is covered by a photoresist (PR) material. After putting the
sample into a developer, those regions that have been susceptible to the UV light will be

removed. In some special cases, also, the chemical bonds of the exposed regions can be
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strengthened and not remove after developing based on the PR material, lithography recipe,
and post-processing procedures applied. This is called reversal lithography which is
performed using a negative PR or PMMA. However, the majority of our experiments were
focused on photolithography by positive PR. Hence, in the rest, we will just go through this

process and describe the other processes used by EBL.

2.1.1.5.1 Mask

For the sake of producing microswimmers with the best performance, a wide range of designs
was prepared by Layout Editor software either for EBL or photolithography. Since for most
of the structures, the feature sizes were more than 50 um, we used high-resolution printed
masks for photolithography. However, for some shapes with feature sizes of a couple of
nanometers, we had to use EBL. The masks were prepared as dark fields or light fields based
on their applications. After more than 40 experiments with different masks containing various
designs, in the end, for the final results which required more than 36 systematic experiments,
we used a batch fabrication process to reduce the time and cost of production. For this reason,
two main masks were produced to cover both techniques of fabrications that were utilized. In
this step, the mask shown in Fig. 2.12. contains a set of rectangular ribbons that are arranged
in order to cover different angles. The ribbons have areas of around 105x1050 pm? 120x1050
um? 145x1050 pm? However, here in this experiment we just report the results coming from
the second sets of rectangles. The repeatability of the experiment was checked by having three
of each series in every experiment. The mask area was designed to be as much far as possible
from the edges of the wafer at which the thickness is nonuniform because of edge effects
created in PECVD and also in PR spin coating. The objective of the plus sign in a square at
the left-hand side of the mask is to prepare a mask aligning process for the subsequent
photolithography with the other masks that need to be perfectly positioned. The surrounding

circle with two edges exactly represents the geometry of the wafers used.
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Fig. 2.12. Final mask designed for batch fabrication

2.1.1.5.2 Photolithography process

Since sensible to light, the processes of the lithography have to be carried out in a room in

which some damaging wavelengths are filtered. For this reason, the process is performed in a

room with yellow fluorescent light tubes that filter light with wavelengths less than 500 nm

[103]. This room is the cleanest section of the cleanroom so that providing a neat environment

for the resists which are very sensitive to dust and other contaminations. The process of

lithography generally consists of three main steps that will be explained below:

Spin coating of PR: As mentioned above, cleanliness is a key parameter in the lithography

process. Hence, before starting the process, one has to make sure that the surface is full free

of any contaminations, and if necessary, dehydrate the sample in an oven or on a hot plate for

a couple of minutes at around 120 °C. Afterward, the PR is poured on the sample by a cleaned

and new plastic pippet very smoothly such that no bubbles remain on the sample. It is noted

that in case there are any bobble or contamination particles on the substrate, we see that the

PR is not coated uniformly on the sample which can reduce the resolution of the final shape

of the 2D patterns. The PR used for this project was Photoresist 5214E which can provide a

35



thin film layer of different thicknesses based on the recipe used. For this reason, regarding the
datasheet of this resist, to have a 1.4 um thick resist, a one-step recipe mentioned in Table 2.2
was used. After that, the sample needs to rest for 2 minutes in order for stabilization, followed
by keeping on a hot plate at 110°C for 60 seconds to have the solvent inside the PR evaporated
moderately. Then, it has to be put somewhere clean with a dark cover (e.g. a petri dish
surrounded by aluminum foil) to let the sample cool down slowly at ambient temperature. The
rainbow-like color of coated PR shown in Fig. 2.13., is due to newton waves so that if one

rotates the sample the color may change as well.

Table 2.2. PR spin coating recipe

Time Acceleration Speed

60 [s] 450 [rpm?] 4000 [rpm]

Fig. 2.13. Wafer coated with 1.4um PR

In the case of using EBL, we coated AR-P 672.06 PMMA based on the three-step
recipe given in Table 2.3. Then, the sample should be put on a hot plate for around 60
seconds at 175 °C. This led to reaching a thickness of 350 nm.

Table 2.3. PMMA Spin Coating Recipe

Time Acceleration Speed
Stepl 4 [s] 450 [rpm?] 500 [rpm]
Step 2 50 [s] 450 [rpm?] 4000 [rpm]
Step 3 5 [s] 450 [rpm?] 0 [rpm]
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Lithography process: Having the sample PR spin-coated, it is ready for the lithography
process. To this end, the mask shown in Fig. 2.12., was located in the mask holder
depicted in Fig. 2.14., of the “Midas Mask Aligner MDA-60 MS” device, so that it
kept on that by pressing vacuum bottom. Now, the prepared sample is put on the
sample holder of the device so that the cut edge of the wafer exactly aligns with the
same part on the sample holder. This is useful as a pre-alignment method for the
subsequent processes in which multi masks are to be used and aligned with respect to
each other. Again, a vacuum is served to keep the sample so that no movement would
occur. It should be noted that in lithography, accuracy is the key point since we are
talking about a couple of micron resolutions. Hence, even a very tiny displacement of
the sample results in a big error in the subsequent processes. The most indispensable
part is the recipe that one may use. This recipe contains lots of parameters varying
with respect to the different PR, substrate, and profile resolutions. However, the best

recipe that worked well in our case is tabulated in Table 2.4.

Table 2.4. Photolithography Exposure Parameters

Exposure Ener Mask Sample PR
Time gy Thickness Thickness Thickness
120
6 [s] [mJ] 2.36 [mm] 500 [um] 1 [um]

For the EBL also, we used Raith/Vistec EBPG5000+ES EBL system which
provides 100 kV energy, and the electric flux density used for patterning of our

structures was set to 325 pC.cm?.

Developing: To remove the electron or UV-light exposed regions, the sample should
experience a developing process. However, right after the exposure process, in order
for stabilization, the sample should have rested for around one to two minutes
somewhere clean. Then it was immersed in a developer (i.e. AZ 726 MIF developer).
The time of development can vary based on the freshness of the PR. For instance, in
our case in which we used a non-expired PR, it took around 1 minute to have the
exposed PR removed. This time is of importance in order to not have undercutting and

missing the resolution. During the developing process, a very smooth shaking of the
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petri dish would be useful. After the developing process, the sample was required to
be put inside deionized water (DI-Water) for 2 minutes. After that, it had to be dried
using nitrogen gas very gently. In the case of using PMMA for EBL, the developing
process falls into three steps: 1) 60 seconds immersing in a 3(IPA):1(MIBK) solution,
2) 10 seconds in 1(IPA):1(MIBK), and 3) resting in IPA for 1 minute.

All the processes mentioned above ended up with a sample with a PR mask through which
patterns were created. Now, the patterns had to be transferred to the whole layers which are

discussed in the subsequent section.

Mask Mask holder

Sample holder

Fig. 2.14. Photolithography device

2.1.1.6 Step 5: Etching

Etching means removing material or part of it chemically or physically. In this project, we
used two methods of etching processes with respect to the materials used. The first one was

reactive ion etching (RIE) known as dry etching which is a plasma etching process taking
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advantage of a combination of physical ion bombardment and chemical reactions. This
assisted to have a directional anisotropic etching with the minimum lateral undercutting. This
process depends on the dielectric or metal films, such that using some key parameters
including gas types, flow rate, pressure, and power, change the performance of the process.
The second etching process is chemical etching based on which the material will be dissolved
once immersing or exposing to a special solvent or vapor phase of which. It is worth noting
that not only the material is removed when the etching process is started, but some or a whole
part of the resist mask will also be removed as well. Hence, the process of etching could be
limited for some materials. For instance, metals like Ni are more resistant to the gas mixture
used for etching dielectrics (e.g. silicon nitride). On the other hand, resist masks must be
survived during the etching process. All the facts considered, the etching process in our
fabrication was done by both RIE for Silicon nitride layers and wet etching for the nickel

layer. This helped us to carry out the etching process while having the resist perfectly survived.

Generally, the recipe used for etching SiNx in RIE machine (OXFORD Plasma
Pro100) is shown in Table 2.5. In the case of using just a bilayer silicon nitride films, we put
the sample into the device for less than three minutes (since the etch rate was around 5-8
nm/sec). In the case of using sandwich layers in which the nickel core is covered by two layers
of silicon nitride, first, the top HF SiNx layer was dry-etched by RIE for around 1.5 minutes,
and after a wet etching process to etch the nickel layer, the bottom LF SiNx layer was etched
away by RIE at around 50 seconds. It is worth mentioning that, due to the chamber's
conditions, it is highly recommended to do a process of etching each time after cleaning the
chamber. However, for academic applications where the device is used repeatedly by other
people, regularly cleaning the chamber would be impossible since it is a very time-consuming
process. Instead, one may use another alternative; perform RIE for a limited time (e.g. 10
seconds), and measure the high differences before and after etching. This helps to understand
the etch rate of the recipe at that time. However, the color-changing tracking under the
microscope may be helpful.

Table 2.5. RIE Recipe for LF and HF SiNx

Temperature Pressure SFs CHF3
20 [C] 10 [mTorr] 20 [sccm] 80 [sccm]
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Like what mentioned above, since the used resist (especially PMMA) would not be
survived if using RIE for etching nickel, we had to employ a wet etching process instead.
There are a bunch of solvents that can remove nickel [104, 105]. However, we characterized
some of them (diluted HCI, AL80, HNO3, Auga regia, and FeCl3) to see their selectivity to
the resists. Most of them although work properly in etching the nickel, but there are many
drawbacks with them as well. For instance, ammonia with a fairly high etch rate of nickel,
peeled off the resist completely. HCI damaged the silicon nitride, and Aluminum etchant
ALB8O0 has a very low etch rate at ambient temperature. For this reason, two options remained
(i.e. Auga regia and FeCls). Aqua regia although works, it had a very slow etch rate around
10-20 nm/min. The best and final option was FeCls 85% which has a very high etch rate (a
couple of microns per minute), providing perfectly sharp edges. To increase the controllability
of the etching process so that to minimize undercutting, the etchant was diluted by DI-water
with a rate of 1(FeCls 85%):20(DI-Water). This assisted us to etch 50nm of nickel in just 10-

15 seconds while having sharp edges and negligible undercutting.

