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Surface Modi cations of Silicon Chips to Reduce the Adhesion Force of Metallic
Micropatrticles.

Somiya Islam Soke

Department of Physics

University of Gothenburg

Abstract

Achieving precise control over microparticles on solid surfaces is a challenge due to
adhesion forces. One e ective strategy for reducing these forces is to modify surface
properties in ways that minimize interfacial interactions. This thesis investigates
how modifying silicon surfaces can reduce the adhesion of PbSn microparticles
by addressing three primary contributing forces: van der Waals, electrostatic,
and capillary interactions. A range of chemical (HSQ, Te on, PMMA, Parylene,
Au) and physical (KOH etching, black silicon) surface treatments were applied to
silicon chips, and their hydrophobicity was quanti ed using water contact angle
measurements. A custom-built vibration-based setup was used to measure the
particle detachment probability. The results show that surfaces treated with
Teon and HSQ exhibited the highest detachment rates and lowest adhesion
forces, correlating strongly with their high water contact angles. These ndings
demonstrate that increasing surface hydrophobicity provides a practical route to
reduce microparticle adhesion on silicon substrates.

Keywords: surface modi cation, microparticle adhesion, hydrophobicity, microfab-
rication, adhesion force
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Introduction

The adhesion of microparticles to solid surfaces is a phenomenon with signi cance in
science and technology. It is crucial in a numerous elds, including micro-and nano-
electromechanical systems (MEMS/NEMS)[1, 2], micro uidics [3, 4], self-cleaning
materials and biomimetic surfaces [5, 6], contamination control [7, 8], and optical
and magnetic trapping experiments [9, 10]. Challenges associated with unwanted
sticking, stiction, or aggregation can compromise device performance and limit
extended functionality [11, 12]. The ability to intentionally control or minimize
adhesion is therefore essential for developing functional devices, for example through
physical and chemical surface treatments [13, 14, 15].

Silicon chips have become the platform of choice for developing optomechanical
devices [16, 17], magnetic and superconducting levitation systems [18, 19], and
high-precision measurement technologies [20, 21]. Magnetically-levitated supercon-
ducting microparticles have been proposed as a platform for macroscopic quantum
interference [19, 22], the development of quantum-enhanced sensors [17, 23], and
probing the quantum-classical boundary [24, 25]. Refs. [18, 23, 26] have shown
that superconducting chip traps can magnetically levitate single Pb and PbSn
microparticles with 50 m diameters for durations of up to days under cryogenic
conditions.

Despite this progress, the success rate of chip-based levitation remains limited
because of the adhesion of metallic microparticles to the silicon chip surface. As the
particle size decreases, the in uence of adhesion becomes dominant due to the scaling
laws of interfacial physics [13]. Speci cally, adhesion forces such as van der Waals,
capillary, and electrostatic interactions, scale with the particle radiusR) or contact
area, while the magnetic or optical lifting force available for levitation scales with the
particle volume (R®) [27, 28]. This means that for smaller particles adhesion becomes
the dominant factor controlling whether a particle can be detached. Therefore,
achieving levitation faces key challenges due to adhesion forces that cause patrticles
to stick to surfaces rather than levitate. Van der Waals(vdW) interactions arising
from uctuating dipoles become strong especially between metallic or dielectric
particles and silicon or oxide surfaces [29, 30]. Capillary forces which result from the
condensation of water vapor at the contact interface and formation of a liquid bridge,
are particularly problematic in ambient or humid conditions [29, 13]. Electrostatic
interactions can further contribute to unwanted sticking due to residual charges or
surface potential di erences [1, 13].

There is a current lack of knowledge regarding particle behavior in speci c¢ situations,
such as SnPb microparticles on microfabricated silicon chips [18, 26]. Most previous
studies of adhesion at solid solid interfaces have relied on force measurements of
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individual particles using atomic force microscopy (AFM) [31, 8] or colloidal probe
techniques [32, 33]. While single-particle techniques such as AFM provide detailed
information about adhesion mechanisms, they are low-throughput and may not re-
ect the typical behavior across many particles. Moreover, experiments at cryogenic
temperatures require a cryostat which is also low-throughput. Therefore, a custom-
designed shaking experiment has been used to provide calibrated measurements of
adhesion forces at room temperature.

This thesis presents an experimental study of surface modications on silicon
chips to reduce the adhesion force d0m SnPb microparticles. The shaking
experiment is designed to investigate the moving probability of particles from
di erent surfaces under vibrational excitation using a surface transducer system.
Silicon chips with a variety of physical and chemical surface modi cations were
used. Physical roughening techniques, such as anisotropic KOH etching, introduce
microscale features that can disrupt the real contact area and suppress van der
Waals and capillary adhesion [34]. Chemical coatings, including hydrophobic
and polymer Ims such as parylene, Te on, and PMMA, alter surface energy
and water contact angle, thereby modulating vdW, capillary and electrostatic
forces [13]. Rather than measuring the adhesion force for single particles, the
experiment records the cumulative probability of particle detachment as a function
of applied force or energy, producing detachment probability curves for each
surface type. By analyzing the behavior of many particles together, this statistical
approach enables comparison of how di erent surface modi cations reduce adhesion.
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Theory

This chapter presents the theoretical background relevant to understanding micro-
particle adhesion on silicon surfaces with various modi cations. It begins by
outlining the fundamental forces including van der Waals, capillary and electrostatic
interactions that govern adhesion at the microscale. The role of surface energy,
hydrophobicity measured by water contact angle and surface roughness is also
introduced to provide a practical framework for interpreting the e ects of di erent
surface treatments studied in this project. Mathematical models are summarized to
clarify the connections between these physical properties and the measured adhesion
forces.

2.1 Adhesion Force

Adhesion refers to the net attractive force between a solid particle and a substrate,
resulting from a combination of intermolecular and interfacial interactions that oper-
ate at the contact interface. These forces are signi cant for metallic microparticles on
silicon surfaces, where they can strongly in uence the detachment and manipulation
of particles [29, 30].
At the microscale, the total adhesion force K,qn) is dominated by three main
contributions: van der Waals forces, electrostatic forces, and capillary forces. Surface
roughness and chemical heterogeneity further modulate the e ective interaction by
changing the real area of contact and the local energy landscape [13, 34].
The net adhesion force between a microparticle and a at substrate can be modeled
as

Fadh = Fuaw + Fer+ Feap + Frougn, (2.1)

whereFqw is the van der Waals forceF the electrostatic force,Fc,, the capillary
force due to ambient humidity, andF,,g» accounts for modi cations from surface
roughness and chemical heterogeneity [29, 13].

