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ABSTRACT

FABRICATION OF MICROPATTERNS ON 3D SURFACES AND
GENERATION OF LINKED ZnO NANOWIRES

Hui Wang, PhD

The University of Texas at Arlington, 2011

Supervising Professor: Cheng Luo

Conventional lithographic approaches are good at fabricating structures on the top
surfaces of substrates. They are not suited for 3D surface patterning due to the fact that vertical
radiation exposure is employed to transfer patterns. In the meanwhile, patterns generated on
3D surfaces, such as the vertical sidewalls of silicon channels and the irregular surfaces of
glass micropipettes may provide valuable applications in microfluidics, 3D circuits,
bioengineering and so on. In this work, we developed new approaches to produce metal
micropatterns on the vertical sidewalls of silicon channels as well as to fabricate two separated
metal microlines on the tips of glass micropipettes. Using these approaches 10 ym Au dots and
20-ym-wide Au lines have been successfully produced on the sidewalls and two separated
microlines have been fabricated on the outer surface of a glass micropipette with tip size down
to 5 ym.

In the meantime, it was found in our experiments that ZnO nanowires may contact each
other and become linked during hydrothermal growth. This phenomenon might be useful for
building novel nanostructures. Accordingly, we monitored the process of nanowires growth and

explained the formations of three types of linked nanowires.
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CHAPTER 1
INTRODUCTION AND DISSERTATION OVERVIEW
1.1 Introduction

Current micro/nanosystems mainly have a planar form. One layer of structures is built
on the top surface of another layer of fabricated features. Multiple layers of these structures are
stacked together to form numerous devices on a common substrate. Accordingly, current
micro/nanofabrication skills are mainly focusing on producing patterns on flat surfaces [1-4].

On the other hand, when patterns are generated on the sidewalls, some good
applications can be envisioned. The sidewall patterns could be used to build 3D circuits that
might be required in electronic devices. Such a circuit might extend across a concave
microstructure (for example, a channel) from one side of the microstructure to the opposite side
via the sidewalls. In addition, nanowires and nanotubes are usually synthesized along the
vertical directions through top templates. Additional electrical fields [5-9] or fluidic channels [10,
11], for instance, are needed to have the horizontal alignment of these 1D nanostructures.
Consequently, they could be integrated into planar devices, making used of their specific
mechanical or electrical properties. The sidewall patterns generated on a planar device might
serve as templates to direct horizontal synthesis of nanowires or nanotubes such that they
could be directly incorporated into the planar device, reducing the fabrication effort. In another
case, two separate lines fabricated on a glass micropipette could serve as electrodes or
interconnects [12]. The electrodes might be applied to record or stimulate neurons, and might
also be employed to generate an electrical field to control drug delivery [13, 14]. The
interconnects could be used to connect a power supply device with a conductive material

coated on the end of the tip. After the power is supplied, this conducting material would provide



resistive heating. Accordingly, the micropipette could function as a heater to provide local
heating [15].

Nevertheless, current photolithographic approaches, such as ultra-violet (UV), electron-
beam, X-ray, and ion-beam, employ vertical radiation exposure to transfer patterns, not suited
to patterning sidewalls. Existing three major non-photolithographic approaches use sharp tips
(dip-pen [16, 17]), soft polydimethylsiloxane (PDMS) masters (soft lithography [18, 19]) or hard
molds of flat bottom surfaces (nanoimprint lithography [20, 21]) to pattern the flat top surfaces.
They are not good at transferring patterns to the sidewalls of microstructures either. In addition,
an interesting approach was presented in [18] to fabricate 3D metal lines. In this approach,
photoresist lines were first generated inside microchannels using UV lithography, and vertical
metal lines were then fabricated on the channel sidewalls using the photoresist structures as a
mask. This approach is good at generating lines on a sidewall. However, it might not be suitable
to make dots or horizontal lines on sidewalls since the corresponding masking patterns (i.e.,
photoresist patterns) could not be fabricated on the sidewalls using UV lithography. Another
technique to produce 3D interconnects was introduced in [19] based on diffraction of light by
phase gratings. The phase gratings were incorporated into the photomask, resulting in inclined
UV exposure. This technique is accurate in patterning. However, it is a challenge to fabricate
the photomask with phase gratings. Previously, patterns have been fabricated on the sidewalls
of polymer microchannels by our group using a hot-embossing approach [22, 23]. This
approach requires the substrate material be a thermal polymer. It does not apply to the case
when the substrate material is, for example, silicon, which is rigid. On the other hand, silicon is
the most commonly used material in the fields of integrated circuits and MEMS.

Furthermore, it is also important to generate patterns on irregular surfaces, such as the
sharp tip of a micropipette. A glass micropipette consists of a straight tube and a curved tip. The
straight tube of a micropipette has a cylindrical outer surface. It is relatively easy to generate
metal lines on this tube due to its relatively bigger size, usually 1 mm in diameter. Straight metal

lines that are extended along the micropipette direction could be directly fabricated, for example,


http://en.wikipedia.org/wiki/Polydimethylsiloxane�

using UV lithography. Coiling metal lines which are perpendicular to the micropipette axis, might
be produced, for instance, employing microcontact approach of soft lithography [24]. In [24], a
metal-coated straight tube was rolled on an array of ink-coated PDMS microlines. Through this
rolling process, the ink was transferred to the tube, forming coiling microlines on the outer
surface of the tube. With these ink microlines as a mask, coiling metal lines were further
generated on the straight tube after wet etch of the metal coating. On the other hand, it still
remains a challenge to generate metal lines on the curved tip of a glass micropipette. This tip
has a conic shape and is curved along its longitudinal direction. Its outer surface is not
developable. That is, a flat PDMS membrane could not be smoothly wrapped to cover every
point on the tip surface. Therefore, the microcontact approach could not be applied to generate
desired patterns on it. Conventional lithographic (UV, electron-beam, and X-ray) are also not
suited for producing patterns on the curved tip, since they would encounter either alignment or
intimate contact problems.

Therefore, in this work, we explored the possibilities of economical and efficient
approaches to produce metal micropatterns on the sidewalls of silicon channels and two
separated metal microlines on the tips of glass micropipettes.

Meanwhile, ZnO nanowires have been widely investigated for applications in
optoelectronics, sensors, power generator, FET devices [25-35]. Most of these works focused
on the process of synthesizing and utilizing ZnO nanowires. Although many efforts have been
given to this area by a lot of researchers, there are still some issues in the field have not been
discovered or discussed. For example, in our experiments, ZnO nanowires grow toward each
other might link together. An intersection between the nanowires was formed. This phenomenon
might be applied for building novel nanostructures. For this motivation, in this work, we also
tried to understand the mechanism of the linked nanowires by monitoring the process of

nanowire growth.



1.2 Dissertation Overview

Chapter 2 reviewed the current lithographic approaches that might be used to produce
micropatterns on 3D surfaces. The shortcomings of each approach in its capability to generate
patterns on vertical sidewalls of silicon channels and the tips of glass micropipettes were
discussed.

Chapter 3e discussed two approaches to fabricate Au micropatterns on vertical
sidewalls of silicon channels using a PDMS membrane as shadow mask. The first approach
focused on producing micropatterns on a single sidewall of a silicon substrate. The second
approach was good for fabricating micropatterns on the two sidewalls of a silicon channel.

Chapter 4 illustrated two new methods to generate two separated metal microlines from
the straight section of a glass micropipette to the curved tip.

Chapter 5 demonstrated the formation process of linked ZnO nanowires during
hydrothermal growth. SEM images were taken at different moments of the growth. The results
were compared and analyzed.

Chapter 6 summarized and concluded this work.



CHAPTER 2
LITHOGRAPHIC TECHNIQUES REVIEW FOR 3D SURFACE PATTERNING
2.1 Introduction
Various lithographic techniques have been developed for 2D patterning, such as
photolithography, atomic force microscope (AFM) and soft lithography. In this chapter, these
main lithographic techniques are introduced, and their capabilities for 3D surface patterning are
also discussed.