Having three subsequent etching processes (i.e., RIE of HF SiNy, wet etching of nickel,
and RIE of LF SiNx) completed, the patterns were transferred through the nanolayers, and as
a result, a bunch of mesas was achieved as shown in Fig. 2.15. (c). After the etching processes,
to remove the PR, hot acetone at 60 °C was used followed by rinsing in IPA and DI-Water
and drying by nitrogen gas. It should be pointed out that in the case of fabrication bilayers the

wet etching processes would not be required and just one step of RIE is enough.

i

(© i\

Fig. 2.15. Etching processes: a) RIE of HF, b) wet etching of Nickel, ¢) RIE of LF and removing PR
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2.1.1.7 Step 6: Second lithography

This process is an additional technique to create grated mesas. Hence, for the first method of
our fabrication which is based on thickness variation, this step was omitted. In the grating
method, four main parameters should be taken into account: g (gap distance between each
island), w (width of each island), H (height of islands), and 6 (the angle of the patterns). These
parameters are demonstrated as a schematic view in Fig. 2.16. In this project, a wide range of
experiments was carried out with combinations of the following nondimensionalized
parameters, in which L is the constant Length of the mesas, and Ttop is the thickness of the top
layer which is HF silicon nitride.

- g/L:0.025, 0.05, 0.075

- w/L:0.025,0.1, 0.175, 0.25

- H/Twr: 0.2,0.4,0.6

Top view
-
g WA l
£ N

=

Front view

B Y S L N

ﬂ

Ni
LF SiNyk

<

< L >
Fig. 2.16. Schematic view of grating parameters

To this end, another mask was prepared, in which three sets of each combination of
g/L and w/L were used, so that it was aligned to the first patterns achieved from mask 1 by
means of the cross mark. After spin coating of the PR with the same recipe shown in Table
2.2, and going through the post-processing procedure, the patterns were engraved through the
PR through the photolithography process using the similar recipe mentioned in Table 2.4.
After developing, the patterns were created as shown in Fig. 2.17. The blue regions show the
surface of the silicon nitride that is opened to be etched away based on the defined heights
(H). The next stage, as depicted in Fig. 2.18, was slicing the whole wafer by “ATV RV 129”
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wafer Scriber device in order to divide the samples into three sets which needed to be etched

based on H/Txr ratio mentioned above.

Fig. 2.17. Microscopic image of the grated pattern after photolithography

Fig. 2.18. Wafer slicing by the dicing saw

After slicing the wafer, it needs to be cleaned by the nitrogen gun in order to get rid of
wafer residues on the sample. Like what was mentioned earlier, three sets of samples were
prepared for one-step silicon nitride RIE (shown in Table 2.5) which gives grated mesas with
three various grating heights. After RIE, the samples were put in hot acetone at 60 °C for a
couple of minutes, and if required, sonication was utilized as well, together with smoothly
cleaning by specific soft swabs. After that, the acetone was cleaned by IPA followed by DI-

water and dried under nitrogen gas.

Having the sample ready, we just needed to etch the chromium sacrificial layer. To
this end, chromium etchant Cr01 was used at ambient temperature. Here, it is worth pointing
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out that although at higher temperatures the etch rate of chromium will be increased
dramatically, however, we carried out the experiments at ambient temperature at which the
selectivity of nickel etching is extremely low. Hence, we preferred to increase the time of the
experiment in favor of surviving the core nickel shell as a magnetic layer as much as possible.
Therefore, each experiment took around two and a half hours to have the ribbons with a width
of 120 um started rolling. Then, images and videos were taken from the rolled structure in
real-time by optical microscope (since they become floated and hard to find them out once
detaching from the substrate). it should be noted that the first method of fabrication was not

an exception in this regard.

2.1.2 Problems in fabrication

What was mentioned above about the microfabrication process is just the final version of our
fabrication. However, over the course of three years, many challenges in front of us needed to
be addressed. Some of them were mentioned during the explanation of each process. In this
section, some others are discussed and most of them were performed under the supervision of
the technicians in Sabanci university nanotechnology research and application center
(SUNUM). So, first, one must be certain about what he/she is doing by consulting the people
in charge, and then perform the processes since some of them may be extremely hazardous,
like hot acetones, PECVD recipes, RIE recipes, acids, hydroxides, perfect ventilation systems
(e.g. the hydrofluoric acid is a very dangerous material in both liquid and vapor phases. So it
is extremely recommended to use aprons, gloves, glasses, and shields under standard

ventilation systems).

One of the main problems was the existence of pinholes generated during the PECVD
of silicon nitride. These pinholes become more important to be eliminated as much as possible
when dealing with nanomembranes with a thickness of less than 100 nm. In our case, pinholes,
in essence, do not cause considerable effects on the structure since the size of which are
usually less than a micron [106]. However, their side effects are problematic especially when
trying to etch the sacrificial layer, so that once the structure is put inside the etchant, it

penetrates the pinholes and starts etching from them in addition to the edges. This may change
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the direction of rolling completely. For the sandwich layer, the nickel core layer was aimed to
be survived as much as possible. Hence, the existence of pinholes resulted in etching the
unexpected area of the nickel as well. Several methods were proposed in order to eliminate
the number of pinholes, among which using very clean substrate was our priority since the
other methods deal with changing the parameters of cleaning. Due to the fact, in all of our
experiments, we tried to use new wafers coming from the package. We also used thermally
grown silicon oxide on a silicon wafer to have a more uniform and clean substrate. In every
process, we tried to run a main chamber cleaning recipe before going through our main

processes.

In the cutting processes, the scratching line is created by a diamond tip. Since silicon
substrate is crystalline, it prefers cutting alongside the crystal planes. Therefore, the cutting
depth had to be controlled in order to ensure cutting right from the scratching lines. However,
taking all the facts considered, cutting had to be performed very carefully and most of the time
it resulted in a failure. Finally, we found out a very sharp edge to cut the sample on that while
aligning the scratching lines right on the sharp edges. In some cases, in which the
nanomembrane is not covered by a resist mask, we deliberately spin-coated a PR before the
cutting process, so that the wafer particles lay on the PR, which are removed easily by solving

the PR in acetone and sonication.

Since the cleanliness of the substrate is of significance, some other methods of cleaning
were used, including piranha solution cleaning, hot acetone cleaning, ultrasonic cleaning, and
mechanical cleaning by swaps to get rid of organic residues. These methods, however, do not
guarantee a clean surface while they remain their own residue. Instead, there are some other
methods known as RCA cleaning processes whereby first a thin layer of the surface is oxidized
and then cleaned, resulting in a very neat surface. Sometimes, after using resists, it was hard
to remove them from the surface especially if they were hard-baked. Therefore, we put the
sample in RIE under oxygen plasma with fairly high power (less than 100 W) in a couple of

minutes. These processes assisted us to clean the surface very accurately.

We tried a wide range of patterning to reach consistency in our results. However,
drawing these patterns as they were too much (more than thousands in an experiment), it was

impossible to use common drawing software like SOLIDWORKS. Instead, other vector-based
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software like Layout Editor or AutoCAD had to be employed. These kinds of software do not
occupy too much memory, and as a result, designing an array of patterning was possible.
Using the devices like PVD for some materials was very challenging. For instance, since
nickel is a magnetic material, the electromagnetic field inside the device, which is used to
conduct the electron beams towards the center of the crucible, directly affects the melting
process of nickel. As a result, when using new pellets, by ramping up the current something
like firework happens inside the chamber resulting in nickel particle bombardment
everywhere including the sample. Hence, we had to wait for an hour to have the melted nickel
stabilized first. Then, by ramping up the current the process was carried out. Since the boiling
point of nickel is very high, if one wants to increase the deposition rate, the nickel can be
combined with the surface of the crucible and create alloys. For this reason, there is a trade-
off between the deposition rate and the quality of the final products. Some suggest using
graphite crucible instead of tungsten. This may improve the quality of the film, however, the
graphite crucibles are likely to be broken at high temperatures due to thermal gradients.

Therefore, trying and error in this process may be required in order to obtain the best results.

2.2 Modeling and simulation processes

In this section, we first go through rolled-up structures, how to model them, and comparing
the results by some of our rolled-up microstructures to verify our simulation. Then, taking
advantage of this method and showing energy minimization, we show how to model helical
and corkscrew-like structures. In the next chapter, we will show in detail how accurate our

model is by comparing the results with our own manufactured micro helical structures.

2.2.1 Rolled-up ribbons

To simulate the process of rolling, COMSOL Multiphysics V5.6. was employed to model the
multilayer micro ribbons as a 3D structural solid mechanics. The rolling process and materials
were assumed to be fully elastic Then, two or three nanolayers of silicon nitride and nickel

were placed on top of each other by defining them as 3D blocks. Since the structure is too
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thin, inertial effects are neglected. Hence, the structure is released step by step by defining
moving boundary conditions with quasi-static approach. To apply initial stress, we defined
mismatch thermal expansion for each layer. The general linear governing equations in solid
mechanics of COMSOL are based on the linear momentum balance according to the Newton’s

second law which relates the stress, strain and displacement filed as follows [107]:

0%u
,OWZV'S-FFV, 2-2)
S = Sad + C: Eels (2 - 3)
Eel = € — Einelr (2 - 4)
Einel = €0 t Etp T Ens T Epr T Ecry (2-5)
1
€= > [(Vu)T + Vu], (2-6)
Sad = So + Sext + Sq, 2-7)

2
in which, u=[u,v,w] is the displacement field, p is the density, ZTZ is the acceleration, V- S is

Cauchy stress tensor, Fy is volume force, ¢,; is the total elastic strain, ¢ is the linear strain-
displacement, &;,,,; are initial and inelastic strains, &, is initial strain, &;;, is thermal strain, &
is Hygroscopic strain, &, is plastic strain, e, is creep strain, S is initial stress tensor, S,
external stress tensor, S, is extra stress coming from viscous damping, and C is the elasticity
tensor, generally defined by the elastic modulus and the Poisson’s ratio. In our case, the
acceleration term is omitted as a results of stationary problem. Similarly, other terms related
to body force and other stress and strain tensors are neglected, except for thermal strain tensor

which is intentionally apply to the systems as follows:

g = (T = Trey), (2-8)

where, « is the thermal expansion coefficient, and T is the temperature that is defined for
each layer to obtain the measured stresses. Transforming a 2D structure into a 3D helical
structure is a process required large deformation. This large deformation results in mid-plane

stretching, leading to geometric nonlinearity, that is to be considered in the displacement field.
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For this reason, the normal equations explained in Egs. (2-2) - (2-7) are required to be
modified so that this effect is included. In COMSOL, there is an option named “include
geometric nonlinearity”, after selecting it the equations are updated. To this end, the Green-
Lagrange strain and the second Piola-Kirchhoff stress are utilized instead of engineering strain
and stress, so that to solve the problem, COMSOL employs a total Lagrangian formulation.
Considering the abovementioned modifications, the governing equations are changed as
follows [108-111]:

0=V-PT, 2-9)

in which P is the first Piola-Kirchhoff stress tensor, that can be obtained by using a
transforming matrix (F) and the second Piola-Kirchhoff stress tensor (S) expressed as follows:

0=V-(FS), (2-10)
S=C:¢g,, (2-11)
o1 = E— &, (2-12)
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As schematically depicted in Fig. 2.19., the microstructure is initially confined before
the etching process of the sacrificial layer started. Afterward, this layer is released
incrementally by defining a set of sectioned boundary conditions underneath the structure,
mimicking the etching process. By defining strain mismatches between nanolayers, once one
segment is released, the problem is solved stationary, resulting in the rolling of that segment.
Then, the solution and physics properties of this section are used as the initial condition for
the next step, in which another segment is detached. This process loop continues until the
rolled-up configuration is obtained. Finally, the curvature or diameter of the rolled-up

nanomembrane is measured. To induce the strain mismatch inside the layers, as previously
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mentioned, we applied thermal expansion since it provides a fairly better approximation of
stress distribution either in-plane or through-thickness of the nanomembranes. Another reason
was that the COMSOL fail to give accurate stored elastic energy when using stress, and as we
needed to calculate the energy stored to prove energy minimization, the thermal expansion

method was the best choice.

t e

S s

S No releasing
so—— 1*Step of Releasing

ﬁ 2% Step of Releasing

u=0forL—n
wheren =0,S, 2S5, ...,
Fig. 2.19. Schematic view of releasing the structures from the substrate

Before going through the method in detail, it should be noted that the curvature and
related stress shown in the previous section just give stress information about the surface of
the structure. However, we know that in-plane stress is not uniformly distributed through
thickness [112-114], meaning that, there is a stress gradient through thickness that needs to be
taken into account. However, this requires real-time curvature measurement which is
demanding work requiring special measurement equipment in both PECVD and PVD devices.
For this reason, we used another alternative in which the sample curvature at the top is
measured, then using RIE and measuring thickness by Ellipsometry followed by measuring
the curvature by profilometry, the stress can be defined at different thickness locations. Based
on this method, we measured one curvature at higher thicknesses (more than 100 nm) and one
measurement at less than 100 nm and took the average of the amount of the stresses. The
average stress can be calculated as follows:

1 (M

7 oxx(2)dz , (2 —-15)
hy Jo

o=
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where, & is the average stress while o, (z) is the amount of in-plane stress with respect to the
thickness. In this correlation, also, hr represents the thickness of the film. Regarding the
technique, the LF SiNx curvature was measured at 48 nm thickness leading to -1815 MPa,
while in HF SiNy it was achieved at around 129.5 MPa at a thickness of 75nm. Based on Fig.
2.7, and Fig. 2.11., and considering Eq. (2-15), the average stress is obtained as -1444.7 MPa
and 277.3 MPa, respectively for LF and HF silicon nitride layers. For this reason, for those
thicknesses that are much greater than 100 nm respectively for LF and HF, these average
stresses were considered. For the nickel layer, also, at the thickness of 50 nm, the amount of
stress was obtained at 518.8 MPa. Similar to LF and HF, for thicknesses much bigger than
100 nm, the average stress was obtained at 587 MPa, while for lower than 100 nm it was
assumed to be constant.

In addition to thickness, geometry may affect the stress as well [114, 115]. Moreover,
mechanical properties including elastic modulus in thin films are also thickness-dependent
[116-119]. However, measuring the exact values demand material characteristic processes like
nanoindentation techniques which have been out of the scope of this thesis. Hence, we decided
to keep it constant at an average value reported in the literature. Considering the information
given above and taking the related assumptions, the material properties used in the simulation
are tabulated in Table 2.6. Note that, the thermal expansion coefficients (o) and temperature

increments (T) were carefully set to give the stresses obtained.

Table 2.6. Material and mechanical properties

Layer Thickness Esinx Eni T OLF OHF QN
VSiNx VNi
(nm) [GPa] [GPa] cl] | [uec [1°C] | [ueC
e AT 200 | 028 [031| 2300 | 275e-6 | -1.95e-7 | -7.75¢e-7
Upper range thickness > 100 210 200 | 028|031 1820 | 2.75e6 | -5.20e-7 | -1.11e-6

nm

In the modeling, we should have first performed a mesh study to reach consistency in
our results. Moreover, since the problem was supposed to be solved quasi-statically,
determining the size of each section (S) as shown in Fig. 2.19., was crucial to be defined as
well for the next level of simulating the isotropic etching. For this reason, both mesh sizes and
section sizes were defined by a ratio of the rolled-up circumference (C). To this end, one of
the fabricated rolled-up structures shown in Fig. 2.20., with an inner circumference of about

49



50 um was considered as a reference, so that both mesh independence and size independence
studies were accomplished based on that. The results for four different sections with an
increment of three even multiplications of 50 are tabulated in Table 2.7. The simulation
graphical user interface (GUI) result is depicted in Fig. 2.21.

Fig. 2.20. SEM image of a rolled-up bilayer ribbon (LF=32 nm, HF=60 nm)

Table 2.7. Mesh and Section independence study (C=50 pm)

Mesh size C/50 C/100 C/200 C/400
D [um] Time D [um] Time D [um] Time D [um] Time
Section size
C/400 - - - - - - 16.22 17°38”’
C/200 - - - - 16.23 3’59 16.23 10°50”’
C/100 - - 16.30 1’16 16.25 4’357 16.24 17°45”
C/50 17.22 31 16.36 137 16.30 42 16.28 16725

50
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Fig. 2.21. Simulation result of rolled up bilayer nanomembrane with an LF/HF=32 nm/60 nm

The optimized mesh sizes, as well as section sizes, were achieved at C/200 based on
the results of Table 2.7. These amounts are used in the rest of all of our simulations. For
instance, as depicted in Table 2.8., the simulation results were compared to the experimental
rolled-up nanomembranes, with an obtained average error of around 2 %. This can be
considered as an acceptable comparison showing the method of simulation is reliable. A wide
range of factors can be the culprit for the discrepancy between the simulation and experimental
data; for instance, the neglected uncertainties corresponding to the stress gradient through-
thickness, mechanical properties variation through-thickness, and the calculation method
discussed in Table 2.7. Moreover, as all the structures were floated after release, it was
demanding to take scanning electron microscopy (SEM) images of all of them. Therefore,
there might be some error of measurement because of the refraction of light through the
etchant liquid which causes the edge of the images to be seen blurry. Another factor that may
cause this discrepancy is the thickness variation through the surface of the sample (that might
exceed even more than 10 nm from one side to the other) because of edge effects that were
discussed earlier. Although we tried to use the samples from the middle of the whole wafer,
which is more uniform than the edges, there are possibilities to have nonuniformity in the

thickness, as well as the stress through the surface.

Table 2.8. Comparison of 2D and 3D simulation results with experimental data.

LF SiNx /HF Measured Calculated Calculated
SiNy Diameter Diameter in 2D Diameter in 3D Error
[nm]/[nm] [um] [um] [um]
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32/60 15.82 15.78 16.23 2.6 %
40/75 20.70 19.61 20.96 1.25%
160/305 88.90 89.48 89.83 1.05 %
160/390 111.20 113 113.34 1.92 %

2.2.2 Imperfect and perfect helices

In the amorphous nanomembranes, the etching process starts isotropically from everywhere,
and the final shape can be a rolled up structure, imperfect helices, or perfect helices. To mimic
the etching process in modeling, regarding the quasi-static releasing method discussed in the
last subsection, and the amount of optimized mesh and section sizes, we considered the
boundary conditions shown in Fig. 2.22. Based on this figure, we modeled the bilayer or
sandwich structure as an initially confined cantilever or mesa. Then, it gradually released from
the substrate step by step from all sides with equal sections of S, ending up with a straight red
line (L-W). Finally, the structure is completely released but confined by the green point to

prevent the numerical analysis to enter an infinite loop.

5 LW

L

Fig. 2.22. Schematic view of the general modeling of the etching process

This method can be considered as a generalized model for all isotropic etching
processes that can lead to either rolled-up, imperfect or perfect helices. The deformation and
energy results obtained by this model will be discussed in detail in the next chapter. This
model is very helpful especially in the simulation of the behavior of strained nanomembranes
with low aspect ratios since the final shape of the structure is pre-defined before the structure

is fully released from the substrate.
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At high aspect ratios, however, the structure temporarily sticks to the substrate after
the etching process is finished, due to capillary force or intermolecular interaction forces
(more details regarding the effect of aspect ratio to the behavior of rolling will be given in the
next chapter). For this reason, the structure tends to release its energy from the longest side of
the ribbon, i.e. diagonal line. Fig. 2.23. is a time-lapse image of a high aspect ratio bilayer that
is released gradually once putting in the etchant. We can see that the sacrificial layer is
removed from every side of the ribbon up to the time of 3°29”’, at which the structure is fully
removed. However, it does not have the final shape as a result of adhesion. After a while, it
starts rolling from the diagonal line that is gradually moving through the length of the ribbon
and finally deforms as a compacted helical structure. Our modeling is inspired by this behavior
so that we just use three oriented lines with equal distances (i.e. i) (0,0) and (L,W), ii) ( 7/30
L,0) and (23/30 L,W), and iii) (14/30 L,0) and (16/30 L,W)), and point constrain in the middle
to let the numerical method reach a convergence. Using such a method, we skipped the
sectioned releasing and just simulate the behavior of the structure after sticking; therefore, we

only used the optimized mesh size that was discussed in Table 2.7.

t=0s

&
2°34” e
329" —————
3°457 T e

3’46

Fig. 2.23. Time-lapse images of the rolling of a ribbon under etching process (L=10 W, C/W=3.5),



2.3 Magnetic and acoustic propulsion setup

In this section, the setup used for testing the locomotion of the fabricated swimmers is
examined. The setup in our experiments consists of four main parts: a) Helmholtz coils which
generate the rotating magnetic field [120], providing the required torque for the swimmer to
rotate and move, b) the PDMS chamber, c) piezoelectric transducer, and wave generator to
provide the acoustic amplitude and frequency, and d) the optical microscope equipped with a

camera.
a) Magnetic field and magnetization

As mentioned earlier, since the swimmer's weight is well-distributed, the control over the
orientation of the swimmer was neglected. For this reason, we just used two pairs of coils that
are perpendicular to each other as schematically depicted in Fig. 2.24.(a). The coils were
previously designed in our group so that it provides the required magnetic field while well-
matching the optical microscope has been utilized. The housing of the coils was designed and
fabricated by the 3D printing process. The dimensions of the coils and the magnetic field they
generate are depicted in Table 2.9. Note that both y and z coils have been designed with the
same properties to generate a uniform magnetic field. A rotating magnetic field on that plane
exerts a magnetic force (Fm (N)) and torque (zm (N-m)) on the swimmer, which is given as
[121, 122]:

F,, = v(M-V)B (2 —16)
T, = VM XB (2-17)

where v is the volume of the magnetic thin film (i.e., nickel), M (A.m™) is the magnetization
of the nickel thin film layer. In soft magnetic thin films, the magnitude of the magnetization
is a function of the applied field. B (T) is also the external magnetic field vector with a

magnitude of Bo which is simply calculated for a single coil as follows

uNI  R?
2

By(2) = (2-18)

3’
(R? + 22)2
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in which 4, N, I, R, and z respectively represent the permeability of free space, the number of
turns, the current (A), the radius of the coil (m), and the distance from the center of the coil
from the coil axis. It is obvious that the maximum magnetic field magnitude for a single-coil
is obtained at z=0. However, using Helmholtz pair coils the governing equation is changed to

the follows:

uNIR? 1 1

. + ~ (2-19)
L(RZ + (z + %)2>

(re+ 9]}

where d=R is the distance between two coils in meter, while the origin of the coordinate

Bo(2) =

N|w

system is set to be between the two coils which is located at a distance of R/2 from each coils.
Based on the equation, at the distance of z=0, the magnetic field is 0.68 uNI/R while in the
half distance of two coils it is obtained as 0.72 uNI/R. This shows that how uniform the
magnetic field would be if two coils are coupled. In our group, we used this configuration
together with taking advantage of an interface to set the given shifts in order to compensate
for the possible uncertainties in fabrication. However, to have the microswimmer rotated
smoothly and perfectly, two pairs of coils have been utilized with an out of phase sinusoidal

magnetic field as follows to generate a rotating magnetic field (as depicted in Fig. 2.24. (a)):
B = By[0 cos(wp,t) sin(w,t)]7, (2 —-20)

where, w,, = 21f,, is the rotation rate, by changing the sign of which the rotation of the
swimmer changes, and as a result, the forward or backward swimming is achievable. Before
putting the swimmer inside the magnetic field, we collected them with a magnet to change the
magnetization orientation in the lateral direction (shown in Fig. 2.24. (b)). Applying the
rotating magnetic field, the swimmer moves as a result of created backward waves (depicted

in Fig. 2.24. (b)). The magnetic fields were measured by a gaussmeter device.
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(@) (b)

Fig. 2.24. a) Helmholtz coils, and b) magnetization, and propulsion schematic

To apply the required current through the coils Maxon ADS_E 50/5 motor drivers and NI
DAQ hardware has been utilized. A MATLAB user graphical interface was designed to
control the amount of alternating current at a defined frequency. Using this interface, also, one
can define phase shift coefficients to have a smooth uniform rotating magnetic field.
Moreover, this interface that is synchronized by an oscillator is capable of controlling the

amplitude and frequency of the applied acoustic field.

Table 2.9. The properties of the coils

Inner Diameter [cm] 4.5
Outer Diameter [cm] 6.5
Thickness [cm] 0.25
Number of Rotations 100
Wire Diameter [mm] 0.5
Approximate Wire Length [m] 10.74
Measured Resistance [Q] 1.9
Magnetic Field [mT/A] 2.1

b) PDMS Chamber

In addition to an mm-scale tube, to check the behavior of the swimmer in a wide chamber,
and also see the effect of the acoustic field and traveling waves on the swimming performance,
a cuboid PDMS chamber was fabricated with the dimensions of 1 cmx1 cmx0.5 cm. To this
end, we had an aluminum modular mold fabricated by a CNC machine. The exploded view

also and the image of the mold are depicted in Fig. 2.25.
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Fig. 2.25. a) Schematic exploded view of the mold, and b) fabricated aluminum mold

The PDMS polymer base with a curing agent (sylgrad 184 silicone elastomer kit, Dow
Corning, Midland, MI, USA) with a ratio of 10:1 is mixed and stirred smoothly. Then it is
poured inside the mold followed by a repetitive degassing process by a low vacuum pump to
remove the bubbles inside the material. Finally, it is put in an oven for two hours at 75 °C to
have it solidified. Subsequently, the mold with PDMS is put somewhere to cool down. After
that, by separating the movable parts of the mold, the PDMS chamber can be removed from
the mold readily. Afterward, a piece of a microscope glass slide is accurately cleaned by
acetone so that no particles or stains remain on it. The final step is to use an oxygen plasma
process (either by a vacuumed chamber or by utilizing a Corona oxygen plasma treater) to
bound the PDMS to the glass. The final product is depicted in Fig. 2.26.

Fig. 2.26. PDMS chamber bonded on a microscope glass slide

c) Piezoelectric transducer

In this thesis, we used a piezoelectric disk element located next to the PDMS chamber. This
transducer was connected to an oscillator ( Agilent Keysight 33220A 20MHz
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Function/Arbitrary Waveform Generator) that provides the maximum amplitude of 10 volts
and the maximum frequency of 20 MHz. However, we just used two frequencies in the range
of 1-10 kHz. We did not use an amplifier to stay in a safe mode to not break the glass. In the
acoustic experiment, we mainly focused on vibration modes so that the glass-PDMS was
sandwich between two plexiglass pieces, that were cut through a laser cutting process. This
assisted us to have doubly clamped beam vibration modes coming out of the piezoelectric
actuation. The setup is depicted in Fig. 2.27. The liquid we used was isopropyl alcohol (IPA)
since it has a lower surface tension than water, by which the swimmer will sink easier.
However, it is quickly evaporated, so that we had to use a cover glass with a thickness of 0.15

mm and coated with an anti-vapor spray.

Fig. 2.27. The glass-PDMS-transducer setup

d) Microscope and camera:

To record the swimming processes under a rotating magnetic field and acoustic field, an
optical microscope (Nikon SMZ1270) equipped with a camera (Basler acA2440-75um)
was utilized which allowed observing and recording the real-time images of the
swimming. The framerate of the recording was fixed at 25 FPS, and the contrast of the
images is possible to be changed simultaneously to make the image-processing
straightforward. Using the grids and marker point of the camera in the middle, also, help
to fix the position of the chamber, so that the obtained results have consistency and are

reliable. The setup is shown in Fig. 2.28.
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Fig. 2.28. The setup used for micro swimming performance
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3 RESULTS AND DISCUSSIONS

In this chapter, the fabrication and simulation results of two methods of fabrication will be
examined. First, we will elaborate on the first method corresponding to the effect of geometry
on obtaining helical structures, and subsequently, the grating method and the effects of its
significant parameters. In the end, the swimming performance of a swimmer made of the

grating method will be investigated under a rotating magnetic field and acoustic actuation.

3.1 First method: Geometry modification (thickness variations)

As previously mentioned, we used amorphous nanomembranes in which the mechanical
properties are distributed isotopically. Hence, to get helical ribbons, one should induce the
structure to roll in a desirable direction in order to not obtain a tube-like or ring-like structure.

One of the best options is to take advantage of the geometry modification in microstructures.

During every rolling processes, two regions can be observed: 1) passive region, in
which the structure is still constrained to the substrate by either sacrificial layer or other factors
like van der Waals intermolecular interaction or capillary force resulting from the liquid
trapped between ribbon and substrate, and 2) active region, in which the stresses inside the
structure are released after detaching, letting the strain energy to be released by deforming the
structure in the form of bending and stretching/compacting, respectively in directions
perpendicular to the edges and parallel to the edges. The bending results in scrolling, and
stretching/compacting leads to wrinkling. Normally in thin films, after a while, the wrinkling
shapes flatten to pave the way for rolling. The rolling continues from the edges at which the
maximum energy is released. For instance, in a ribbon with a high aspect ratio, it is most likely
to have the structure rolls from the long side edges at which energy is more released. However,
in some specific aspect ratios, it might be different so that the structure experiences a totally
various rolling direction. This is believed to be due to the deformation history or not perfectly
isotropic etching in which rolling from the other side rather than the long side continues even

if the energy is not as big as the long edge. For this reason, it has been demonstrated that in
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semiconductor and polymer materials the rolling direction depends on three main geometrical
factors including width (W), length (L), and circumference (C) of the roll-up nanomembrane,
together with energy minimization, deformation history, and isotropic kinetic control of
etching. According to those factors, generally, the rolling could happen either from the long
side, short side, or diagonal directions [70, 87]. We carried out systematic experiments to see
the rolling behavior of bilayer and sandwich structure, based on which the design and
modeling have been accomplished. In this design, the circumference and length were
considered to be constant while the width varied. To this end, a mask was prepared to cover a
range of rectangular shapes as shown in Fig. 3.1. Although we investigated ten shapes,
however, we discussed the four most important ones which give a view of the effect of

geometry on rolling. The nondimensional ranges were considered as follows:

- L/W=1,2,4,>8
- C/W=0.35,0.7,14,>238

uuuuuu

Fig. 3.1. Mask designed for investigating geometric effects in rolling

Given in Fig. 3.2. are four various rectangular patterns with the same length and
circumference and different widths that were released and rolled up after immersing in
chromium etchant (the etchant used for removing the sacrificial chromium layer). Generally,
in self-rolling processes, the structure tends to deform in a direction through which the energy-
releasing is maximum [70, 87]. For this reason, in an aspect ratio of 1, the structure tends to
roll in all directions as depicted in Fig. 3.2. (a). In this experiment, we used a silicon nitride
bilayer of a total thickness of 465 nm, which is much thicker than the bilayer mentioned in
[87] which has a thickness of 38 nm. In addition, the elastic modulus of silicon nitride is much
higher than the semiconductor material used in [87] and polymers investigated in [70]. For
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this reason, our bilayer would suspect to show different behavior once undergoing bending
moment as it has a higher flexural rigidity (EI). For instance, in the semiconductor membranes
discussed in [87], some edges were compromised to allow other edges to continue rolling once
reaching a deadlock, whereas our SiNx bilayer entered a plastic region followed by
experiencing failure in some parts to insist on the direction of rolling. In this case, those
regions that started the rolling determined the final shape, showing the role of history
dependency in the rolling direction. In our simulation, however, as we assumed a fully elastic
model in which no failure was considered, we failed to precisely predict this behaviour coming
from the stress concentration in deadlock regions. Yet, as it clears from the third column of
Fig. 3.2.(a), rolling continues from all sides ending up with a deadlock region similar to the

experimental observation.