2.1.1 Electrostatic Force

Electrostatic forces can contribute to the total adhesion observed in microparticle
detachment experiments. Although signi cant e orts are made to eliminate or
reduce such eects by grounding the micromanipulator and using conductive
substrates, electrostatic interactions may still arise due to residual charge or surface
potential di erences between the microparticle and the substrate. In air, charge
accumulation may occur via contact electri cation (triboelectric e ect), di erences
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in work function, or adsorption of ions from the environment [35, 36]. So the
electrostatic force could be:

1) Particle Particle Interaction

If the PbSn microparticles carry charge, there may be electrostatic forces between
them as they are deposited onto the substrate. The electrostatic force between two
such particles, each modeled as conducting spheres of r&ljiand R, and charges
Q: and Q,, is well-approximated by Coulomb's law when their separation is much
greater than their radii (r Ry;R») [37]

Fel;pp 4..0 rz '

where"q is the vacuum permittivity (8:85 10 2 F/m). This assumes the spheres
are su ciently far apart that nite-size and polarization e ects are negligible. In
this study, particles were deliberately spaced far enough apart on the substrate to
ensure that direct electrostatic interactions between them were minimized.

2) Particle Surface Interaction

Now, consider a scenario where a single uniform charged particle (sphere) of charge
Q is positioned at height above the center of a at, nite-sized plane of side
2L, which carries a uniform surface charge density (for a net charge Q). The
geometry is illustrated in Figure 2.1.

Figure 2.1:  Schematic illustration of the electrostatic interaction between a
conducting spherical microparticle and a at substrate. A single uniformly charged
sphere with chargeQ is positioned at a vertical distance above the center of a
nite at substrate carrying a uniform surface charge density (corresponding to a
total charge Q). The variable r denotes the distance from the sphere's center to
an area element(x;y; 0) on the substrate. This geometry is used to calculate the
vertical component of the electrostatic force between the particle and the substrate.

The in nitesimal force between the sphere and a di erential area elememtA of the
plane, which carries chargelq= dA , is given by Coulomb's law

1 Qdgq, (2.3)

dF = =~
4", r2
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P————. .
wherer = = x2+ y2+ 2jsthe distance from the sphere to the area elemefx; y; 0).
We are interested in the vertical £) component of the force. The vertical component
Is obtained by multiplying by cos = =r

Qdg _ Q dA

dF, = dF cos = L R LI VN (2.4)
The total vertical force is obtained by integrating over the area of the plane
Z L Z L
dxd
F= 2 Xy (2.5)

4" o | L (X2+yr+ 2)3=

Switching to polar coordinates for a circular planeX = rcos ,y = rsin , dxdy =
rdrd ;r2[O;L], 2[0;2 ]

Z, Z z
Fo Q T2 rdd _ Q L ordr 2.6)
z - 20 o o (r2+ 232 - 2 o (r2+ 2)3=2 '
letu=r2+ 2 =) du=2rdr =) rdr = du=2,
Z L Z L2+ 2
rdr 1 _
| = - = _ 3=2 2.7
o (r2+ 232 2 , u "du (2.7)
1 L2+ 2
=5 (2.8)
= pil + ! 2.9
- L2+ 2 (2.9)
Substituting this result gives,
_Q o
I:Z - 2||0 1 | ﬁ (210)

This general expression demonstrates that the electrostatic attraction depends on
both the separation ﬁmd the lateral dimensionL of the plane. In the limit L ! 1

(an in nite plane), = L2+ 2! 0, and the classic result for a point charge above
an in nite plane is recovered

Fu = 2 (2.11)
2"
For large, but nite L, a binomial expansion for small=L yields,
3
Poor 2 L 2° (2.12)
So, ,
Q
=~ -+ — .
F, e 1 e (2.13)

Equation (2.13) shows that the electrostatic force increases with the total charge
on both the sphere and the plane, and depends on their separation as well as the

5
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size of the plane. As the particle approaches the plane { 0) or as the plane
becomes much larger than, the force approaches a maximum determined by the
total charge. Conversely, as the particle moves farther away or the plane becomes
small, the force diminishes rapidly.

In practical terms, for typical experimental conditions (i.e., small charge, good
grounding), the electrostatic contribution can be reduced. However, in cases where
there is residual charge due to incomplete grounding or surface contamination,
electrostatic attraction can become a signi cant or even dominant factor potentially
leading to unexpectedly high detachment thresholds or particle aggregation [36].
Therefore, while the electrostatic force is often negligible under controlled laboratory
conditions, it remains essential to account for and minimize this e ect, especially
when interpreting variations in measured adhesion forces.

2.1.2 Van der Waals Force

The van der Waals (vdW) force is a universal, short-range attractive interaction
that arises between all atoms and molecules due to uctuations in their charge
distributions. In the context of microparticle adhesion on surfaces, vdW forces
are typically the dominant mechanism under dry, clean, and neutral conditions,
especially when neither capillary nor signi cant electrostatic interactions are
present [29, 13].

The fundamental van der Waals interaction between two isolated molecules sepa-
rated by a distancer is described by the London dispersion potential

U(r) = rC—G; (2.14)
where C is a material-dependent constant. For macroscopic bodies such as a
sphere (microparticle) near a at surface, the total interaction energy is obtained
by integrating the pairwise potential over all atoms in both the sphere and the
surface. This integration introduces the Hamaker constanf\y , which encapsulates
the combined e ects of molecular polarizability and material properties [29].

For a sphere of radiuRR at a separation distanceD from a at surface as showed in

Figure 2.2, the total van der Waals potential energy is given by [29, 13]

ApR
D)= 2.1
The corresponding force is the negative gradient of the potential with respect @
_ dUgw _ AuR
Fuaw = iD _ D2 (2.16)

This expression is valid in the regime where the sphere radius is much greater than
the separation distanceR D) [29].