2.2 Photolithography

Photolithography in MEMS context is typically the transfer of patterns to a
photosensitive material by selective exposure to a radiation source such as UV light using a
photomask [36]. Photosensitive material, called photoresist, is an organic substance, which is
sensitive to light. It has two kinds: positive and negative. A negative photoresist becomes less
soluble in developer solution after exposure, while a positive photoresist becomes more soluble
in developer solution after exposure [1]. Examples of positive photoresist include Shipley-S1800
series and AZ9260. SU-8 is one of the most popular used negative photoresist. Typical
procedures of photolithography are shown in Fig. 2.1.

Traditional photolithography usually focuses on producing patterns on planar surfaces
with these surfaces perpendicular to the exposure light, as in Fig 2.2. Due to the property of
light propagation, which is straight in its path, surfaces that parallel to the light cannot be
exposed. Therefore, traditional photolithographic technique is not suitable to pattern vertical
sidewalls. For sloped sidewalls, it is possible to fabricate patterns on them using traditional
photolithographic approach. However, several challenges still need to overcome. The first

challenge is to obtain a uniform layer of photoresist. Spin coating is the most commonly used



method to obtain a uniform layer of photoresist for planar substrates. However, it is not possible
to obtain the same result on a 3D surface as on a planar surface. As shown in Fig. 2.3, the force
balance at different point of the surface is not the same, which leads to thickness variance. A
simple model was further set up using FLUENT to visualize photoresist spreading on a
substrate with 3D structures, Fig. 2.4. It can be observed that the thickness is different on the
sidewalls that opposite to each other. The photoresist is thicker on the sidewalls that facing the
spinning axis than the sidewalls that facing outward the spinning axis. For the corners, less
photoresist is left on the top of the channel than those at the bottom. The second challenge is
obtaining relative uniform amount of exposure dose. For two openings of the same size on the
mask, the projected area on the sidewall is larger than the area on the planar surface, as shown
in Fig. 2.5. It is difficult to find an appropriate amount of exposure dose that may crosslink the
photoresist on these different locations, besides the thickness of photoresist at those locations
is different, which brings in more challenges. Therefore, it is necessary to find substitute

approaches for 3D surface patterning.

Wafer

A 4
Spin coating

Pre-bake

Exposure

Hard-bake

A 4
Develop

Hard bake

Figure 2.1 Steps of photolithographic process.



[ e

—:—/

Photoresist
Substrate

Unexposed
sidewalls
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Figure 2.3 Force balance of photoresist on a 3D surface using spin coating (cross-section view).

1.045+Ar
l 0,886+ . .
9.368+ Rotation axis
8.84e+
8.32e+
7.80e+
7.28e+
G.7B8s+
G.24de+
A.73e+
5.21e+
4.69e+
4.17e+
3.05e+
3.138+
2.81e+
2.09e+
1.67e+
1.05e+
5.32e+
1.22e+

Cantaurs of Density (mixturs) Jm3) (Time=4.8000e-02) Apr 23, 2009

(k
FLUENT 6.3 (axi, swirl, dp. pbns, vof, ske, unsteady)

Figure 2.4 2D simulation of photoresist spreading on a 3D surface using FLUENT.



Mask

| —

<«———Exposure light

\4 Substrate

\A 4 /

Figure 2.5 Exposed areas on the sloped sidewall and on the planar surface.

An interesting approach was presented in [37]. In this report, Al lines across 60-um-
deep cavities were fabricated using UV lithography with SU-8 as the photoresist. Unlike
traditional lithographic approach, which needs a uniform and thin layer of photoresist to cover
the substrate, in this report, SU-8 filled up the aluminum coated channel by spin coating.
Followed by UV exposure and development, produced SU-8 patterns function as protection
layer during aluminum etch, Fig. 2.6. Process of coating SU-8 was one of the key factors to
obtain desired results. SU-8 viscosities, spin speed, channel size, pre-baking temperature and
time were considered and tested to improve the cavity filling and step coverage. Direct
exposure to produce line patterns on sloped sidewalls was investigated in [38-43]. However,
these approaches might not suited for fabricating dots or horizontal lines on the sidewalls since
the corresponding masking patterns (i.e., photoresist patterns) could not be fabricated on the
sidewalls using UV lithography. To overcome this shortcoming, altered photolithographic
approaches were developed by researchers to generate patterns on sidewalls, such as by

inclined illumination or diffractive techniques [44].
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Figure 2.6 Schematic process flow of producing aluminum lines across a channel by direct
exposure (a) cavity etch, (b) aluminum deposition, (c) SU-8 coating, (d) SU-8 exposure and
development, (e) aluminum etch and SU-8 removal [37].

2.2.1. Inclined lllumination

Inclined illumination, also called inclined lithography. It is achieved by exposing the
photoresist with exposure light under an inclined angle with the substrate using a conventional
photo mask [44], as in Fig. 2.7. The exposure light is no longer vertical to the substrate. In such
a way, the exposure light may reach the sidewall to be exposed. The stage that holds the
substrate is usually rotated to form an inclined angle with the exposure light. Inclined lithography
has been used in [45, 46] to fabricate 3D inclined structures applying thick photoresist. A simple
setup of inclined lithography was given in Fig. 2.8 [45]. The first report of inclined lithography
used a thick positive photoresist. Since the negative thick photoresist SU-8 was developed, it
has been used in most of the work that used inclined lithography [45-47]. However, current
efforts in inclined lithography are mostly given to the fabrication of 3D structures on a planar

surface.
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Figure 2.7 Inclined lithography.



B

ﬁ UV source

UV mask & substrate

Tilting stage Contact stage

Figure 2.8 Basic setup of inclined UV lithography.
2.2.2. Diffraction Lithography
Diffraction lithography is realized by the diffraction of light when it passing through the
phase gratings in the mask, Fig. 2.9. The phase gratings are incorporated into the photomask at
discrete locations. They redirect the light towards the sidewalls when the photomask is exposed
at perpendicular incidence [48]. However, it is time consuming and not economical to fabricate

this kind of masks.
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I
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Substrate
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Figure 2.9 Diffractive photolithography.
For cylindrical substrate patterning, UV lithography was used in [49] with a flexible
mask. Projection lithography has been applied to produce patterns on them [50, 51]. The reticle
was scanned in the direction perpendicular to the rotated sample axis. Patterns on conic

surfaces were also investigated in [51] with sample tilted according to the cone angle to make

10



the exposed surface parallel to the mask. Besides traditional UV lithography, X-Ray [52] and
laser-beam [53, 54] lithographic techniques were also employed for the patterning of cylindrical
substrates. By applying photolithographic approach, patterns can be precisely produced on the
cylindrical surfaces. However, it is time consuming for conducting alignment, especially for the
tips of glass micropipette, which are not fit into traditional substrate holder of the mask aligner.

2.3 AFM-Based Lithography

AFM is one of the foremost tools for imaging, measuring, and manipulating mater at the
nanoscale. It consists of a cantilever, typically made of silicon or silicon nitride, with a sharp tip
(probe) at its end that is used to scan the specimen surface. Upon proximity of the tip with the
specimen surface, force is produced and bended the cantilever. The deflection of the cantilever
may be detected through optical, capacitive, or piezoresistive approaches [55]. Setup of AFM
using an optical detection method is shown in Fig. 2.10.

AFM lithography functions as ploughing, which employs the tip to scratch and remove
the resist on the substrate. It has the advantages of precise alignment, nondamaging definition
process compared to electron- or ion-beam, and absence of additional processing steps, such

as the development of a photoresist [56].

/\(,\

Light Sourcé

Position
Sensitive
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Figure 2.10 Setup of an AFM using an optical sensing approach.
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AFM lithography can be applied in varies ways, such as fabrication of nanochannels
within a  poly (methyl methacrylate) (PMMA) layer. These channels were used in
electrochemical synthesis of polypyrrole nanowires. In [57], AFM lithography was applied to
make local anodic oxidation of surfaces through non-contact mode. DC voltage pulsed between
tip and sample oxidized the Al that has been deposited on a SOl wafer. Al in the scanning path
was oxidized and provided as mask for further silicon processing. Non-oxidized Al was removed
through wet etch.