As we increased the length to width ratio two times by decreasing the width (shown in
Fig. 3.2. (b)), at the beginning of the etching process other edges embarked upon rolling
followed by opening themselves after a while, thereby the long edge taking the rest of the
rolling process. Similar to the aspect ratio of 1, the simulation result just predicted the rolling
behavior right before the deadlock region after which failure happened. Typically, as
mentioned earlier, rolling happened from edges that are energetically more preferable. This
can be seen from part c of the figure in which the aspect ratio size is more sensible, such that
the rolling started and continued from the long edges, leading to a long tube shape. Since no
tearing occurred owing to the lack of deadlock regions, our modeling managed to have a good

prediction of the rolling direction preference and the final shape of the structure.

The aim of mentioning three previous cases was to understand how aspect ratio can change
over the rolling-up behavior of strain-induced nanomembranes. Now, we take a step further
to go through high aspect ratios (L > W) while C >W, where the wrinkling generated inside
the structure came into play to define the final deformed shape of the structure. In such
situations, although rolling occurred from the long side edges, however, since the width is not
long enough to lead a round of rolling, the nanomembrane did not restrict itself to just long
side rolling as it stays in an unstable position. Instead, to minimize its energy and reach a
stable state, it tended to roll from the opposite corners (as it could be seen as the longest edge
after releasing the structure from the substrate) and then compact as illustrated in Fig. 3.2. (d).
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This phenomenon can be dedicated to the behavior of the structure once detaching step by
step and releasing completely from the substrate. As the structure is separated from the
substrate gradually, in addition to the rolling about long and small edges, it wrinkles through
both edges as well. The wrinkling as reported earlier in [123, 124] can affect and change the
rolling behavior completely based on a wide range of parameters including aspect ratios. In
our case, the wrinkling shapes might have rarely affected the behavior of rolling in smaller
aspect ratios since they had enough time to be flattened to a large extent before the structure
is completely released from the substrate. However, at higher aspect ratios and
circumferences, once the structure is released, it does not have the final shape instantaneously;
instead, while releasing the wrinkled shapes from the long edges, it adhered to the substrate
mainly due to capillary force. After a while, the rolling direction changed from the long side
to the diagonal side, and due to the stored energy, all of a sudden, the structure snapped
between an unstable position to the compacted helical position in which the structure was in

its most stable state (this processes previously depicted vividly in Fig. 2.23).

(i) (i) (iii)

(a)

(0)

(©)

) [EHEEET

Fig. 3.2. Effect of aspect ratio on rolling while the length is 800 um. a) L/W=1, and C/W=0.35, b) L/W=2, and C/W=0.7,
¢) L/IW=4, and C/W=1.4, and d) L/W=8, C/W=2.8 (Scale bar size is 200um)

63



Step 0 Step 1 Step 2

Step 3 Step 4

Step 5

Step 6

Step 9

VN

Step 15 Step 16 Step 17

Fig. 3.3. Modeling and simulation of rolling process: steps of releasing

For high aspect ratio ribbons, in which the microstructure experiences sticking and
then deforming, we may use additional extra boundary conditions in order to make the
simulation at least two times faster. For this reason, Fig. 2.23. was given in which the behavior
of the structure right before releasing by means of a set of video frames was depicted. This

can tell us that the structure roll about a diagonal line first; then this line moves through the
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length of the ribbon two times with fairly identical distances. Considering this behavior, the
whole process of the deformation is depicted in Fig. 3.3. with 18 steps in which each step was
considered to be a physical initial condition for the next step. From steps 13 and 14 of this
figure, one can identify how the wrinkling came into play to determine the final shape of the
structure. lllustrated in Fig. 3.4., is also a bar graph that shows how total elastic strain energy
inside the structure (obtained from Eq. (3-1)) changes while detaching from the substrate. The
stress and strain are calculated for the case where the geometric nonlinearity is considered as
depicted in Egs. (2-10) - (2-13). The graph elucidates a fairly linear reduction of the energy
up to step 12, after which the structure experienced a change in the wrinkling mode in step 13
with a small change in the energy, followed by a drop to reach the final value at step 17. As a
consequence, this reduction behavior of the calculated elastic strain energy could be
considered as a testimony for the role of energy minimization in defining the final compacted

helical shape after releasing

1
Ut0t=EJS:€eldV, (3—1)
Q
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Fig. 3.4. Energy minimization graph

In addition to the aspect ratio, thickness variation can also change the rolling behavior
of strain-induced bilayer or multilayer nanomembranes. For high aspect ratio ribbons, it was
proven that once released from the substrate, the structure shows a helical behavior with a
periodicity of zero (compacted and overlapped helices) due to the high stored energy inside.

For this reason, for the same strain-induced bilayer or multilayer thin films, to obtain a perfect
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helical structure, one may have to decrease the potential energy to prevent the structure from
being compacted. The most straightforward method to do so is to keep the thickness as low as
possible. This thickness reduction, on the other hand, decreases the flexural rigidity,
eventuating in a smaller rolling diameter. If we assume the helical angle as a constant, the
lower the diameter should give lower lambda (periodicity), so that even energy reduction as a
result of decreased thickness may not be useful to have a reasonable helical structure.
Interestingly, in layered thin films with comparable thicknesses, the behavior of the diameter
(or curvature) of the rolled-up nanomembranes with respect to the thickness reduction of the
top layer is nonlinear; that is, the diameter firstly decreases with a gentle slope to hit a
minimum value followed by a sharp-slope ascending behavior [125, 126]. The physics behind
this phenomenon is believed to be due to the confrontation between actuation force and torque
explained in detail in [127], which naturally can be observed in the analytical formula for

finding the diameter of strain-induced bilayer or multilayer thin films as well [93, 128].

The inclusion of such facts in fabricating high aspect ratio ribbons would have
mitigated abrupt snap behavior of the structure once releasing, resulted in a helical ribbon. To
this end, first we calculated the diameters of a perfectly rolled up bilayer LF SiNy/ HF SiNy
while decreasing the HF thickness (shown in Fig. 3.5.) in order to have an approximation
about where the structure reaches the extremum point. Then, we tried to check the behavior
of the structure experimentally in thicknesses below that value (distinguished by green
background color in the figure), in which the structure was susceptible to show a different
deformation instead of compacting since the energy inside the structure became much lower.
To see this effect on generating helical structures, Fig. 3.6. is presented in which three ribbons
with various length is used, while length/width is kept constant at 10 (from i to iii). Also, three
different SiNx HF thicknesses (from a to c) are used; sure enough, at lower thickness range,
helical structures were obtained for the lowest thickness amongst others (shown in Fig. 3.6.
(@)). It is clear that in the case of using longer ribbons, as depicted in Fig. 3.6. (a-iii)), one can
obtain a full pitch or helical structure. To further clarify the issue, Fig. 3.6. (b). is given, in
which by adding just 10 nm to the thickness, perfect helical bilayers with two identical rounds
were obtained. By Increasing the thickness to 300 nm (shown in Fig. 3.6. (c).) overlapping
occurred, leading to helices with zero lambdas. The diameter ranges for the LF thicknesses of

20 nm and 300 nm for a set of nine fabricated structures for each (defined by error bars) are
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depicted in Fig. 3.5. as well. As expected, since in the green region the rolling behavior is
more sensitive to thickness variation, the error bar shows a deviation of around 10 um in
measured diameters. This is believed to be the errors coming from the measurement or
fabrication processes. However, in the yellow region which is less delicate to thickness
changes, the deviation decreased to less than 5 pm.
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Fig. 3.5. Diameter changing behavior regarding thickness variation (black filled circles are simulation rolled-up ribbons,
red filled circles are experimental data)

Fig. 3.6. Thickness variation effect while T=LF was kept constant at 245nm for all cases. a) THF =10 nm, b) THF=20
nm, and ¢) THF=300 nm. The widths of the ribbon for part i, ii, and iii are respectively 40um, 90um, and 120um while the
length for all cases is ten times greater than the width
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To check the effectiveness and repeatability of this method, we also performed a
couple of more experiments for both bilayer and sandwich structures with various thicknesses
as depicted in Fig. 3.7. In part (a) of the figure, the thicknesses of both LF and HF silicon
nitride were lowered so that the interesting twin helical structures were obtained. This figure
can tell us that the wrinkling and its phase change could have a decisive role in the final shape
and orientation of the helical ribbon. For such a case, we observed that the ribbon does not
deform abruptly, instead, it follows a wave-like path coming out of the wrinkled film
releasing, causing the structure to temporarily stick to the substrate by capillary force and then
detach step by step. Although the path could be various from one structure to the other, the
final shape is believed to be the same for identical ribbons (like Fig. 3.6. (b)). We also took
advantage of the same technique to produce even smaller anchored helices (the SEM image
is given in part b Fig. 3.7.). However, the versatility of the technique is more obvious in part
(c) of the figure by producing sandwich micro helices. As discussed earlier, we first
characterized the thickness variation by the analytical model to have a view of the bi-behavior
of the structure, then, we took the obtained parameters in our fabrication. For instance, we
used a sandwich structure made out of three layers (LF SiNx/Ni/LF SiNx) with strain mismatch
inside, so that by decreasing the top layer thickness we reached its green region (discussed in

Fig. 3.5.) in which helical structure can be generated.

Although a straightforward method in terms of fabrication, the aspect ratio/thickness
modification method like other methods has some deficiencies. For instance, the thickness
sensitivity of this method may pose a challenge in controlling the helical parameters including
helical angle, or wavelength, requiring a wide range of characterization processes. Moreover,
this method is specifically useful for the applications in which the helical structures are
anchored to the substrate. we believe that this is due to the processes of releasing the wrinkles
which may result in imperfect helices in case of using no anchors, as depicted in Fig. 3.8. for
sandwich microstructures. All things considered, in addition to the mentioned method, we
studied the effect of other geometry modifications (topography modification) on the behavior

of sandwich nanomembranes that will be explained in the next section.
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Fig. 3.7. Aspect ratio and thickness modification method. a) image of an 80nm SiNx LF/10nm SiNx HF bilayer with a
width of 70um and aspect ratio of L/W=10, b) SEM image of a 15nm SiNx LF/30nm SiNx LF bilayer with a width of 15 um
and aspect ratio of L/W=10, and c) image of a sandwich LF/Ni/LF layer with the thicknesses of 35nm/100nm/55nm. (i, ii,
and iii are respectively related to the width of 90pum, 110um, and 120pm while the aspect ratio was constant at L/W=10)

S
| = (b)

Fig. 3.8. Micro helical sandwich nanomembrane fabricated by aspect ratio/thickness modifications., a) perfect helical
ribbon, and b) imperfect helical ribbon
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3.2 Second method: Geometry modification (Grating)

In this section, we will go through the parameters effective on topological patterning leading
to obtaining helical nanomembranes. As previously mentioned, regarding Fig. 2.16., three
different nondimensionalized parameters, w/L, g/L, and H/Tnxr were considered to see the
behavior of the structure once systematically playing with various values of these factors.
However, as discussed in Fig. 3.2., in addition to the aforementioned parameters, the aspect
ratio is also a significant factor that can change the rolling direction of the structure even if
the grating patterns are created in the nanomembrane. Hence, in order for the swimmer
dimensions to be minimized, in all of our designs, we used a constant aspect ratio of around
9, so that the effect of the grating parameters on a ribbon with a width of 120 um, and a length
of 1050 um, LF thickness of 160 nm, nickel thickness of 50 nm, and HF thickness of 310 nm

will be examined.