Here, D is the separation distance, which at contact is typically assumed to be on
the order of 0:3 0:4 nm for clean surfacesAy is the Hamaker constant (units: J),
which depends on the materials of both the sphere and the surface, as well as the

6
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Figure 2.2: Schematic representation of van der Waals interactions between a
spherical microparticle of radiusR and a at substrate. The sphere is separated
from the surface by a distanceD, where R D. This con guration is used to
derive the van der Waals potential energy and force for particle surface adhesion at
the microscale.

intervening medium (e.g., air). It is typically in the range of10 *° to 10 2° J for
most material combinations. For a microparticle with radiusR = 25 m (as in
this study), and an e ective contact distanceD  0:4 nm, the resulting vdW force
can reach several micronewtons. This magnitude is consistent with the measured
adhesion forces in particle detachment experiments [13].

It is important to note that the van der Waals force is always present, regardless
of the chemical nature or surface treatment of the substrate, but it can is a ected
by surface roughness, chemical coatings, and the presence of other forces such as
capillarity or electrostatics. In the absence of signi cant surface contamination,
humidity, or charge e ects, the vdW force sets the baseline for particle adhesion on
solid surfaces.

2.1.3 Capillary Force

Capillary forces arise when a liquid bridge forms between a microparticle and a
substrate, typically due to the presence of adsorbed water from ambient humidity
or residual solvent following wet sample preparation. These forces can exceed van
der Waals and electrostatic contributions, especially in humid environments, and
often dominate the adhesion of microparticles on surfaces [13, 29].

The phenomenon that enables such condensation at relatively low humidity is known
as capillary condensation. The process of capillary condensation around contact
sites is governed by the Kelvin equation, which describes the dependence of vapor
pressure on the curvature of the liquid meniscus which illustrated in Figure 2.3: [13,
29]

P 1 1
RTIn— = v Vi

—+ — 21
Po Ri Ry '’ (2.18)

whereR is the gas constant,T is temperature,P is the vapor pressure of the liquid
with the curved surface, Py is the vapor pressure of the planar liquid, . is the

7
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liquid vapor surface tension, V,, is the molar volume of the liquid, andR1, R, are
the principal radii of curvature of the meniscus.

Figure 2.3: Schematic of a liquid meniscus formed between a spherical microparticle
(radius R) and a at substrate. The meniscus is characterized by principal radii of
curvature R; and R,, and the contact angles ; (sphere) and , (surface). This
con guration is used to model capillary forces arising from ambient humidity or
residual liquid at the contact.

When a thin liquid meniscus forms, it leads to an attractive force between
microsphere and surface. This capillary force arises from the pressure imbalance
between the liquid meniscus and the surrounding vapor environment, as described
by the Young Laplace equation [29]

11
P= == 2.19
LV . , ( )

The resulting capillary force for a spherical microparticle of radiuR in contact with
a at substrate has been calculated by O'Brien and Hermann [38] given by [13]

Feap=2 R v (COS 1 +COS »); (2.20)

where ; and , are the contact angles of the liquid on the sphere and substrate,
respectively. This force is maximized for hydrophilic surfaces (low contact angles),
and greatly reduced for hydrophobic or superhydrophobic surfaces where water
cannot easily wet the interface [34].

In practical terms for this study, all adhesion experiments were performed under
dry conditions to minimize capillary contributions. However, even small amounts
of residual moisture or laboratory humidity can lead to the spontaneous formation
of liquid bridges at the particle surface contact, potentially enhancing adhesion.
This makes careful sample handling and environmental control crucial for reliable
adhesion force measurements [13, 34].

8
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2.1.4 Surface Energy and Roughness

Surface energy is a fundamental property that governs the adhesive interaction
between a microparticle and a solid substrate. For solid solid contacts, the
mechanical adhesion force is often described by contact mechanics models such as
the Johnson Kendall Roberts (JKR) theory, which relates the pull-o force to the
work of adhesion [29, 30]

Fash = 3 RW; (221)

where F,qn is the adhesion forceR is the particle radius, andW is the work of
adhesion per unit area. The work of adhesion is given by [29, 30]

W= 1+ 12, (2.22)

where ; and , are the surface energies of the two materials, ang, is the interfacial
energy between them. This framework demonstrates that the experimentally
measured adhesion force is directly proportional to the surface energies of the particle
and substrate, and can be modulated through surface treatments and coatings [29,
30].

Surface roughness and chemical heterogeneity further in uence all adhesion mech-
anisms by altering the real area of contact and the local energy landscape [34, 30].
For van der Waals forces, increased roughness typically decreases the true area of
contact, thereby lowering the adhesive force [38, 13]. For capillary forces, nanoscale
patterning or hydrophobic treatments can prevent or weaken meniscus formation,
see equation(2.18)[13].

In this study, both surface energy and roughness were systematically varied using
di erent coatings, etching, and surface treatments. These modi cations allowed
precise control over the measured adhesion forces between metallic microparticles
and silicon substrates, providing quantitative insights into the role of interfacial
energetics and topography.

2.2 Hydrophobicity

Hydrophobicity is a property of a material's surface that describes its tendency
to repel water. It is most commonly characterized by the water contact angle
(WCA), denoted as , which is de ned as the angle formed at the intersection
of the liquid solid and liquid vapor interfaces when a droplet of water rests on
a surface [39, 34]. When a droplet is placed on an ideal solid surface, one that
is both homogeneous and smooth, it reaches equilibrium with the surface and its
surroundings under the in uence of interfacial tensions at the three-phase contact
line where the droplet, solid, and vapor meet. At this interface, three surface
tensions are relevant: solid liquid ( s, ), solid vapor ( sv), and liquid vapor ( v ),

as illustrated in Figure 2.4.

The classical theoretical description of the contact angle is provided by Young's
equation [40]

cos = >/ St. (2.23)
LV
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Figure 2.4: Schematic illustration of a water droplet on a smooth and homoge-
neous solid surface, showing the contact angleand the interfacial tensions sy
(solid vapor), s (solid liquid), and v (liquid vapor) at the three-phase contact
line.

where gy is the solid vapor surface tension, s, is the solid liquid surface tension,
and [y is the liquid vapor surface tension [29, 34]. All three surface tensions are
de ned under conditions where the three phases i.e, solid, liquid, and vapor, are in
mechanical equilibrium at the contact line.