AFM is traditionally employed for planar surface characterization. It is difficult to use
AFM to scan over vertical surfaces of 3D structures [58]. Attempts to overcome this limitation
include tilted sample, and tilted tip [59, 60]. In the approach of tilted tip, the tip was pre-set at a
certain angle from the horizontal direction, and approaches the sample non-vertically. Under-
cuts and vertical sidewall shapes have been measured using a tilted AFM tip in [60]. However,
the working distance of AFM in vertical direction is limited to 10-20 um. That is AFM cannot be
used to characterize patterns that have steps more than 20 ym high. Besides, the serial working
mode of AFM makes it extremely time consuming for patterning.

2.4 Soft Lithography

Soft lithography refers to a family of techniques to fabricate or replicate structures using
elastomeric stamps, molds, and conformable photomasks. It includes: microcontact printing,
replica molding, microtransfer molding, micromolding in capillaries and solvent-assisted molding
[18]. In soft lithography, an elastomeric stamp with patterned relief structures on its surface is
used to generate patterns and structures with feature sizes ranging from 30 nm to 100 um [18].

Typical processes of soft lithography include: 1. Etch desired patterns onto a substrate
(usually silicon). 2. Form the stamp (usually PDMS) by molding using the patterns etched on the
substrate. 3. Ink the stamp by placing it in the ink solution. 4. Bring the stamp into contact with
the substrate and transfer ink molecules onto the substrate (Fig. 2.11). Soft lithography has
been widely used to obtain patterns on planar substrates [61-65]. In [66, 67], soft lithography

was also applied for the patterning of cylindrical surfaces. Yet the stencil used in soft lithography
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is usually thick. It cannot be bended naturally to follow the shape change of the vertical step, or
the shape of the fragile tip of the glass micropipette. Besides, the stencil should be placed on

the target substrate at one time. Further adjustment may destroy the patterns.
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Figure 2.11 Procedures of soft lithography.
2.5 Summary

In this chapter, main approaches that could be potentially used for 3D surfaces
patterning were briefly reviewed. Among the lithographic approaches introduced above,
photolithography and AFM approaches are not cost-effective. For soft lithography, the thickness
of the stencil is large, which makes it hard to bend and not flexible enough for 3D surface
patterning. Therefore, it is necessary to explore new approaches that both time and economical
effective for producing patterns on vertical sidewalls and the outer surfaces of glass

micropipettes.
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CHAPTER 3
FABRICATION OF AU MICROPATTERNS ON VERTICAL SILICON SIDEWALLS
3.1 Introduction

In this chapter, two approaches were introduced to generate patterns on a single and/or
two vertical sidewalls of a silicon channel, respectively, using PDMS membranes as shadow
masks. PDMS membrane with hollow structures was chosen as the shadow mask mainly
because of its capability of bonding to a silicon substrate naturally. This eliminated the use of
any extra bonding method.

In the first approach, a thin PDMS membrane with hollow structures was first placed
against a silicon sidewall. A layer of Au was then thermally deposited on the substrate using the
PDMS membrane as shadow mask. Finally, after removal of the PDMS membrane, Au patterns
were left on the silicon sidewall. Using this method, we have successfully produced 10 um Au
dots and 20-um-wide Au lines on vertical silicon sidewalls. In the second approach, a thin
PDMS membrane with hollow structures was placed over a silicon channel. Au films were
coated on the substrate through two processes of thermal evaporation using the PDMS
membrane as a shadow mask. In these two processes, the substrate was tilted towards the Au
source to ensure that Au was coated on either sidewall. Finally, after the removal of this PDMS
membrane, Au patterns were generated on the channel sidewalls. 3D geometric models were
also set up for the second approach. Based on the understanding gained from these geometric
models, we then applied the approach to produce 10 um Au dots and 20-uym-wide Au lines,
respectively, on two sidewalls of a silicon microchannel.

Shadow mask technology is usually used in the case that the materials to be patterned
are not compatible with traditional lithographic processes, such as organic materials [68-70],

and also in the case that substrates have already had fragile and delicate patterns, such as
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electronic devices or micro-machined structures [71, 72]. Further lithographic processes might
damage those devices or structures.

Currently shadow mask technique is usually used for 2D patterning [68-71, 73]. In
addition to applying shadow mask technique for 2D patterning, there are also reports of
employing shadow effect for 3D patterning. By applying shadow-mask technique, electrical
wafer feed-through was fabricated in [74]. A simple equation to calculate the enlargement of
fabricated patterns on planar surface based on the geometry of evaporation equipments was
given. Metal patterns on a tip of AFM was generated [75]. 10 nm scale devices were directly
evaporated on the curved surface of the AFM tip. Combining plasma treatment, self-assembled
monolayer coating and contact displacement electroless plating, line patterns were generated
on both sloped sidewall and nearly vertical sidewall in [76] by using suspended silicon dioxide
structures as shadow mask. In addition, 3D shadow masks made of silicon were developed in
[77] for patterning deeply recessed surfaces for increased patterning resolution. However, these
3D patterning works using shadow mask mainly focus on fabricating patterns on sloped
sidewalls. The potential of using shadow mask technique to generate patterns on vertical
sidewalls has not been well developed.

Shadow masks are usually made of rigid materials [74, 77, 78], such as silicon, which
needs complicated fabrication processes, including dry etch or wet etch. Besides, current
applications of shadow mask technology on 3D surface patterning mainly focus on fabricating
lines, which could function as interconnects. The possibility of generating other patterns, such
as dots, has not been explored yet. Therefore, in this work, we adopted PDMS membranes as
shadow mask, and explored the feasibility of fabricating not only vertical lines, but also an array
of dots on vertical sidewalls of a silicon channel. For this purpose, we also developed 3D

geometric models to direct experimental conduction in the second approach.
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3.2 Generation of Au Micropatterns on a Single Sidewall of a Silicon Substrate

3.2.1 Experimental Procedures

Taking the generation of Au microdots on a vertical silicon sidewall as an example, the
fabrication procedure in the developed approach involved four steps (Fig. 3.1): (1) prepare a
substrate with a vertical sidewall through anisotropic potassium hydroxide (KOH) etch of a
<110> silicon wafer (Fig. 3.1a); (2) fabricate a thin PDMS membrane with through-holes and
place it over the vertical sidewall (Fig. 3.1b); (3) thermally deposit a layer of Au on the silicon
sidewall (Fig. 3.1c); and (4) remove the PDMS membrane from the substrate, completing the

generation of Au patterns on the silicon sidewall (Fig. 3.1d).

Vertical silicon sidewall (<111> surface)

PDMS film of __—»
through-holes ::::..
®e

®
\ o3
Au source

| Aupatterns on
the sidewall

(b) (c) (d)

Figure 3.1 Schematics of the fabrication procedure: (a) fabricate a silicon structure with a
vertical sidewall, (b) place a PDMS membrane across the silicon sidewall, (c) generate a thin
film of Au using thermal evaporation, and (d) remove the PDMS membrane, completing the
generation of Au patterns on the silicon sidewall.

3.2.1.1 Substrate Preparation by KOH Wet Etch

In the first step, a vertical silicon sidewall was obtained using KOH etch. KOH solution
is prepared by dissolving KOH pellets into DI water and heating up to a certain temperature.
KOH pellets are added to DI water slowly and stirred the solution with a Teflon coated magnetic

bar at the same time. The dissolution of KOH in water produces heat, and gets the solution

warms up quickly. Wait till the temperature of the solution stabilized at operation temperature

16



before put the sample into the solution for etch. There are several factors that affect the etch
rate, such as crystallographic orientation of silicon, concentration of the solution, operation
temperature, and concentration of doping in silicon. Because potassium ion (K+) is an
extremely fast diffusing metal alkali metal ion, it is extremely important that do not let it
contaminate the metal ion sensitive processes or structures. For our case, since we are just
interested in the etched structures, metal ion is compatible with our processes. Otherwise, dry
etch may replace KOH etch to obtain silicon channels.

The doping concentration of the silicon to be etched may impact etch rate strongly. If
the boron doping concentration exceeds 10" cm™, boron doped silicon forms borosilicate glass
on the surface may acts as etch stop.