As depicted in Fig. 3.2., in high aspect ratios, if there are no topological modifications,
the structure tends to minimize its energy by deforming as a compacted helical ribbon. Now,
if the grating patterns are imposed on the nanomembrane, three kinds of structures can be put
forward based on the combinations of the grating parameters as represented in Fig. 3.9. In Fig.
3.9. (1), the structure is deformed like a perfect ribbon without any grating patterns on it. This
shape is obtained whenever the effect of the grating is not enough to dominate the original
rolling preference. Playing with the parameters of grating, one can take the lead of rolling,
resulting in a perfect helical structure as demonstrated in Fig. 3.9. (b). However, overusing
the grating parameters can bring about imperfect helical nanomembranes as Fig. 3.9. (c). For
this reason, in this thesis, we have performed a characterization study to obtain helical
structures that can be used as microswimming robots. Therefore, since the nickel layer is the
cornerstone of the microswimmer, it has to be survived during the fabrication process as much
delicate as possible. For this reason, we were limited to keep the top layer of the sandwich

(HF SiNy), so that no reaching the nickel layer after grating patterns.

In accordance with Fig. 2.16., four grating parameters are investigated with the
following ranges: 6 = 45 °, 50°, and 60°, H/Twr= 0.2, 0.4, and 0.6, w/L= 0.1, 0.175, and 0.25,
and g/L=0.025, 0.05, and 0.075. In all 81 experiments that were carried out, only in case the

perfect helical structures were obtained. Given in Fig. 3.10. (a) is a bar chart that shows the
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percentage of obtained perfect helices for all three heights and angles at specific w/L and g/L
ratios. From the figure, one can conclude that lower values of g/L at a higher w/L ratio have
more chance to get helices. On the contrary, once the g/L is increased, the ratio of w/L has to
be decreased to result in helices. It can be concluded that both grated regions and non-grated
regions play an integral role in defining the helical behavior of the structure as discussed
earlier analytically for grated bilayers [88]. Obviously, the higher the grated or non-grated
regions, the lower the aspect ratio of those regions; hence, as discussed previously in Fig. 3.2.,
at low aspect ratios the structure tends to release its energy from all sides. Therefore, we may
not be able to have rolling from the long side of those regions; that is, the rolling may not
occur perpendicular to the grating patterns, leading to either compacted or imperfect helical
structures. on the other hand, the higher the grated or non-grated regions may result in a
decrease of the effect of grating since the frequency of the patterning is decreased through the
length of the ribbon.

(@) (b)

Fig. 3.9. Various configurations of patterned nanomembrane: a) Fully compacted helix, b) perfect helix, and c) imperfect
helix. (the scale bar is 200 pum)

With an eye to the mentioned reasons, optimized values for g and w have to be
considered. For this reason, we performed another set of experiments in which both
w/L=g/L=0.025. This kind of experiment resulted in 100% perfect helices for H/TnF=0.4 and
0.6 for all angles due to the following reasons: 1) the aspect ratio of the grating and non-
grating regions become high enough to let those regions roll up from the long edges
(perpendicular to the length of the grating parts), and 2) decreasing the w/L lead more grating
patterns through the length of the ribbon, such that the effect of the grating is more
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pronounced, resulting in smoother rolling. This helped us to achieve helices with lower
periodicity as depicted in Fig. 3.11. The effectiveness of low ratios of w and g was also

reported by Huang et al [71] for single layer step-like titanium thin film as well.
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Fig. 3.10. a) The percentage of the helical structures that are obtained based on various grating angles and depths, and
b) the scatter graph of obtained compacted (red), imperfect (purple), and perfect (blue) helices with respect to the grating
angles
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Fig. 3.11. helical structures obtained by grating patterning parameters of w/L=g/L=0.025
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According to the obtained results, we also investigated the probability of obtaining
helices by considering the heights and grating angles, while neglecting high w/g ratios. As

depicted in Fig. 3.10. (b), at low grating depths, almost no helices are obtained except for an
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angle of 60 °. It can be concluded that at low depths, the grating structure is not effective
enough to change the rolling behavior. However, as discussed above, low w/g can result in
perfect helices while using at depths of 0.4 top layer, showing that the grating patterns
positively affect the rolling direction. Increasing the depth to higher than half of the top layer
mostly results in imperfect helices, meaning that the grating patterns are overused. The quality
of the perfect helices produced by that depth also is not as smooth as that of 0.4 since the
variation of the curvature in the grating and non-grating regions is more tangible. Higher w/g
is not suitable since the chance of grating patterns to change over the rolling is lower because
of the number of grating patterns through the length of the ribbon. However, at angles of 60
°, where the aspect ratio of the grating and non-grating parts are high enough (consider the
chord of the right triangle when one angle is increased), the structure has a higher chance to
roll for the long edge (perpendicular to the long edge of the grating). For this reason, one can
conclude that in lower w/g, medium depth, and high angles obtaining helical ribbons is

guaranteed.

Fig. 3.12. depicts a comparison between the helices results obtained in experiments
and the ones achieved by simulation. To this end, two series of helices (i.e. H/Tnr =0.4 and
0.6) are considered for three various grating angles. For both series, the diameter of the helices
stayed constant which is well predicted by the simulation with an average error of around 5%.
As expected, by increasing the grating angle, one should obtain higher periodicity (lambda),
which is obtained in the experiment together with simulation with an average error of around
7%. In addition to this figure, Fig. 3.13. is also given to see how the simulation is able to
predict both perfect helices and imperfect helical structures, in addition to compacted helices
shown in Fig. 3.3. As it clear from Fig. 3.13. (a-c), and based on the explanation given for Fig.
3.12., we can see that how changing the grating angle affects the shape of the helices. Also,
using a higher depth of grating can result in imperfect helices as demonstrated in Fig. 3.13.
(d-f). For all cases, the simulation is capable of predicting the behavior of the structure from
ribbon to helices. As a consequence, if the mechanical and material properties (e.g. stress
inside each layer, elastic modulus, Poisson’s ratio) and geometric dimensions (e.g. thickness
of the thin films, length and width of mesas, and also grating parameters) are given properly,

this method of simulation is able to be used as a tool to obtain robust designs before starting
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the fabrication process. Hence, the fabrication would be cost-effective while the time of

fabrication with several trials and errors would be decreased considerably.
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Fig. 3.12. Comparison between experimental and simulation results for grating parameters of w/L=g/L=0.025
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Fig. 3.13. Comparison between experimental and simulation results; (a) and (d) =45°, (b) and (e) #=50°, (c) and (f)
6=60°. From a-c, w/L=g/L=0.025 while H/Tnr = 0.4, and from e-f, g/L=0.025, w/L=0.1 while H/Tnr = 0.6. For all cases
L=1050 pm, and W=120 um
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3.3 Propulsion

In this section, the swimming behavior of the fabricated swimmers will be discussed.
Basically, the coil’s magnetic field strength, B, is limited by currents. The bigger the magnetic
moment, m, the higher the torque generated as discussed in Eq. (2-16). Higher torque is useful
to overcome the viscous torque, which scales linearly with the rotation rate. As a result, the
swimmer with the bigger magnetic moment is capable of moving at higher frequencies. In
order to increase the magnetization, we increased the thickness of nickel three times which
results in a three times bigger volume of the magnetic material. moreover, by increasing the
thickness, we basically increase the strength of the magnetization vector and the saturation
field as well. As a conclusion, we expect an increase in the torque at least three times by
increasing the thickness of the nickel nanolayer three times [129, 130]. Noted that, to make
sure about how much the magnetization is change and as a result torque is increased, we
needed a magnetometer equipment, like vibrating sample magnetometer (VSM) that we lack
such equipment in our labs. Considering our method offered in section 3.2., we fabricated new
sandwich swimmers with 150 nm nickel (i.e. 100 nm LF SiNx/150 nm Ni/170 nm HF SiNy)

instead of 50 nm nickel.

The performance of such robots under a rotating magnetic field with a magnitude of
3.6 mT and acoustic field with an amplitude of 10 volts and various frequencies have been
investigated and recorded. The experiments were repeated three times for each frequency to
express the velocity vs frequency range defined by error bars. As a post-processing step, the
videos were collected and analyzed through an image processing procedure using the code
developed in our group. The extracted trajectories have been filtered by the Savitzky-Golay
(S-Golay) filtering method with a frame length of 25 and an order of 3. This helped us to reach
a suitable curve fitting to the obtained wavy-like curves without over-fitting. After that, the
velocity of each frame has been calculated based on the convolution of the data and the first
derivative coefficients given by the S-Golay filtering. Since the data comprise of both x and
y coordinates together with the orientation of the swimmer, we have been able to achieve both
the swimming velocity and the lateral velocity by a rotation matrix with the help of the

orientation angle of the swimmers (o). For the velocity calculations, we first took the mean of

75



three sets of velocity data, and then, the error bars have been used considering the standard

4
/

L |

Fig. 3.14. The new swimmer with 150 nm sandwich nickel

deviations for each set of data.

e

In the experiments, we aimed to check the behavior of just one swimmer with a
diameter of 60 um, length of 740 um, and wavelength of 246 um (shown in Fig. 3.14.). The
experiments have been performed both inside a small tube with an inner diameter of 1.6 mm,
and then a reservoir to observe the effect of both the rotating magnetic field and acoustic field
on the velocity and the trajectory of the swimmer. The considered coordinate system for all
experiments is represented in Fig. 3.15. Considering this figure, the swimmer's velocity is
analyzed in two components according to the local coordinate frame: a) forward velocity
(Vsw1) which represent the displacement of the swimmer with respect to time, based on the
direction parallel to the helical axis of the swimmer; and b) lateral velocity (Vsw2) which means

the displacement/time of the swimmer in a direction perpendicular to the helical axis.