Surfaces are generally classi ed according to the magnitude of the contact angle.
When < 90, the surface is considered hydrophilic, meaning water spreads easily
and forms a low contact angle. For > 90, the surface is classi ed as hydrophobic,
where water beads up and forms a high contact angle. Ifexceedsl50, the surface

Is termed superhydrophobic [34].

2.2.1 Hydrophobicity relation with surface roughness

Most practical surfaces are rough and/or chemically heterogeneous, which modi es
the observed (apparent) contact angle. One of the widely used models account
for homogeneous roughness e ects is Wenzel model [41]. The interaction between
a liquid droplet and a solid surface is strongly in uenced by the surface's micro-
and nano-scale roughness. The Wenzel model provides a theoretical framework to
describe how roughness modi es the observed (apparent) contact angle of a droplet
compared to that on a perfectly smooth surface [34, 41]. Figure 2.5 showed the
comparison between smooth and rougher surface.

Figure 2.5: Comparison between smooth vs rough surface, wherg is the
equilibrium contact angle on a smooth surface and is the apparent contact angle
observed on the rough surface of the same material.

In the Wenzel state, the liquid fully penetrates and llIs the surface asperities,
conforming closely to the rough pro le. Under this condition, the change in wetting

10
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energy as the droplet advances is determined by the increased true surface area
caused by roughness. The model introduces the roughness factorge ned as the
ratio of the actual (developed) surface area to the projected at area, with > 1

for rough surfaces.

At equilibrium, the balance of interfacial energies yields the Wenzel equation [41]

COS = I COS ¢; (2.24)

where is the apparent contact angle observed on the rough surface, is the
equilibrium contact angle on a smooth surface of the same material, amdis the
roughness factor.

This equation implies that the cosine of the apparent contact angle is scaled by the
surface roughness. If the surface is intrinsically hydrophilic { < 90 or cos ¢ > 0),
then multiplying by r increasescos , resulting in a smaller and thus stronger
wetting or more hydrophilic. Conversely, if the surface is intrinsically hydrophobic
(cos ¢ < 0), then cos becomes more negative, leading to a larger and enhanced
water repellency or hydrophobicity.

Therefore, for intrinsically hydrophilic surfaces (¢ < 90), increasing roughness
makes the surface even more hydrophilic (< ). And for intrinsically hydrophobic
surfaces (. > 90), roughness enhances hydrophobicity, resulting in a larger
apparent contact angle ( > ). Thus, the Wenzel model explains why modifying
surface texture can signi cantly change the measured water contact angle, either
increasing or decreasing hydrophobicity depending on the intrinsic wettability of
the material.

However, it is important to note that the Wenzel state assumes complete liquid
penetration into the roughness features. If air pockets become trapped within the
surface structure, the system may instead enter the Cassie Baxter regime [34].

2.2.2 Hydrophobicity Relation with Adhesion Force

The inuence of surface hydrophobicity, typically quanti ed by the water contact
angle (WCA), on microparticle adhesion is primarily indirect but signi cant, as it
modulates several of the key adhesion mechanisms discussed above.

Relation to Capillary Force:

Hydrophobicity has its most direct impact on capillary forces. As shown in
Eq. (2.20), the capillary force is proportional to the sum of the cosines of the
contact angles on both the particle and substrate. On hydrophilic surfaces (low
WCA), water condenses easily, forming liquid bridges and resulting in strong
capillary adhesion. As hydrophobicity increases (higher WCA), meniscus formation
is suppressed, leading to a substantial reduction or even elimination of the capillary
force [34, 13].

Relation to Surface Energy and Work of Adhesion:

WCA is linked to the surface energy of the substrate through Young's equation, see
Eq. (2.23). A higher WCA indicates a lower surface energy. In turn, the work of
adhesion for both liquid solid and solid solid interfaces depends on surface energies,
as previously outlined Eq. (2.22). The JKR model (Eq. 2.21) then relates this work of
adhesion to the measurable adhesion force for solid microparticles. Thus, increasing

11
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hydrophobicity (higher WCA) generally leads to a lower work of adhesion and a
reduced pull-o force [29, 30].

Relation to Van der Waals Forces:

Although van der Waals forces are always present (Eg. 2.16), their magnitude can
be modulated by changes in surface energy due to hydrophobic treatments. Lower
surface energy (higher WCA) typically results in weaker van der Waals interactions
at the interface [29, 34].

Relation to Electrostatic Forces:

Hydrophobicity can also indirectly in uence electrostatic adhesion. Highly hy-
drophilic (water-wettable) surfaces may adsorb more ions from the environment,
potentially increasing electrostatic e ects, especially in humid conditions [36, 35].
On hydrophobic surfaces, reduced water adsorption and fewer mobile charges may
help minimize such contributions.

In summary, while WCA does not enter directly into a single universal equation
for solid solid adhesion, it serves as a practical and measurable proxy for the
surface energy, and thus systematically in uences the magnitude of capillary, van
der Waals, and (in some cases) electrostatic adhesion forces. The observed trend
is that increasing hydrophobicity leads to lower overall particle adhesion, a result
supported by both theoretical models and experimental data [34, 13, 29].

12



3

Methods

The methods developed in this master's thesis consist of three main parts. The rst
part details the fabrication processes for preparing silicon-based chips with various
chemical (PMMA, HSQ, Au, Te on, Parylene C) and physical (KOH etching, Black
Silicon) surface modi cations. The second part describes the characterization of
these surfaces through water contact angle (WCA) measurements, providing insights
into their hydrophobicity. The third part presents a vibration-based experimental
setup, used to quantitatively evaluate the adhesion forces by systematically analyz-
ing microparticle detachment. Each of these parts is thoroughly described in this
chapter.