Among all factors that affect etch rate, temperature should be noticed particularly, since
once concentration of the solution and the etch target were fixed, temperature becomes the only
controllable factor that may affect the etch rate. Besides, temperature also relates to the surface
roughness of etched results. Fig. 3.2 shows the relations between etch rate and operation
temperature for <110> silicon wafer. It can be observed that etch rate increases with enhanced
temperature. Meanwhile, higher concentration leads to slower etch rate. Such as at 70 °C, for
30% solution, the etch rate is around 65 pym/hr; for 40% solution, the etch rate is around 55
pm/hr; and for 50% solution, the etch rate decreases to 40 ym/hr. However, the concentration is
not the less the better. Experimentation has found that solutions less than 30% KOH yields
rough etch for <110> silicon etch [79]. To avoid the possibility of resulted rough etch, in this

work, a 40% KOH solution was chosen for etch.
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Figure 3.2 KOH etch rate vs. temperature for solution concentration at (a) 30%, (b) 40% and (c)
50% [79].

Anisotropic etch was obtained in <110> silicon wafer due to high selectivity of etch rates
between <110> and <111> crystal planes in alkaline etchants. Along the directions, respectively,
perpendicular to these two planes, the ratios of the corresponding etch rates range between
180:1 and 200:1 [79]. As in Fig. 3.3, a trench is formed on <110> wafer in KOH etch. The etch is
first performs at the rate of <110>, after reaching an apex, etch rate slows down and at the rate
of projected rate of <311> plane [80]. Relations between etch rates, and time to reach an apex

can be expressed through equations 3.1-3.3.

R<110> > R<311> coso (3.1)
_ Wchannel tan (3 2)
apex .

2(R 140> = R3,,, cOs @)
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(3.3)

where, R represents the etch rate in according orientation, « is the angle between <110> and

<311> planes, w,, ... is the width of the channel, ¢

is the depth of the apex that is first formed.

apex

is the time to reach the apex, and d
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Figure 3.3 Development of the channel cross-section until an apex forms in KOH for <110>
silicon wafer [80].
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Figure 3.4 Procedures of KOH etch.
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The operation procedures of KOH etch is shown in Fig. 3.4. Before the KOH etch, a 1-
pm-thick film of SiO, on the <110> silicon wafer was patterned with straight lines using UV
lithography and buffered oxide etch (BOE). During the UV lithography, the line patterns on the
mask should be aligned parallel to the major flat of the <110> silicon wafer. The patterned SiO,
layer was then employed as a mask during the KOH etch of the silicon wafer. In our
experiments, the silicon wafer was etched using a 40% KOH solution at 70 °C. After the KOH
etch, the SiO, layer was removed employing BOE. Fig. 3.5 gives a representative sidewall that
was fabricated. It can be observed that the <311> and bottom <110> surfaces were rough after
the KOH etch, while the vertical <111> surface and the top <110> surface were flat and smooth.
This work focuses on the generation of good patterns on the vertical silicon sidewalls, i.e., on
the <111> surfaces. Therefore, the roughness on the bottom <110> and <311> surfaces did not
affect the testing results. On the other hand, if needed, a dry-etch approach can be adopted to
generate silicon structures. This approach employs a technique of deep reactive ion etch,
making both side and bottom surfaces of the silicon structures relatively smooth [81].

Etch was conducted for 100 min. 110-um-deep vertical silicon structures were produced

(Fig. 3.5). The <110> surface at the bottom appeared rough, while <111> and <110> surfaces
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on the top were clean and uniform. During lithography, line patterns should be kept parallel to
the major flat on the <110> silicon wafer. If the line patterns were kept vertical to the major flat,

smooth surfaces cannot be obtained, as in Fig. 3.6.

EHT= 6.00 k¥ Mag= 483X Date :16 Feb 2010 [
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Figure 3.6 Structures obtained through KOH etch on <110> silicon wafer (lines vertical to the
major flat).

3.2.1.2 Fabrication of PDMS Membranes with Hollow structures
A PDMS membrane of hollow structures was generated in the second step. This
generation includes five sub-steps (Fig. 3.7): (1) spin-coat S1813 (Shipley Company) on a SU-8

mold (Fig. 3.7b), (2) spin-coat PDMS (ratio between PDMS and its curing agent is 10:1) on the
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S1813-coated SU-8 mold (Fig. 3.7c), (3) drop hexane on top of the spin coated PDMS to
remove the residual layer, followed by baking to cure (Fig. 3.7d) and (4) release the thin PDMS
film from the SU-8 mold by etching S1813 with acetone, completing the generation of the PDMS
film of through-holes (Fig. 3.7¢e). The released PDMS membrane was placed on a clean glass

slide for later use.

Hexane _p.

SU-8 microstructure
PDMS Cut for use

(@) (b) (c) (d) (e)

Figure 3.7 Fabrication of a PDMS membrane with hollow structures: (a) generate SU-8
microstructures, (b) spin-coat a positive PR (S1813), (c) spin-coat PDMS solution, (e) apply
liquid hexane to remove the PDMS residue layer above the SU-8 microstructures, and (e) cure
the PDMS, remove the PDMS membrane from the substrate, and cut off the central area of this
membrane for later use.

The SU-8 mold included a SU-8 layer and a silicon substrate. SU-8 was a negative
photoresist. Square micropillars were generated in the SU-8 layer using a conventional UV
lithographic approach [82]. S1813 was a positive photoresist. It was employed in this work as a
sacrificial material for easily removing the PDMS from the SU-8 mold. A thin film of S1813 was
spin-coated not only on the top surfaces of the SU-8 layer, but also at the sidewalls and bottoms
of the SU-8 square pillars. Due to the surface tension, this S1813 coating would make the sharp
edges and corners of the SU-8 structures become rounded, as discussed in a related work [83].
Accordingly, the PDMS holes generated out of such a mold would have approximately circular
cross-sections. SU-8 2015 (MicroChem Company) was adopted to fabricate these pillars.
Before processing, a silicon wafer was immersed in a 10:1 hydrofluoric acid (HF) solution for 2
min to remove the native oxide layer coated on the silicon wafer. Subsequently, this wafer was

rinsed with DI water and baked for 5 min at 200 °C on a hotplate. A 23-um-thick layer of SU-8

was then obtained by spin-coating SU-8 at 3000 rpm for 30 s. After spin-coating, the substrate
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was pre-baked for 1 min at 65 °C, followed by 3 min at 95 °C. The SU-8 layer was exposed
through a mask using UV light of 145 mW dose. After that, the sample was baked first for 1 min
at 65 °C and then for 3 min at 95 °C. The fabrication of the SU-8 mold was completed after the
sample had been developed for 4 min using SU-8 developer and rinsed with isopropyl alcohol,

Fig. 3.8.

(b)

Figure 3.8 Fabricated SU-8 pillars (a) 3D view and (b) close-up view.
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PDMS membranes with hollow structures are crucial for certain microfabrication
applications, such as in microfluidics and cell biology [84-86]. Due to the limitations in PDMS
properties, such as no sensitivity to light, traditional photolithography methods cannot be used
to fabricate PDMS features. PDMS patterns are generally produced using a molding approach,
as illustrated in Figs. 3.7(a), 3.7(b) and 3.7(d). However, a residual layer of PDMS is usually
formed on top of the mold even after long time of spinning. Many approaches have been
developed to fabricate through-hole patterns in PDMS, including mechanical removal of
excessive PDMS layer using a blade [87], and dry etch of PDMS using gas plasma [88, 89]. The
mechanical scrubbing approach requires good handling skills, and may not be capable of
removing all extra PDMS due to the facts that the blade is not perfectly flat, and that the mold
structures are not perfectly uniform in their heights. The dry-etch method needs adjustment of
etch recipes, and the etch rate is normally low. Hence, a new approach was developed in this
work to fabricate hollow structures in PDMS membrane. This approach does not need any
special handling skills, and is easy to realize. In the approach, a droplet of liquid hexane was
placed at the center of the spin-coated PDMS before baking to cure (Fig. 3.7c). Hexane
dissolved and pushed away the top layer of PDMS from the center towards the edge of the
substrate (Fig. 3.7d). The PDMS membrane formed in this way was thin at the center and thick
at the edge. For example, the thickness across the membrane ranged from 5 um at the center
to over 100 um at the edge when the volume of the hexane droplet was ~30 L. The thick edge
made it convenient to hold and separate the membrane from the SU-8 mold. The thickness of
the PDMS membrane in its central area decreased with the increase in the volume of hexane
used. The hollow patterns were located in the central area of a PDMS membrane, and this area
was cut off from the membrane (Fig. 3.7e). The cut-off membrane served as the shadow mask
in the fabrication. It had a rectangular shape of dimensions 5x5 mm?, and was aligned on the
silicon substrate with one edge of this membrane placed over the sidewall (Fig. 3.1b).