y
| 4
=
X 5
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Fig. 3.15. Coordinate systems and the direction of swimming
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3.3.1 Magnetic swimming performance in an mm-scale tube

The behavior of the swimmer in a small circular channel is, in a sense, different from the other
big containers. In small containers, the swimmer tends to swim near the solid boundaries due
to higher viscous drag near those regions. The motion behavior of our swimmers inside the
small tube is analogous to its microorganism counterparts [25, 131] as demonstrated as a time-
lapse image in Fig. 3.16., in which the swimmer rotates in the vicinity of the channel wall and
moves alongside the length of the channel. In helical microswimmers, it has been observed
that the swimmer shows a tumbling behavior at low magnetic frequencies, followed by cork-
screw-like motion at fairly high frequencies [30, 132, 133]. The velocity with respect to the
frequency has been reported as a linearly increasing curve up to a critical frequency, beyond
which, the velocity reduces. This critical frequency is called step-out frequency at which the

magnetic torque could not overcome the viscous resistance [25, 31, 133].

t=0 t=10s t=20s t=30s t=40s t=50s t=60s
’ {
’ f
f
| |
1.6 mm
—

Fig. 3.16. Time-lapse image of the movement of the microswimmer through a circular channel at magnetic
frequency of 5 Hz

In our swimmers, also, three regions have been observed as exhibited in Fig. 3.17. (a).
Up to f = 4 Hz, the swimmer tumbles. For 4 Hz < f < 17 Hz, the swimmer synchronizes to the
magnetic field so that the speed of the swimmer linearly increases to reach a maximum of 110
pum/s corresponding to around 0.2 body length per second. After that, the swimmer enters the
step-out region in which the rotation of the swimmer becomes irregular, resulting in a reduced
velocity so that after 19 Hz the swimmer stopped moving. In addition to the forward velocity,
we observed a movement perpendicular to the axis of the tube as well. This resulted in lateral
velocity (Vsw2) shown in Fig. 3.17. (b) with respect to magnetic frequency. This velocity
depends on several factors such as the radius of the channel, and the geometry of the helix
[39]. The lateral drifting is believed to be due to the interaction with the walls [121]. In the

77



next section, we will see that this effect is more pronounced in the cuboid chamber. In Fig.
3.17. (c). it is clear that the swimmer inclines once swimming, specifically at higher
frequencies. We believe that this deviation from the x-axis is due to the nonuniform
magnetization of the swimmer. The effect of magnetization on the swimming of the swimmers
with just helical tail coated with magnetic materials have been discussed before. However, it
has been shown that in such robots first, they have a misalignment with the rotating magnetic
field, and then, increasing the frequency helped them to be synchronized with the field [8, 12,
32, 133]. In our case, in which we used a helical magnetic thin film, however, this behavior
has not been observed; instead, the swimmer first aligns with the rotating magnetic field,

followed by misalignment at higher frequencies.

-5

12><10 '
10 o H%H%
L8 j
e 3t i
@ po—¢bl Ls L&
- o Q
2t {g}@ kY )
o—% S
5 : - .
0 5 10 15 20
Magnetic Frequency (Hz)
(b), <107 . . © o .
i
0f 1 5t o)
;H> 5 32¢
g'l' %Mﬂg | -0 332

| | "l @{’q} _
zf % % ] 20 ¢ : @@C}é%'

Uv:
&

sw,2
)
]
——
——
——
——
(0%
SW

0 5 10 15 20 0 5 10 15
Magnetic Frequency (Hz) Magnetic Frequency (Hz)

Fig. 3.17. swimming performance in a small tube. a) swimming velocity in the direction parallel to the helical axis,
b) swimming velocity in the direction perpendicular to the helical axis, and c) the orientation angle of the swimmer
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3.3.2 Magneto-acoustic swimming performance in a cuboid reservoir

In this section, the impact of both rotating magnetic field and acoustic field on the swimming
performance of the swimmer will be examined. Without using acoustic actuation, the velocity-
frequency curve has again three regions, i.e. wobbling, corkscrew, and step-out motion, like
what was discussed in the previous section. However, since the swimmer swims near the glass
surface, the effect of lateral drifting is more noticeable here. For this reason, in addition to the
forward velocity, the swimmer exhibits significant lateral velocity as well. Fig. 3.18. is given
to show the trajectory of the swimmer in a constant magnetic frequency and two different
acoustic frequencies. When no acoustic field is applied to the swimmer, it tends to be inclined
and move mostly in the lateral direction (y-direction). The forward and lateral velocities
together with the swimmer orientation angles are demonstrated in Fig. 3.19. Up to f = 4 Hz,
the swimmer shows a wobbling behavior, and after that, by increasing the frequency, all of
the velocities and orientation angles increase. After f = 14 Hz, the swimmer enters the step-
out regime. The maximum forward velocity is 125 pm/s which shows a small increase
compared to what was achieved in the small tube; however, note that the maximum velocity
obtained at a lower magnetic frequency here. Since the swimmer moves near the surface, we

can see that the lateral velocity is much higher than that of the tube.

However, exerting an acoustic field cause the swimmer's distance to the surface to be
increased. This allows the swimmer to be well-synchronized with the external magnetic field
so that the orientation angle decreases, and as a result, the swimmer tends to move in the x-
direction more. To this end, we used some kilohertz vibration ranges since the resonance
frequencies of the utilized transducer are in kHz ranges at which the vibration modes are more
pronounced [23]. Two frequencies with respect to the vibration modes of the whole structure
as a doubly clamped configuration depicted in Fig. 3.20. To this end, a frequency-domain
study in COMSOL has been employed and the modes of different frequencies less than 20
kHz have been investigated. The effect of two of them, 1kHz and 10kHz, has been reported
since they show a considerable behavior in the amplitude of the modes: the maximum
amplitude of 1 kHz is 220 um, and that of 10 kHz is 2.5 um. Both of these modes create
traveling waves that would affect the distance of the swimmer to the surface. Sure enough, as

depicted in Fig. 3.19. both velocities of the swimmer are improved by applying a vibration
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frequency of 1 kHz. For instance, the step-out frequency goes beyond the f = 14 Hz that was
obtained without acoustic actuation. It has resulted in maximum axial and lateral velocities of
240 pm/s and 270 pum/s, respectively. On the other hand, the acoustic frequency of 10 kHz
did not affect the swimming velocity too much. However, it affected the surface distance of
the swimmer so that it can be synchronized well with the magnetic field for larger values of
frequencies. It is worth mentioning that, the swimmer experiences the step-out for all cases
once the orientation angle goes beyond 17 degrees. Hence, it can be concluded that the
acoustic field increases the velocity by applying traveling waves to the swimmer while

improving the orientation angle.

AC OFF

AC ON (1 kHz)

AC ON (10 kHz)

Fig. 3.18. Swimming trajectory under the magnetic frequency of 13 Hz
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Fig. 3.20. Vibration modes for two acoustic frequencies, 1 kHz left, and 10 kHz right
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4 CONCLUSIONS

Microswimming robots are recently emerging agents in biomedical applications. This
dissertation is dedicated to fabrication, FEM modeling, and magneto-acoustic locomotion of
helical multilayer microswimming robots. First, a specific method of microfabrication, i.e.
self-assembly fabrication of non-crystalline nanomembranes is presented. To this end, bilayer
and sandwich thin films are used with strain mismatch inside each layer. In noncrystalline
nanomembranes in which the stress distribution and mechanical properties are isotropic, an
additional step is required to force the structure to roll in a specific direction in order to take
the form of helices. For this reason, two methods are proposed; 1) variation of aspect ratio and
thickness, and 2) topography modification (grating). The first method demonstrates how the
variation of aspect ratio can change over the rolling orientation of a bilayer (low frequency
(LF) SiNx/high frequency (HF) SiNx). By applying some modifications in the top layer,
however, this method is served as a technique to obtain helical structures. It is also expanded
to create sandwich structures as well (LF SiNx/Ni/HF SiNx) which can be used as magnetized
microswimming robots. However, since such a technique is demanding, so that requiring
precise characterization, the other method is utilized to create microswimming robots. To this
end, by developing several oriented slots through the structure, anisotropic stress distribution
and anisotropic bending stiffness are imposed, leading to rolling in a direction in which energy
minimization is more preferable. Hence, a characterization process is carried out by changing
the grating parameters such as the width, gap, depth, and angle of the grating patterns. It is
evident that using lower grating widths and gaps together with higher grating angles can lead
to perfect helical structures. However, overusing or underusing of such parameters can affect

negatively in obtaining helical structures.

In order to predict the behavior of rolling, several simulation procedures are proposed
with the help of COMSOL V5.6. Considering 3D structural mechanics modules while taking
the geometric nonlinearity into account. The rolling process is simulated by means of a bunch
of boundary conditions inspired by the nature of rolling as observed through an optical camera.
The stress mismatch is applied by defining various thermal expansion coefficients while

changing the temperature. After a mesh study process, the results first are validated by
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perfectly rolled up structures, followed by simulating the effect of aspect ratio in rolling. In
the end, the helical structures generating from the grating method is molded, and the results
are compared to those of experiments, which shows an error of less than 10% in all

simulations.

The sandwich helical structures fabricated by the grating method, since containing
nickel layer as a magnetic material, are served as microswimming robots that are remotely
propelled by rotating magnetic field and acoustic field. To this end, first, a microswimmer
with 150 nm nickel is fabricated and put under a permanent magnetic field of 0.5 T to be
magnetized. After that, a Helmholtz coils setup, that has been previously prepared, produces
an mT-scale magnetic field. The swimmer first is put inside a 1.6 mm circular channel full of
isopropyl alcohol (IPA). Three motion regimes are obtained (wobbling at magnetic
frequencies less than 4 Hz, corkscrew motion between 4 and 14 Hz, and step out motion at
higher magnetic frequencies). Due to the effect of solid boundaries, the swimmer tends to
move near the wall like its counterpart natural organisms. The maximum velocity of 0.2 body
length per second is obtained, as well as a fairly small motion to the lateral side. The swimmer
at high frequencies tilts which is most probably due to non-uniform magnetization. The
swimming performance of the swimmer is also investigated in a cuboid PDMS reservoir. The
forward velocity of the swimmer is fairly higher than that of the circular channel. The lateral
velocity is more tangible in the reservoir since the swimmer has an interaction with the
underneath wall which results in lateral drifting. To improve the velocity of the swimmer by
generating traveling waves, an acoustic field is applied by an amplitude of 10 volts and two
frequencies of 1 kHz and 10 kHz. Both frequencies help the swimmer to be synchronized with
the magnetic field at higher magnetic frequencies. Both of the frequencies improve the
velocity; however, the effect of 1 kHz acoustic waves is more pronounced due to the created
stronger modes, so that the maximum velocity of 250 um/s and 275 pum/s for the forward

velocity and lateral velocity are obtained, respectively.
4.1 Future works

As future works, there are several improvements in fabrication, modeling, and propulsion that

are discussed in the following.
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- Fabrication

There are a couple of deficiencies in the first method of fabrication, by addressing of which
the promising microswimming applications are feasible. For instance, if the helical
structure is not anchored, although the modification is performed, however, it does not
guarantee to obtain perfect helices. For this reason, a more extended study is required to
investigate the effect of wrinkling modes, by modifying of which one will be able to reach
consistency in obtaining helical microswimmers. On the controlling side of the helical
parameters such as helical angles and periodicity together with the rolling diameter, a well-
rounded characterization procedure is required to be aware of the effectiveness of
changing the aspect ratio and thickness more accurately.