3.1 Fabrication Processes

All samples used in this study were based on silicon substrates. P00 oriented
silicon wafer was used as the starting material. Prior to dicing, the wafer surface
was coated with S1813 photoresist to prevent edge chipping and contamination
during cutting. The wafer was then diced into 70 7 mm? chips using a precision
dicing saw which is manufactured by Disco (model DAD3350). Following dicing,
all chips underwent cleaning and surface preparation, after which they were either
used directly or subjected to further physical or chemical surface treatments. The
processed chips were transported from the cleanroom to the chemistry laboratory
and stored in a nitrogen-purged desiccator until use. An overview of the surface-
modi ed samples used in this study is shown in Figure 3.1.

3.1.1 Untreated Bare Silicon

Bare silicon chips were prepared through a standardized cleaning protocol to remove
organic contaminants and photoresist residues. The diced chips were immersed in
MR-REM 700 remover at 78C for approximately 5 minutes, or until the resist layer
was completely dissolved. Following this, the chips were transferred to an ultrasonic
bath lled with isopropanol (IPA) and sonicated for 3 4 minutes to remove any
remaining residues. The chips were then thoroughly rinsed with deionized (DI) water
and dried using a nitrogen gun. These clean, untreated silicon substrates served both
as control samples and as the base material for all subsequent surface treatments.
The appearance of the untreated bare silicon chips is shown in Figure 3.1(a).
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Figure 3.1: Photograph of surface-treated samples after the fabrication process: (a)
Bare Si, (b) Si+PMMA, (c) Si+HSQ, (d) Si+Au, (e) Si+Te on, (f) Si+Parylene C,
(g) Si+KOH, (h) Black Silicon.

3.1.2 Chemical Treatments

A variety of chemical surface modi cations were applied to the cleaned silicon chips
in order to alter their surface properties. These treatments were carried out in
the cleanroom using standard spin-coating, physical vapor deposition (PVD), or
chemical vapor deposition (CVD) techniques.

3.1.2.1 Silicon Coated with PMMA (Si + PMMA)

A thin layer of polymethyl methacrylate (PMMA) was deposited onto the clean
silicon substrates using a spin-coating process. PMMA A6 resist was applied at
a spin speed of 3000 rpm with an acceleration of 500 rpm/s for a duration of 50
seconds. At 3000 rpm PMMA A6 typically results in a Im thickness of around
600 nm as reported in standard spin curves [42]. The coated chips were then hard-
baked on a hotplate at 180C for 1 minute to evaporate the solvent and solidify the
resist. These PMMA-coated samples were later used in the shaking experiments
to investigate how a polymeric surface layer in uences adhesion behavior. The
appearance of the Si+PMMA chips after spin-coating is shown in Figure 3.1(b).
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3.1.2.2 Silicon Coated with HSQ (Si + HSQ)

Hydrogen silsesquioxane (HSQ) is a high-purity, silsesquioxane-based, negative-tone
electron beam resist known for its excellent resolution and etch resistance. In this
study, HSQ was utilized to modify the surface properties of silicon substrates.

The HSQ resist employed was sourced from EM Resist Ltd., which o ers HSQ in
both powder and pre-diluted solution forms. For this work, the powder form was
selected to allow for custom dilution and extended shelf life. Prior to solution
preparation, all plastic containers, including beakers and bottles, were dried in
a furnace at 60C for approximately 12 hours to eliminate residual moisture, as
recommended by EM Resist's guidelines [43].

The HSQ 6% solution was prepared by dissolving 1.03g of HSQ powder in 16.04g
of methyl isobutyl ketone (MIBK). The mixture was then Itered using a 0.2um
syringe-mounted Iter to remove any particulates. It is crucial to note that only
high-purity MIBK, preferably provided by EM Resist, should be used to ensure the
quality and consistency of the resist solution. The prepared solution was stored
in a refrigerator at temperatures below 8C to maintain its stability, considering
that HSQ 6% solutions have a shelf life of approximately three months under these
conditions [43].

For coating the HSQ 6% solution was spin coated onto the cleaned silicon chips at
a speed of 3000 rpm with an acceleration of 500 rpm/s for 1 minute which yields
an HSQ layer thickness of approximately 100 nm according to the manufacturer's
datasheet [43]. Post-application, the samples were soft-baked on a hotplate at 110
for 1 minute to remove residual solvent and to promote Im adhesion. These HSQ-
coated chips were subsequently used in shaking experiments to assess the in uence
of the HSQ layer on surface interactions. The appearance of the Si+HSQ chips
following resist processing is shown in Figure 3.1(c).

3.1.2.3 Silicon Coated with Gold (Si + Au)

A thin layer of gold (Au) was deposited onto the silicon chips using physical vapor
deposition via sputtering. The process was carried out using the sputter coater
system which is manufactured by FHR and model MS150. To promote adhesion
between the gold layer and the silicon surface, a 5-second sputtering of titanium
(Ti) was rst applied as an adhesion layer. This was followed by 90 seconds of
gold sputtering. During the deposition, the argon gas ow was maintained at 40
sccm, with a working pressure o6 10 2 mbar. The sputtering system operated
at a target power of 1 KW with a current of 0.2 A. The nal gold thickness was
approximately 25 nm. These metallic samples were used to study the e ect of a
high-surface-energy conductive layer on adhesion properties. The appearance of the
Si+Au chips after sputter coating is shown in Figure 3.1(d).

3.1.2.4 Silicon with PTFE Layer (Si + PTFE)

For the PTFE-treated samples, pieces of commercially available 0.075 mm thick
Te on (PTFE) tape were cut to match the size of the silicon chips. Each piece
was brie y rinsed in IPA and then manually placed onto the clean silicon surface.
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The assembled chips were dried on a hotplate at €0 to promote adhesion. This
process was carried out in the chemistry laboratory, as it did not require cleanroom
conditions. The resulting samples featured a mechanically attached PTFE surface
for comparison against the other coatings. The appearance of the Si+Te on samples
is shown in Figure 3.1(e).