The membrane should not be too thick, over 20 uym, otherwise, the bending moment of

the membrane will be large, and the membrane could not deform naturally to follow the shape
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change of the silicon stage as in Fig. 3.9. In this case, a gap emerges between the membrane
and the sidewall. The shape and position of the patterns produced on the sidewall will be
different.

The PDMS membrane with hollow lines should not be too thin either, less than 5 ym.
The first reason is that if the membrane was too thin, it will be hard for membrane transferring.
The other reason is that when the membrane was too thin, the strength of the PDMS lines
between the hollow patterns will be reduced, and may not be able to keep the shape of the
patterns as designed, Fig. 3.10. In Fig. 3.10, the thickness of the PDMS membrane is about 4
pm. Neighboring PDMS lines were stuck together. During experiments, this kind of situation
happened many times. If the PDMS membrane is thick, around 10 ym, once the peeled off
PDMS was soaked into IPA, the PDMS lines will restore their shape and become separated.
However, for thin PDMS membrane, less than 5 uym, the shape of the PDMS lines did not
restore after soaking the membrane into IPA. For PDMS membrane with hollow dots, the

second issue is no longer exists due to its nearly circular shape of the hollow patterns.

Figure 3.9 A piece of thick PDMS membrane placed on a silicon stage.
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Figure 3.10 Thin PDMS membrane with hollow lines (a) overview and (b) close-up view.

The alignment was conducted under an optical microscope according to relative
positions between the hollow patterns of the cut-off membrane and the top edge of the silicon
sidewall. During the alignment, a small amount of isopropyl alcohol (IPA) was added to the
substrate to make it easy to move the PDMS membrane around. After the evaporation of IPA,
the PDMS membrane was tightly bonded to the silicon substrate.

3.2.1.3 Metal Deposition

In the third step (Fig. 3.1c), using the cut-off PDMS membrane as a shadow mask, a Au
film was generated on the silicon substrate in a thermal evaporator. To ensure that Au could be
coated on the silicon sidewall, the substrate was tilted during the deposition. The direction
perpendicular to the sidewall formed an angle, & (which ranges between 0°and 900), with the
vertical direction, as illustrated in Fig. 3.1(c). Let t; denote the thickness of a Au layer generated
on the silicon substrate when « is 900, i.e., when the substrate is not tilted. The value of t; is
provided by the thermal evaporator during the deposition. Set t, to be the corresponding
thickness of the Au film coated on the silicon sidewall if o is not 90°, i.e., if the substrate is
tilted. According to [4], we have

t=ticosa . (3.4)
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By this equation, no Au is coated on the silicon sidewall when the substrate is not tilted, and the
thickness of the Au film coated on the silicon sidewall increases with the decrease in the value
of o .
3.2.2 Experimental Results and Discussions

Using the fabrication procedure illustrated in Fig. 3.1, two types of Au micropatterns,
dots and lines, were generated on 110- and 70-um-high vertical silicon sidewalls, respectively
(Figs. 3.11 and 3.12). The height of the sidewall refers to the etched depth along the <111>
surface.

3.2.2.1 Fabrication of Au Dots on Sidewall

The mask design of dot patterns is shown in Fig. 3.11(a). An individual pattern has a
square shape (10 x 10 pmz). The pitch between two neighboring dots in a row is 36 ym, and
that between two neighboring dots in a column is 20 ym. Fig. 3.11(b) shows a generated PDMS
membrane with through-holes that was used as a shadow mask during the Au deposition. The
membrane was about 10 pm thick. The through-holes in this generated PDMS membrane had
approximately circular cross-sections due to the capillary effect involved in the fabrication. Our
focus was to generate Au dots on the sidewall. Hence, during the process of depositing Au, o
was set to be 10°, which made the sidewall almost perpendicular to the vertical direction.
Consequently, Au dots appeared mainly on <111>, <311> and bottom <110> surfaces, and only
few dots were seen at the edge of the top <110> surface (this edge was close to the <111>
surface). t; was 5 nm. By equation (3.4), the thickness of the generated Au dots was 4.9 nm.
The etched depth along the <111> surface was 110 uym. Nine rows of Au dots have been
properly generated on the <111> surface (Fig. 3.11c). The average diameter of the generated
Au dots was 10 um. The Au dots in a vertical column were not aligned exactly perpendicular to
the <110> surface because of the error of alignment, which was about 4°. The average distance
between two neighboring dots in a horizontal row was 37 um, while that in a vertical column

was 21 um. Both distances were larger than the designed ones by 1 um. The increase in the
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distances might be caused by the stretch of the PDMS membrane when this membrane was

placed on the silicon sidewall.

ttom <110>

WD

Figure 3.11 Fabrication of Au dots on sidewall (a) designed dot patterns on the mask, (b)
a fabricated PDMS membrane with 10 um through-holes, (c) 3D and (d) side views of 10

pm Au dots generated on a vertical silicon sidewall (i.e., <111> surface).

3.2.2.2 Fabrication of Au Lines on Sidewall

The mask design of line patterns is shown in Fig. 3.12(a). Each individual line was 100
pm long and 20 um wide. The horizontal distance between two neighboring lines was 40 ym.
Fig. 3.12(b) shows a fabricated PDMS membrane that was used as a shadow mask during the
Au deposition. This membrane had hollow lines, and was about 15 pym thick. The etched depth
along the <111> surface for Au lines was 70 pm (Fig. 3.12c). The Au lines generated on a

silicon sidewall could potentially serve as interconnects between the circuits located at the top

and bottom surfaces beside the sidewall. For this purpose, these Au lines should run across the
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Figure 3.12 Fabrication of Au lines on sidewall (a) designed line patterns on the mask, (b)
a reprehensive PDMS membrane with hollow lines that served as a shadow mask, (c) 3D
and (d) side views of 20-um-wide Au lines generated on a vertical silicon sidewall (i.e.,
<111> surface).
sidewall and have contact with both top and bottom surfaces. Therefore, during the
thermal deposition, & was set as 45° to ensure that Au would be coated on all these
three surfaces. t; was also 5 nm. By equation (3.4), the thickness of the generated Au
lines was 3.5 nm. The average distance between two neighboring lines was 40 ym, and
the average width of the generated lines was 20 pym. These two dimensions were the
same as the designed ones. The generated lines were oriented vertically, and ran across
the sidewall (i.e., <111> surface) (Fig. 3.12d). These lines also extended to the top
surface (i.e., top <110> surface) and the bottom surface (i.e., <311> surface). Part of

structures on the top and bottom surfaces could be subsequently generated on the

extended portions of these sidewall lines using, for example, UV lithography with the
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alignment accuracy of 1 ym. Consequently, the planar devices on both the top and
bottom surfaces would be connected through the sidewall lines. It would be better to have
sidewall lines generated before the production of the planar devices. Otherwise, the pre-
existing planar devices might be damaged by the PDMS shadow mask when this mask is
placed on the substrate to generate the sidewall lines.