In the grating method, since a suitable investigation has been carried out, yet we need
to develop it in order to obtain helices with much lower dimensions. One way to meet this
aspiration is to create chromium photolithography masks with feature sizes less than a
couple of microns. This mask should be accurately designed so that a smooth symmetry
of the grating patterns through the surface of the mesas will be achievable. In terms of
fabrication, although we tried to cover the nickel layer to improve its lifetime, however,
there still a way for the liquids to penetrate this layer from the lateral sides. For this reason,
we are ambitious about taking advantage of step coverage provided by plasma enhance
chemical vapor deposition (PECVD) to cover the whole nickel layer. To get rid of the
undercutting of nickel under wet etching process, two scenarios can be put forward: 1)
using reactive ion etching (RIE) instead of wet etching (this requires a strong mask with
high selectivity relative to the nickel layer. Metal masks are suitable options to do this
mission), and 2) using a sacrificial layer that can be etched away readily in etchants that
do not attack the nickel layer. For instance, resists are good options if no PECVD or PVD
at high temperatures is used (instead of silicon nitride some other metals or dielectrics
must be used or silicon nitride at low temperatures less than 200 °C can be deposited).
Another example is using a germanium sacrificial layer that can be etched away easily in

hydrogen peroxide since it does not attack nickel at all.

- Modeling and simulation

84



We tried to have a boundary condition as a carbon copy of the real releasing process.
However, the intermediate states of the deformation are demanding to be observed by
typical cameras as the process happens in less than a couple of milliseconds. For this
reason, high-speed cameras are a suitable option to have a more comprehensive look at

the deformation process.

Since the simulation process as a result of considering the geometric nonlinearity takes
too long, so that performing a well-rounded characterization is arduous. For this reason,
instead of using 3D models, one should use 2D models like layered shell models or plates.
Another option is to use symmetry modules to just model half of the structure. Another
option would be increasing the loads step by step as a parametric study. We tried some of
them like layered shell models, however, the time of solving did not change considerably.
Further study is required to be performed to improve this kind of model like applying
special constraints such as contacts between each layers. ABAQUS software may be

helpful to define such constraints more precisely as well.
- Propulsion

The first thing in the locomotion of the microswimmers is to make sure that they are
magnetized properly under a uniform magnetic field. To obtain the magnetic properties of
the swimmer, it has to put into a vibrating sample magnetometer (VSM) instrument. This

will help us to investigate the behavior of the swimmer more profoundly.

The housing of the Helmholtz coils is fabricated by 3D printing materials that are
extremely susceptible to heat changes, such that it can be easily deformed at temperatures
higher than 80 °C. This problem hindered us to increase the current to obtain higher
torques and better performance at high magnetic frequencies. A new design of such coils
is required as s result. The alternative materials for the coil can be plexiglass, or in an
ambitious case, we may design a frame so that the coils are free of any housing, which
improves the heat transfer inside the coils. Another way is to design a frame and
implement powerful fans to keep the temperature of coils down to the ambient

temperature.
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Although helpful, however, the disk piezo transducers unable to provide powerful
traveling waves. To make it more powerful, one may increase the amplitude by an
amplifier. However, in the setup that we used, the microscope glass is susceptible to be
broken at high amplitudes. One way to improve their performance is to change over the
setup in which no glass is utilized. Another option is to use focus transducers that can be
suspended in a way to convey the energy directly to the liquid. Surface modification of
the chamber would be another possibility; for instance, creating some roughness in the
walls of the reservoirs or creating slots through the surface.

We investigated a small number of frequencies with respect to the modes created as a
result of vibrating the setup. One may expand this range of frequencies and see the
performance of the swimmer. There is likely to be an optimized frequency to obtain the
best performance. In addition, the boundary condition can be changed to see the effects of

the vibration modes on the swimming performance.
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APPENDIX

Fabrication Recipe
The fabrication processes flow is depicted in Fig. Al, which is divided into two main
fabrication techniques (i.e., bottom-up fabrication and top-down fabrication). In the following

the steps of fabrication is elaborated.

L
S

=/

(a) (b) (c)
— Substrate
/ Sacrificial Layer
’ / — SiN, (LF)
’ — Ni
| SiN, (HF)
J J e

(d) (e)
Fig. AL. Process flow of fabrication of self-rolled up helical structure: a) bottom-up deposition, b) the first lithography, c)
consecutively RIE, wet etching, and RIE, d) the second lithography, and e) RIE

a) Bottom-up deposition

Substrate: 4 inch bare silicon (500410 pum) or Si/SiO2 (thermally grown) to have a clean and

uniform substrate

Sacrificial layer: Fresh chromium pellets are put inside a tungsten crucible. The chamber of

PVD has to be clean without any particles. The vacuum should reach 5e-6 mTorr and the
electron beam focus on the middle of the crucible. Increase the current very smoothly and wait
a minute to let the oxides evaporated. Open the shutter and set the current so that to reach a
deposition rate of 2.5 A/sec. The temperature of the substrate has not to exceed 25 °C. After
250 nm thickness the shutter is closed and the current slows down step by step. After breaking
the vacuum, the sample should be kept in a clean petri dish while it is sealed by parafilm.

LF SiNx: Before performing the main deposition process, the chamber has to be cleaned by

the specific recipe of the device. First, a trial deposition is carried out on a dummy wafer with
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similar deposition time of the main deposition. After that, the main sample is put inside the
device by using the recipe mentioned below, which result in around 160 nm of LF SiNy in 20

minutes.

Table Al. PECVD Recipe for LF SiNx

Temperature | Power | Pressure | Frequency | 5%SiH4/N2 NH3 N2
20 650 20 600
300 [C] W] [mTorr] 380 [kHz] | 400 [sccm] [scem] [scem]

Nickel deposition: The recipe is exactly the same as for sacrificial layer. However, nickel is

a ferromagnetic material that is actuated by the magnetic field inside the E-Beam PVD device.
So, if using fresh pellets, one need to ramp up the current slowly and wait for a half an hour
to allow the melted nickel to be stabilized. After that, the deposition process can be carried

out.

HFE SiNx: The process of deposition is exactly the same as what mentioned for LF SiNx.
However, the low frequency power should be kept off. The process of fabrication is done for

24 minutes resulting in around 310 nm.
b) First Lithography

Fresh AZ5214E photoresist (PR) is poured on the surface of the wafer using a plastic pippet
smoothly so that no bubbles remain on the surface. Using the following recipe, a thickness of

around 1.2 micron of resist is spin coated.

Table A2. PR spin coating recipe

Time Acceleration Speed
60 [s] 450 [rpm?] 4000 [rpm]

After this step, the sample rest for a minute followed by putting on a hot plate for 1 minuet
at 105 °C. Next step is photolithography with the following recipe with soft contact, and the
light field mask shown in Fig. A2.
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Table A2. Photolithography Exposure Parameters

1 [pm]

500 [um]

2.37 [mm]

pr | ee
i

LN L
L

Energy | Mask Thickness | Sample Thickness | PR Thickness

120 [mJ]

Exposure Time

6 [s]

Fig. A2. First photolithography mask

Having the photolithography done, the sample is stabilized in a clean environment (yellow

room) for 1 minuet. Finally, it is put inside AZ 726 MIF developer for less than 1 minuet to

have the exposed regions gone completely with the lowest possible undercutting. It would be

better to shake the petri dish very smoothly to have the developing process uniform.

c) Etching

HF and LF SiNx dry etching: The top and bottom layers are etched away under a dry etching

process by RIE device with the following recipe:

Table A3. RIE Recipe for LF and HF SiNx

CHF3
80 [sccm]

SFs
20 [sccm]

Pressure
10 [mTorr]

Temperature

20 C]
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After 1.5 minutes, the top layer is removed.

Nickel wet etching: Using FeClz 85% diluted in DI-water with a ratio of 1:20, 50 nm of nickel
is removed in less than 15 seconds.

d) Second photolithography

The sample after RIE is put inside hot acetone (in a glass petri dish) at 40 °C for a couple of
minutes to get rid of photoresist residues, followed by rinsing in IPA, DI-water and drying by
nitrogen gas. Sometimes the residue is remained on the sample that can be removed by
mechanical cleaning using a soft swab. Another option is using piranha solution that is not
recommended since it is dangerous. After that, the sample experience another

photolithography steps like what mentioned in part (b) with a second mask shown in Fig. A3.

Fig. A3. second photolithography mask

e) RIE of top layer

In order to deepen the patterns into the structure, second RIE process with the same recipe of

part (c) is used. The depth should be optimized since based on the conditions of the chamber
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the etching rate is different. For this reason, it is recommended to first clean the chamber, run

an etching process for a dummy wafer, and then performing the main etching process.
f) Wet etching of sacrificial layer

Having the topological modifications imposed to the structure, the photoresist is cleaned by
acetone, IPA, DI-water, and nitrogen gas. If cutting the sample to small pieces needed, the
photoresist can be cleaned afterwards. For cutting the sample, dicing saw machine or scriber
device or a pen-like diamond would be useful. Then, the sample is put on a flat surface with
a sharp edge, so that the scratches on the sample is parallel to those regions. Then by applying
a small force, the desired regions are separated. After these steps, the sample is put inside a
chromium etchant, Cr01, for around 1.30-2 hours at ambient temperature to let the helices
released without attacking the nickel layer too much. Then the swimmers can be transferred
to a water container by collecting them using a magnet with a metal interlayer to be separated
and let the swimmers floated in the water.
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