3.1.2.5 Silicon Coated with Parylene C (Si + Parylene C)

Parylene C was deposited onto the cleaned silicon substrates using a chemical
vapor deposition (CVD) process in the cleanroom. The deposition was carried out
using the CVD tool (model PDS 2010 Labcoter), targeting a coating thickness of
approximately 200nm. To calculate the required dimer mass for deposition, we used
the empirical formula

y 1:0277.
0:620 ’
where x is the dimer mass in milligrams, andy is the desired Im thickness in
nanometers [44]. Based on this, 376mg of dimer was used to achieve the 200nm
coating. The deposition was conducted at a peak process pressure of 12mTorr
according to the graph of peak process pressure vs parylene dimer mass [44].
However, due to a malfunction in the CVD tool during the process, the resulting
parylene-coated chips exhibited surface contamination and inconsistency. As a
result, these samples did not meet the required quality standards, and subsequent
shaking experiments were not performed for Parylene C. The appearance of the
Si+Parylene C chips after CVD deposition is shown in Figure 3.1(f).

3.1.3 Physical Treatments

A set of physical surface modi cations was applied to the cleaned silicon chips to
alter their surface morphology without changing the chemical composition. These
treatments were carried out using standard wet etching and dry plasma etching
techniques.

3.1.3.1 KOH etching

KOH (potassium hydroxide) etching is a widely used anisotropic wet etching
method in microfabrication, known for its strong dependence on the crystallographic
orientation of silicon and mask geometry. This study aimed to investigate how
di erent micro-patterns in uence surface morphology after KOH etching and to
assess their potential for reducing adhesion between metallic microparticles and
the silicon substrate. The hypothesis was that minimizing the contact area
between particles and the surface by introducing controlled surface structures
could signi cantly reduce adhesion forces such as van der Waals and electrostatic
interactions. To this end, we designed and fabricated three di erent lithographic
patterns: square, star and rhombus. These patterns were selected to explore how
di erent geometries a ect the KOH etching results. Each shape was expected to
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produce distinct outcomes, such as sloped or vertical sidewalls, or pyramid-like
structures, based on their interaction with the silicon crystal planes.

The square pattern was chosen as a basic, well-understood geometry, often used
as a reference in KOH etching experiments. On Si(100), square patterns aligned
along the <110>direction typically result in well-de ned pyramidal cavities bounded

by {111} planes, producing sloped sidewalls at approximately 54[45] [46].

The star-shaped pattern was inspired by previous work [47] where it was shown
that speci ¢ angular geometries and edge orientations in complex shapes like stars
can lead to near-vertical or sharply de ned sidewalls after etching, due to the
interaction of slow-etching {111} planes and the mask design. The star pattern
was designed taking the exact measurements from this paper [47].

The rhombus pattern was selected based on ndings from rhombus-shaped masks
on Si(110) substrates [48], where vertical sidewalls were observed when the rhombus
edges were aligned along thel11>directions. The exposure of etch-resistant {111}
planes perpendicular to the wafer surface o ers a promising way to fabricate tall,
narrow microstructures.

KLayout software was used to design these patterns on a chip, with each feature
having a size of .um and a spacing of 2im between adjacent shapes.

(a) Square pattern (b) Star pattern (c) Rhombus pattern

Figure 3.2: Designed mask patterns in KLayout for di erent etching geometries: (a)
square, (b) star, and (c) rhombus. Square and star shapes were used as photomasks
for KOH etching on Si(100) substrates.

The fabrication steps for KOH etching of Sihl00 substrates are illustrated in the
process ow diagram shown in Figure 3.3.

SiO, Deposition via Sputtering:

A thin silicon dioxide (SiO,) layer was deposited onto the cleaned silicon chips using
the sputter coater system (model MS150). The deposition was performed using a
standard recipe: 215 seconds of sputtering with a target power of 1KW, under a
working pressure ofl:3 10 ?mbar. The process used an Ar:©gas ow ratio of
40:15sccm and resulted in a Sihickness of approximately 50nm. This oxide layer
served as a hard mask during the subsequent KOH etching process.

Photoresist Coating and Soft Bake: For pattern transfer, a positive photoresist
(S1813) was spin-coated on top of the SyQayer at 3000rpm with an acceleration
of 500rpm/s for 60 seconds. The coated chips were then soft-baked on a hotplate at
11C°C for 1 minute.
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Figure 3.3: Schematic representation of the fabrication process for KOH etching
on Sihl0ad wafers.

In the case of star-patterned chips, adhesion problems were observed during
development as some parts of the pattern removed. To enhance photoresist adhesion,
a surface treatment with an adhesion promoter (Tl Prime) was done. The Tl Prime
was spin-coated at 3000rpm for 1 minute and soft-baked at 1ZDfor 2 minutes.

UV Exposure and Development: Pattern exposure was performed using the
maskless aligner (model MLA150), with a dosage of 130mJ/émEach pattern type
was exposed onto three chips. Then the patterns were developed using MF-CD-26
developer for 1 minute with gentle agitation. The chips were then rinsed with DI
water and blow-dried.

Reactive lon Etching (RIE): To transfer the resist patterns into the SiQ layer,
reactive ion etching (RIE) was performed using the PlasmaTherm Reactive lon
Etcher (RIE) tool (model BatchTop m/95). A drop of Santovac oil was applied to
the backside of the chips to improve thermal contact before RIE. The chips were
placed on a carrier and brie y heated on a 10C hotplate to partially evaporate
the excess oil. RIE was performed using a GO, gas mixture (40:4sccm) at 100W
and 100mTorr for 210 seconds.

KOH Wet Etching: The wet etching was carried out in a 35% KOH solution
at 80°C. Etching durations were varied to study the in uence of etch depth and
feature de nition: square-patterned chips were etched for 40 seconds for one chip
and 1 minute for another two chips, while star-patterned chips were etched 2 minutes
for one chip and 1 minute for another two chips. After etching the chips were rinsed
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with DI water and blow-dried. Etch progress and pattern quality were evaluated
under an optical microscope to assess the formation of the characteristic 54argled
sidewalls or vertical walls which is showed in Figure 3.4.

HF Bath for Hardmask Removal: To remove the SiQ hard mask post-etching,
the chips were immersed in a 2% HF solution for 30 seconds using a chip carrier
in the wet bench. The samples were then rinsed thoroughly with DI water and
blow-dried. The appearance of the Si+KOH etched chips is shown in Figure 3.1(g).