3.3 Generation of Micropatterns on Both Sidewalls of a Silicon Channel

3.3.1 Experimental Procedures

We have previously explored the possibility of fabricating patterns on the sidewalls of
polymer microstructures using hot embossing processes [22, 23] and strain-recovery property of
a thermal shape-memory polymer [90]. Furthermore, in last section [91], we have developed an
approach to produce Au patterns on a single silicon sidewall using PDMS shadow mask. In the
approach, a thin PDMS membrane with hollow structures was first placed against the sidewall.
Au film was then thermally coated on the substrate using this flexible PDMS membrane as a
shadow mask. Finally, after the removal of the PDMS membrane, Au patterns were left on the
silicon sidewall. This approach is applicable when there is only a single sidewall on the
substrate. As examined in [91], a flexible PDMS membrane could be folded against this
sidewall. However, it is difficult to place a PDMS membrane directly on multiple sidewalls of a
concave microstructure (such as two vertical sidewalls of a microchannel) due to the small size
of the concave microstructure. On the other hand, functional components in a MEMS device
may include multiple sidewalls. Therefore, in this work, we explored the feasibility of fabricating
not only vertical lines, but also an array of dots on vertical sidewalls of silicon microchannels.
For this purpose, we also developed 3D geometric models to direct experimental conduction.
Based on the understanding gained from these 3D geometric models, we have produced 10 ym
Au dots and 20-uym-wide Au wires on vertical sidewalls of silicon microchannels.

Experimental setup for generating metal micropatterns on both sidewalls of a silicon
channel was given in Fig. 3.13. Using a PDMS membrane with hollow structures as a shadow

mask, a silicon channel was coated with Au twice in a thermal evaporator. To ensure that Au
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can be coated on either sidewall, the substrate was tilted at an angle, €, during the first
deposition (Fig. 3.13a). To also coat Au on the other sidewall, the substrate had been rotated by
180° on its wedge-shaped stage such that this sidewall would also face the incoming Au vapor
at the angle of & during the second deposition (Fig. 3.13b). The fabrication processes for
silicon channel and PDMS membrane with through-structures are the same as illustrated in last
section. The silicon channel had two vertical sidewalls, which was 70 um deep, 113 um wide

and 1 cm long.

Silicon channel with two vertical sidewalls
PDMS shadow mask

7 :

Sample
stage

Sample
stage

Sidewall 1

Sidewall 2

Sidewall 2 Sidewall 1
\ Incoming

direction of
Au vapor

(a) (b)

Figure 3.13 Schematics of experimental setup: (a) a silicon substrate with channels covered by
a PDMS shadow mask is tiltled at an angle of @ during the first deposition of Au and (b) the
substrate is rotated by 180° on the sample stage before the second deposition.

3.3.2 Geometric Models of Generating Micropatterns on Vertical Sidewall Using Shadow Mask
Due to large mean free paths of gas molecules at low pressure, evaporation techniques
tend to be directional in nature, and shadow of patterns may occur [92]. Based on shadow
effect, micro/nanopatterns have been generated on top surfaces of substrates [92]. 2D models
have also been developed in these references to address the shadow effect. Since our goal is

to fabricate patterns on channel sidewalls, 3D geometric models are established accordingly to
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find shapes, thicknesses and dimensions of Au patterns generated on a channel sidewall (Fig.
3.14).
3.3.2.1 Location of a Generated Au Dot

As illustrated in Fig. 3.13(a), let A denote a representative hollow point in the PDMS

membrane that is suspended above a silicon channel as the shadow mask. Set A’ to be the
corresponding Au point, which is formed on a channel sidewall after Au vapor goes through the
point A and has contact with the sidewall. Set up a rectangular coordinate system. The origin is
located at the top right corner of the channel sidewall (Fig. 3.14a). The x-axis is perpendicular to

the channel sidewall, y-axis lies along the vertical direction of the substrate, and z-axis is along

the channel direction. Let (x,, y,, z,) denote the coordinates of A. Use A" B, A’ D and AC to

denote the projections of line 4’ A on the sidewall, the surface parallel to x-z plane, and the

surface parallel to y-z plane, respectively. The angle formed by AD and AC is «, and that

subtended by A’ B and CB is . Then, according to geometric analysis, the coordinates (x .,
Y, z,)of A" are
x,=0, y, =—x,cota, z,=z,+Xx,cotatan f5. (3.5)
The coordinates of B are calculated to be (0, 0, z ). Although the line AB is parallel to x

direction, the line A’ B is not along y direction. Instead, the latter line lies on the channel

sidewall and forms an angle of /3 with the y direction.
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Figure 3.14 Geometric models of shadow mask patterning (a) 3D illustration of generating a Au

dot on a vertical channel sidewall, (b) 2D illustration of masking structures, (c) Side view of Au

vapor penetrating a hollow structure in the PDMS membrane, (d) 2D illustrations of generated

Au trapezoids and (e) Side view of a case that Au vapor cannot penetrate a hollow structure of
the PDMS membrane.
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3.3.2.2 Shapes and Dimensions of Generated Au Patterns

Suppose that the PDMS membrane includes an array of hollow rectangles (Fig. 3.14b).

Let /., and /. denote the dimensions of a hollow rectangle along the x- and z-axes,

respectively. Set d_and d_ to be the distances between two neighboring hollow rectangles

along the x- and z-axes, separately. Suppose that the Au source has a circular shape with a
diameter of D (which is our case), and the vertical distance between this source and the

substrate is H. The silicon channel was suspended right above the Au source. Consider a

representative hollow pattern in the PDMS membrane (Fig. 3.14c). Let x, denote x-coordinate

of its right edge. The x-coordinate of its left edge is (x, +/ ) accordingly. Set ¢, to be the

thickness of the shadow mask. As shown in Fig. 3.14(c), Au vapors that come from the left and

right edges of the Au source in the x-y plane and go through the representative hollow pattern
might form angles of &, and &,, respectively, with the vertical direction. Based on equation

(3.5) and geometric analysis, the array of hollow rectangles in the shadow mask may result in
the generation of an array of Au trapezoids on a channel sidewall after thermal evaporation of

Au (Fig. 3.14d). The top and bottom edges of each trapezoid are parallel to the z-axis, while the

left and right side edges form angles of (f+¢&,) and (S —¢,), respectively, with the y
direction. Naturally, when both &, and &, are 0° the two side edges are parallel to each other,

and each Au trapezoid becomes a parallelogram. Furthermore, if § is also 0°, then the two side
edges of the parallelogram are both parallel to the y-axis, but perpendicular to the top and

bottom edges. Subsequently, the parallelogram becomes a rectangle. Let lpz denote the length

of the top edge of a Au trapezoid (Fig. 3.14d). Set Zpy to be the distance between the top and
bottom edges of a Au trapezoid along the direction that forms an angle of £ with the y-axis.

Use pr to represent the height of the Au trapezoid along y direction. Also, let dpz be the
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distance between two neighboring trapezoids along the z-axis, and set dw, to be the distance
between two neighboring trapezoids along the direction that forms an angle of £ with the y-
axis. Use DW to represent the distance between these two neighboring trapezoids along y

direction.

Based on equation (3.5), as well as geometric analysis, we have

[, =xcotatan(f+¢,)—x cotatan(f—¢&,)+1 —1t, tan(f —&,),

x, +1 X x, +1 X
L ] Isecf—t,secB, L, = L ] t,

- tan(a —¢,) tan(a+¢,)) tan(a —¢,) tan(a +¢,))

Py

d, =x cotatan(ff—¢&,)—x cotatan(f +¢,)+1, tan(f—¢,) +d_,

X x, —d X x, —d
=] ' ~—————+t,]secB, D, = ' - ¢
tan(a +¢,) tan(a —¢,) T tan(a+¢,) tan(a-¢,)

Py m e

(3.6)
3.3.2.3 Limits of Two Projected Angles
In order to generate an array of patterns on the channel sidewall, & has to meet two
requirements: Au vapor should be able to go through the PDMS mask, and should also be able
to further reach the channel sidewall. Based on geometric analysis (Figs. 3.14c and 3.14e), to
ensure that Au vapor goes through the PDMS mask, ¢ needs to satisfy the inequality:

l
o <arctan—+¢g,. (3.7)
t

m

To enable Au vapor to further reach the bottom edge of the channel sidewall, & needs to

further satisfy the inequality:

o < arctan +e,. (3.8)

h+t

m

35



where w is the width of the channel, and h is the depth of the channel. Therefore, to generate
an array of patterns on the channel sidewall, & should meet the two inequalities given in (3.7)
and (3.8), respectively.