(a) Square pattern after KOH etching (b) Star pattern after KOH etching for
for 40 seconds, showing the formation of 2 minutes, showing the formation of
an inverse pyramidal cavity. vertical sidewalls.

Figure 3.4: Optical microscope images of etched features for two di erent mask
designs on Sh100G: (a) square and (b) star.

3.1.3.2 Black Silicon

To investigate the e ect of surface nanostructuring on particle adhesion, we
attempted to fabricate black silicon (BSi) surfaces on clean silicon chips. The
motivation for this approach was the unique morphology of black silicon, which
features dense, high-aspect-ratio micro- and nanostructures. These features signif-
icantly increase surface roughness and alter surface energy, which we hypothesized
could in uence the adhesion forces between microparticles and the substrate during
shaking experiments.

The fabrication method was adapted from previously reported reactive ion etching
(RIE) processes described by Jansen et al.[49] and further explored by Liu et al.[50].
We followed the RIE-based approach outlined in Table 1 of Jansen et al.[49]. Etching
was performed using RIE tool (Model: PlasmaPro 100 Cobra ICP 180) with access
to both sulfur hexa uoride (SFg) and oxygen ©,) gases. To ensure good thermal
contact during processing, a thin layer of Santovac oil was applied to the backside
of each chip before mounting them onto the wafer carrier.

| conducted over 20 test runs, varying parameters such & gas ow rates (10 50
sccm), O, gas ow rates (10 50 sccm), RF power (250 350 W), chamber pressure
(500 mTorr), and etching time (5 15 minutes). These variations were applied to
optimize the black silicon formation process. Each chip was etched individually
with a dierent set of parameters. The etched surfaces were initially examined
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under an optical microscope for the characteristic dark appearance associated with
black silicon formation. One representative sample was also imaged using scanning
electron microscopy (SEM) to con rm the presence of nanostructured features, see
gure 3.5. The appearance of the Black Silicon chips fabricated via RIE is shown
in Figure 3.1(h).

Figure 3.5: Scanning electron microscopy (SEM) image of a black silicon surface
fabricated via reactive ion etching (RIE). The nanostructured morphology is

responsible for the characteristic low re ectivity and dark appearance of black
silicon. Scale bar: 2um.

3.2 Water Contact Angle (WCA) Measurement

To characterize the hydrophobicity of the surface-treated silicon samples, water
contact angle (WCA) measurements were performed. A single droplet of deionized
water was placed on each chip using a pipette. Side-view images of the droplet
were taken using a digital camera in the cleanroom. The contact angles were then
measured using the software GIMP by manually placing tangents at the liquid solid
interface on both the left and right sides of the droplet. Several methods exist
for determining the WCA with improved accuracy. In this study, two dierent
approaches were initially tested to evaluate measurement reliability:

Multiple Images of a Single Droplet: A single droplet was placed on a sample,
and ve high-quality side-view images were taken from slightly di erent positions or
times. The WCAs can be obtained from the left or right side, and here the greater
angle and lower angle refer to the relative steepness of the contact angles measured
on each side of the droplet. From each image, four angle values were extracted: left
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side lower angle: |, left side greater angle: g, right side lower angle, right side
greater angle: rg: RrL, Which are shown in Figure 3.6 as 1, 2, 3 and 4, respectively.

Figure 3.6: A photograph of a water droplet placed on an HSQ-coated silicon
sample, showing the four measured contact angles. The angles are: (1) left lower
angle ., (2) left greater angle g, (3) right lower angle g, and (4) right
greater angle grg. The angles were manually extracted using tangents placed at
the liquid solid interface on both sides of the droplet.

This results in 20 values per sample for 5 images. These were grouped into 10 higher
angles and 10 lower angles. The mean and standard deviation (SD) were calculated
separately for each group. This approach was used, for example, on HSQ-coated
surfaces, see Table 3.1.

Table 3.1: WCA measurements from ve images of a single droplet on Si+HSQ

Image No. ke (®) w® r () r (O
1 93 88 91 87
2 87 84 89 81
3 86 81 91 89
4 86 82 92 83
5 91 89 89 80

We then separated the values into two groups: Greater angleg(): ¢ and gg,
Lower angles (.): .. and gr_. Each group contained 10 values.
The results are summarized below:

Table 3.2: Statistical summary of grouped angle values

Group Values ( °) Mean ( °) | SD (°)

Greater angles (g) | 93, 87, 86, 86, 91, 91, 89, 91, 89.75 2.58
92, 89

Lower angles () 88, 84, 81, 82, 89, 87, 81, 89, 85.75 3.72
83, 80
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The mean di erence between the greater and lower angles is:

= ¢ L =89:75 8575=4:00

This di erence exceeds the individual SD values, indicating systematic variation due
to droplet asymmetry.

Single Image per Droplet with Multiple Droplets: In this method, ve
separate water droplets were deposited on di erent locations of the same chip. One
side-view image was taken for each droplet, and four angle values were measured
per image as before, giving a total of 20 angle values. Again, the means and
standard deviations of the higher and lower angle sets were calculated.

In both methods, the di erence between the mean values of the higher and lower
angle groups was consistently larger than the associated standard deviations within
each group. This indicates that the variation in contact angle was primarily due
to systematic asymmetry (e.g., surface roughness or uneven droplet pro le), rather
than measurement noise. As a result, increasing the number of images or droplets
did not signi cantly improve the accuracy or convergence of the average contact
angle value.

Final Method for WCA Measurement: Based on these ndings, a simpli ed
approach was adopted for the nal measurements. For each sample, one represen-
tative image of a single droplet was used. From this image, four angle values were
extracted (higher and lower angles on both the left and right sides) as showed in
Figure 3.6. The nal WCA was calculated as the average of these four values. The
uncertainty was estimated by taking the maximum observed di erence between the
higher and lower angles on either side, and then rounding to the nearest whole
number to provide a representativet value. This method provided a practical
balance between accuracy and e ciency. All samples were measured using this
standardized approach.

3.3 Shaking Experiments

This section describes the experimental setup and procedures used to measure
microparticle adhesion by vibrating surface-treated silicon chips. Calibration and
data analysis details are included.

3.3.1 Experimental Setup

The experimental setup is designed to investigate moving probability of particles
from di erent surfaces under vibrational excitation using a surface transducer system
as shown in Figure 3.7.
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Figure 3.7: Schematic diagram of the experimental setup used during calibration
procedure. Black lines represent the AC excitation signal path from the signal
generator to the surface transducer, passing through an ampli er and ammeter.
Blue lines indicate measurement and control signals: acceleration data from the
MEMS sensor to the PC via the Raspberry Pi Pico, current measurements from
the ammeter, and control communication from the PC to the signal generator.
The motional axis of the vibrating holder is shown, aligned with the MEMS
accelerometer's sensing direction.

A sinusoidal voltage signal with controlled voltage amplitude and frequency is
generated by a signal generator (Rigol DG5072). This signal is then ampli ed using
a transistor-based ampli er powered by a 12 V DC supply. This ampli er consists
of transistor which has a reactive component. The ampli ed signal passes through
an ammeter(Keithley 2000) for current measurement and is then delivered to a
surface transducer composed of a coil and a permanent magnet. This transducer
converts the electrical signal into mechanical vibrations.

A sample chip is securely mounted on a metallic holder that is xed atop the surface
transducer. The AC current through the coil generates a magnetic eld which
interacts with the permanent magnet. This interaction produces a mechanical force
that drives the oscillation of the sample holder. The entire system is grounded
to ensure safety and signal stability. Throughout the experiment, a microscope
is used to observe the sample's motion. The setup is connected to a computer
for monitoring and image acquisition at each frequency step. The PC receives
both acceleration data from the MEMS sensor and current measurements from the
ammeter, while also controlling the signal generator. These signals are distinct
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from the AC excitation signal driving the transducer.

For calibration purposes, a MEMS accelerometer (Kioxia KX1134-1211) is placed
on the sample holder which is showed in the Figure 3.8 as well. Due to its small

Figure 3.8: Photograph of the MEMS accelerometer used during the calibration
procedure which showed in the schematic in Figure 1.7. (1) The sensor is mounted
on top of the surface transducer using screws to directly measure vibration-induced
acceleration indicated as red circle. (2) Printed Circuit Board (PCB) (3) Raspberry
Pi Pico microcontroller.

size (3 mm), it is mounted onto a printed circuit board (PCB) for connectivity.
Wires are soldered from the MEMS sensor legs to the PCB, and then connected
to a Raspberry Pi Pico microcontroller (RP2040). The accelerometer operating
at a data acquisition rate of approximately 4 kHz and communicates acceleration
measurements to the microcontroller which transfers the data to the computer over
USB. This con guration ensures accurate calibration of vibration-induced forces
based on the acceleration data.

3.3.2 Samples Preparation

In the chemistry lab, glass slides were cut to approximately 1.8 cm so that they
could t onto the surface transducer used in the shaking experiment. A small drop
of BF-6 glue was placed at the center of the glass slide and then one of the chips
was gently placed on top. After making sure the chip was properly positioned, the
sample was covered and left for at least one hour to allow the glue to set. This
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ensured that the chip was rmly attached before starting the shaking experiment.
All of the chips were prepared like this which is showed in Figure 3.9.

Figure 3.9: Photograph of samples after Figure 3.10: Photograph of microparti-

surface preparation and mounting on cles dispensed and dried on a sapphire

glass slides. wafer. A needle was later used to pick
individual microparticles and place them
onto the sample.

3.3.3 Microparticle Preparation

In this project, commercially available solder microspheres were used as test particles
for adhesion force measurements in the shaking experiment. The particles were
supplied by EasySpheres Inc. and conform to the JSTD-006 standard. The alloy
composition is Sn63Pb37, consisting of 63.08% tin (Sn) and 36.992% lead (Pb) by
weight, with trace amounts of antimony (Sb), copper (Cu), bismuth (Bi), and other
impurities all within the speci ed limits. A full chemical analysis is provided in
the Appendix A.1. The spheres had a nominal diameter of 5@m with a tolerance

of 2 um. The sphericity was also high, with a mean value of 0.9501, indicating
nearly ideal spherical geometry, which is important for ensuring consistent contact
mechanics in adhesion measurements.

Before use, the particles were cleaned to remove any potential contaminants. They
were immersed in a vial of hexane, centrifuged, and ushed with fresh hexane; this
cycle was repeated at least three times. After the nal rinse, the hexane was carefully
removed, and the particles were transferred into a new vial containing isopropanol
(IPA). From there, they were dispensed onto a sapphire wafer using a pipette which
is showed in Figure 3.10. They were left to dry so that there's no capillary forces
remained from the solvents [13].

3.3.4 Adhesion Force Measurements

After the particles were dried on one side of the rectangular sapphire wafer, the
opposite side was used to ax the test sample using a small drop of glue. To
minimize contamination and prevent dust accumulation, the entire setup was kept
covered with a lid whenever not in use. During the experiment, the lid was removed
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and the sample chip was gently mounted onto the glued region of the plate. The
entire plate was then placed under an optical microscope. Due to its weight and
atness, the plate remained stable and could be easily positioned on or removed
from the microscope stage. A schematic and a photograph of the whole setup is
included in the Figure 3.11 and 3.12, respectively.

Figure 3.11: Schematic diagram of the experimental setup used during actual
sample measurements. Black lines represent the AC excitation signal path from
the signal generator to the surface transducer, passing through an amplier
and ammeter. Blue lines indicate measurement and control signals, current
measurements from the ammeter, and control communication from the PC to the
signal generator. The motional axis of the vibrating holder is shown.

A micromanipulator needle, integrated with the microscope, was used to transfer
individual microspheres from the sapphire wafer onto the target sample surface,
as showed in Figure 3.10. The vertical and horizontal movements of the needle
were nely controlled through the micrometer translation stages. The needle was
grounded to the earth to prevent unwanted electrostatic interactions, as showed
in Figure 3.12. If the particles carried any charge, grounding the needle ensured
electrostatic equilibrium, reducing the possibility of electrostatic attraction or
repulsion between the particles and the surface. On average, approximately 10
particles were placed on each chip. For the untreated bare silicon (Si) reference
samples, shaking experiments were conducted on 100 particles, while for the treated
samples, at least 50 particles were tested per sample.
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