On the other hand, in order to fabricate an array of patterns on the channel sidewall, [
just needs to meet one requirement since the channel sidewall is long: Au vapor should be able
to go through the PDMS mask. Subsequently, based on geometric analysis, £ has to satisfy
the following conditions:

l [
—arctan—— ¢, < f < arctan—+¢&,. (3.9)
t t

m m

3.3.2.4 Thickness of Generated Au Patterns
The thickness of the generated Au patterns is related to the incoming direction of Au
vapor [4]. Let t; denote the thickness of the Au layer generated on the channel sidewall when

the incoming direction of the Au vapor is perpendicular to the channel sidewall (i.e., & = 90°
and £ =0°). The value of t; is provided by the thermal evaporator during the deposition. Set ¢, to

be the corresponding thickness of the Au film coated on the channel sidewall if the incoming
direction of Au vapor is not perpendicular to the channel sidewall. Based on the conservation of

mass, the total amount of Au vapor penetrating the shadow mask should equal that reaching

the sidewall. Neglecting the inclination effect of the incoming Au vapor (i.e., set ¢, &,, &, and

&, allto be 00), it can be readily derived that

t=tisinacos f . (3.10)
By this equation, the thickness of the Au patterns generated on the channel sidewall increases
with the increase in & and decrease in 5.

3.3.3 Geometric Models of Generating Micropatterns on Sloped Sidewall
This work focused on patterning of vertical sidewalls. The geometric models developed

for vertical sidewall patterning could be easily generalized for the case of sloped sidewall. Let

36



@ denote the angle between the sloped sidewall and the vertical direction, Fig. 3.15. Set A” to
be the corresponding Au point, which formed on this sloped sidewall after Au vapor goes
through the point A and deposits on the sidewall. Using the same coordinate system and
definitions of & and [, the relationships given in (3.7), (3.9) and (3.10) still hold. However,

those listed in equations (3.5), (3.6) and (3.8) need to be modified. According to geometric

analysis, the coordinates (xA,. Vi Zy )of A”are

X, tan X X, cotatan
Xpo—a@0Q X4 ZANZZAJFA—'B

= , - , (3.11)
tan o +tan @ tan o +tan @

l+tangcota
These relationships indicate that, as ¢ increases, x coordinate of A" increases while the

absolute values of y and z coordinates of 4" decrease.

Defining /,_, I, L., d,., d,, and D, in the same ways as /., [, , L, ,d,,

pz> “pyr Tpyr Yz pz? Tpy Tpyo

d and D

oy Ly » respectively, we have

_x,cotatan(f +¢,) x cotatan(f—e;)
I+ tangpcota I+ tangpcota

s
pz

+1, —t, tan(f —¢,),

x, +1 X
= L - : Isec B —t, sec B,

” tan(a—¢,)+tang  tan(a +¢,) +tan @

N

x, +1 X,

s
py

- tan(a —&,)+tang tan(a +¢&,)+tang

s

X cotatan(ﬂ—53)_xlcotatan(ﬂ+84)+d +t tan(B—s,)
= z m 30

” 1+ tang@cota 1+ tang@cota
X x, —d
d, = : - — +1, ]sec f,
tan(a + &)+ tang tan(a —¢,)+tang
s xl xl _dx
+1,. (3.12)

” tan(a+¢&)+tang tan(a —é&,)+ tang
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Furthermore, to ensure Au vapor also reaches the bottom edge of the sloped sidewall,

the condition given in (3.8) is modified as

w—htan(0+
h+t,

o < arctan &, (3.13)

When ¢ is zero, geometric models for sloped sidewall are reduced to their

counterparts in the case of vertical sidewall.

" Sloped sidewall

TN

Figure 3.15 Demonstration of generating a pattern on sloped sidewall.

Shadow magk

3.3.4 Experimental Results and Discussions

Based on the understanding gained from the geometric models, we produced 10 um Au
dots and 20-uym-wide Au wires, respectively, on vertical sidewalls of a silicon channel (Figs.
3.16 and 3.17). These results were also employed to validate the theoretical relationships given
in (3.6). The silicon channel used in this work was 70 ym deep, 113 ym wide and 1 cm long. In

this work, the values of D and H were 8 mm and 32 cm, respectively. According to geometric
analysis, &, &,, &, and &, were all equal to 0.7°. As seen from Fig. 3.14(c), the inclination of
incoming vapor can be further reduced by increasing the value of H, as well as by decreasing
the value of D. Consequently, as discussed in the previous section, the generated patterns
would have the shapes of parallelograms.

During the first thermal deposition of generating Au dots, the value of & was 35°, which
met conditions (3.7) and (3.8). In the second deposition, the value of o remained the same,

while the other sidewall of a channel was facing the arriving Au vapor. & was obtained by
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attaching the sample to the inclined surface of a wedge-shaped Al stage using a double-sided
tape. The incline surface formed an angle of 35° with the bottom surface of the Al stage. The

stage was fixed to the bottom surface of a flat holder, which was located at a place 32 cm right
above the Au source in the thermal evaporator. 3 was approximately 0°.

3.3.4.1 Fabrication of Au Dots on Sidewalls

The mask design of dot patterns is shown in Fig. 3.16(a). An individual pattern has a
square shape (10 x 10 pmz). The distance between two neighboring dots in a horizontal row is
10 um. The distance between two neighboring horizontal rows is 8 ym. Fig. 3.16(b) shows a
PDMS membrane with through-holes that was used as a shadow mask in this work. The
thickness of the PDMS membrane was 4 um.

Two rows of Au dots have been properly generated on either sidewall of the silicon
channel (Figs. 3.16¢-3.16e). ¢, was 5 nm. By equation (3.10), the thickness of the generated Au

dots was 2.9 nm. Since the hollow dots in the shallow mask had round corners (Fig. 3.16b), the
corners of the generated Au dots were round accordingly. The generated dots were not in the

form of trapezoids as illustrated in Fig. 3.16(d). Instead, the generated dots had approximately

rectangular shapes, since [, g, and &, were small (they were 0° 0.7°and 0.7°, respectively).
On the left sidewall of the silicon channel (Fig. 3.16e), the average size of the

generated Au dots along the y direction (i.e., Lw ) was 12.0 ym in the top row. The theoretical

value predicted by equation (3.6); was 11.9 um. The average dimension of the generated Au
dots along y direction was 13.7 um in the bottom row, while the theoretical value predicted by

equation (3.6); was 13.4 um. The average size of the generated Au dots along the z direction

(i.e., lpz ) was 10.8 ym in the top row. The theoretical value predicted by equation (3.6); was
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Figure 3.16 Fabrication of Au dots on two sidewalls (a) designed dot patterns on the mask, (b) a
representative PDMS membrane of through-holes, 3D views of 10 ym Au dots generated on (c)
left and (d) right sides of the silicon channel, (e) close-up and (f) front views of Au dots
generated on left side of the silicon channel. The dimensions of the Au dots fabricated on the
two sidewalls were measured using a Scanning Electron Microscope (SEM) machlne The
image viewing direction was located inside the x-y plane, while formed an angle of 25° with the
y direction. Accordingly, real dimensions of the fabricated Au dots along the y and z directions
were, respectively, 2.1 times as large as and equal to the corresponding dimensions measured
directly using the SEM machine. The real dimensions were marked on the SEM images. The
same measurement technique was also applied to the fabricated Au lines.

10.6 um. The average dimension of the generated Au dots along z direction was 11.6 ym in the

bottom row. The theoretical value predicted by equation (3.6); was 11.3 um. In conclusion, the
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errors in predicting the dimensions of Au dots using the theoretical relationships given in (3.6)

along both y and z directions were within 0.3 um.

The distance between Au dots along the y direction (i.e., Dm, ) was 15.2 um in the top

row. The theoretical value predicted by equation (3.6)s was 14.5 ym. The distance between Au

dots along the y direction was 13.1 ym in the bottom row. The theoretical value predicted by

equation (3.6)s was 13.0 ym. The distance between Au dots along the z direction (i.e. d ) was

Pz
8.9 um in the top row, while the theoretical value predicted by equation (3.6), was 9.4 ym. The
distance between Au dots along the z direction was 8.0 um in the bottom row. The theoretical
value predicted by equation (3.6); was 8.7 ym. In conclusion, the errors in predicting the
distances between neighboring Au dots using the relationships in (3.6) along both y and z
directions were within 0.7 ym. The same results applied to the right sidewall of the silicon
channel.

3.3.4.2 Fabrication of Au Lines on Sidewalls

The mask design of line patterns is shown in Fig. 3.17(a). Each individual line was 100
pm long and 20 ym wide. The horizontal distance between two neighboring lines was 20 um.
Fig. 3.17(b) shows a PDMS membrane that was placed above a channel as a shadow mask
during Au deposition. This membrane had hollow lines, and was about 8 um thick. During the

thermal deposition, & was also set as 35° to ensure that Au would be coated on a channel

sidewall. # was approximately 5% which met the requirement given in (3.9).
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Figure 3.17 Fabrication of Au lines on two sidewalls (a) designed line patterns on the mask, (b)

a reprehensive PDMS membrane of hollow lines placed on the silicon channel, 3D views of Au

lines generated on (c) left and (d) right sides of the silicon channel and front views of Au lines
on the (e) left and (f) right sidewalls.

An array of Au lines was generated on either channel sidewall (Figs. 3.17¢c-3.17f).
t,was also 5 nm. By equation (3.10), the thickness of the generated Au lines was 2.9 nm as

well. It was found that the size of the features in the PDMS shadow mask has relatively large
variance comparing with their counterparts in the designed mask (Fig. 3.17b). The average

width of the hollow lines was 21.0 um at the end of the line feature, and was 21.4 ym in the
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middle. The average width of the PDMS line was 19.3 ym at the end of the line feature, and

was 19.2 uym in the middle. These values were applied during theoretical prediction.

The average width of a generated Au line (i.e., sz) at the top edge of the channel

sidewall was 20.7 uym on the left sidewall (Fig. 3.17¢€), and 20.9 ym on the right sidewall (Fig.

3.17f). Accordingly, the theoretical value of the width of Au line (i.e., lpz) at the top edge of the

channel predicted by equation (3.6); was 20.4 uym. The average distance between Au lines at
the top edge of the channel sidewall was 19.1 ym on the left sidewall (Fig. 3.17¢e), and 19.0 ym
on the right sidewall (Fig. 3.17f). The theoretical value predicted by equation (3.6), was 19.9
pm.

The average width of a generated Au line at the bottom edge of the channel sidewall
was 22.8 um on the left sidewall (Fig. 3.17¢€), and 22.7 um on the right sidewall (Fig. 3.17f). The
theoretical value predicted by equation (3.6), was 22.5 ym. The average distance between Au
lines at the bottom edge of the channel sidewall was 17.3 ym on the left sidewall (Fig. 3.17¢),
and 17.4 um on the right sidewall (Fig. 3.17f). The theoretical value predicted by equation (3.6),
was 18.1 uym.

In conclusion, the errors in predicting the dimensions of Au lines using the theoretical
relationships given in (3.6) along both z direction was within 0.5 um at the top edge, and 0.3 ym
at the bottom edge. The errors in predicting the distance between Au lines using the theoretical
relationships given in (3.6) along both z direction was within 0.9 um at the top edge, and 0.8 ym
at the bottom edge.

The peeled off membranes for dots and lines after evaporation were shown in Fig. 3.18.

The membranes were still in good shape, only contained with some stains.
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Figure 3.18 Membranes after using (a) for dots and (b) lines.
3.3.4.3 Alignment
Alignment is an important issue during microfabrication. Bad alignment may lead to the
failure of devices. As shown in Fig. 3.19, when the alignment is not conducted properly, the

lines are no longer vertical to the edge of the channel as expected. Another case is that if the
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PMDS line in the horizontal direction locates right above the channel as in Fig. 3.19(a), the lines
produced on the sidewall might not be continued due to shadow effect, Fig. 3.19(b). The

horizontal lines blocked the Au vapor.

Mag= 711X Date :27 Dec 2008 Jatepe
StageatT= 0.0° Signal A=InLens  Time :10:49:50

(a)

Figure 3.19 Misalignment for (a) dots and (b) lines.
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Figure 3.20 (a) Horizontal PDMS line above the channel and (b) discontinuous Au lines
produced on the sidewall.

A so called self-alignment technology in shadow mask technology was reported in [77].
As shown in Fig. 3.21, 3D structures were etched on the shadow mask, which were fitted into

the cavities on the substrate. The materials of the shadow mask and the substrate were silicon.
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SU-8 pillars were used in [93] to limit the movement of parylene-C shadow mask for multilayer
evaporation purpose, Fig. 3.22. In this approach, SU-8 pillars were first fixed on the substrate

serving as positioning posts. Shadow mask was limited to move in between the posts.

UV exposure evaporation

¢ contact- self-
less aligned
Figure 3.21 Self-aligned shadow mask [77].
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Figure 3.22 Using SU-8 pillars for multilayer shadow mask alignment: (a) fabricate 250 ym thick
SU-8 pillars, (b) place the first shadow mask, (c) deposit metal and then peel off the first
shadow mask and place the second shadow mask, and (d) peel off the second shadow mask
[93].

In our work, the alignment currently was conducted under a microscope by manual
manipulation using tweezers. IPA was added to the sample to keep the membrane wet and
therefore to make it moving freely. The membrane bonded with the substrate tightly after IPA
evaporating out. To further increase the accuracy of alignment, an alignment step may be

added to the PDMS membrane, Fig. 3.23. The step is at one end of the membrane. During

alignment, the step may be aligned with one sidewall of the etched features thus to increase the
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accuracy of alignment. To fabricate the PDMS step, a channel is suggested to be etched in

silicon substrate before generating SU-8 structures, Fig. 3.24.

/ PDMS membrane
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Figure 3.23 Suggested alignment approach (a) before contact and (b) after contact.
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Figure 3.24 Substrate for fabricating PDMS membrane with alignment step (a) silicon substrate
with an etched channel and (b) SU-8 structures for molding.

3.4 Summary
This chapter demonstrated two approaches to fabricate Au microdots and microlines on
vertical silicon sidewalls using PDMS membrane with hollow structures as shadow mask. The
PDMS membrane was placed against the sidewall in the first approach. 10 ym Au dots and 20-

pm-wide Au lines have been produced on 110- and 70-pm-high silicon sidewalls, respectively.



Different with the first approach, the PDMS membrane was placed over the channels in the
second approach. 10 ym Au dots and 20-pym-wide Au lines have been produced on 70-um-high
silicon sidewalls, respectively. 3D geometric models were established to predict shapes,
thicknesses and dimensions of generated patterns for the second approach.

The Au dots generated on the vertical silicon sidewalls could be potentially applied as
seed patterns to guide the horizontal growth of, for example, ZnO nanowires [94], which could
directly serve as nanocantilevers. In the meanwhile, the vertical Au lines produced could
potentially function as interconnects to link the circuits located on the top and bottom surfaces,

forming 3D circuits.
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CHAPTER 4

FABRICATION OF METAL MICROLINES ON THE OUTER
SURFACES OF GLASS MICROPIPETTES

4.1 Introduction

This chapter addresses the fabrication of patterns on irregular surfaces, particularly the
sharp tip of a glass micropipette. A glass micropipette includes a straight part and a curved tip,
Fig. 4.1. It is manufactured from a straight tube of cylindrical cross sections. One end of the
tube is heated and pulled to form a curved tip. The end of this tip could be made very small and
may have an outer diameter down to 2 um. Due to the small sizes of their tips, the glass
micropipettes have been applied for electrochemical microboring [95], pH measurements [96-
98], creation of non-thermal plasma [99], destruction of bacteria [14], recording of membrane
potential [12, 100, 101], creation of well-defined electric field patterns [102], and detection of L-

glutamate release from mouse brain slices [103].

Straight tube Curved tip

—_—

Figure 4.1 Schematic of a micropipette.

Take the generation of a metal line as an example. In either approach, a force is
applied to make a PR-coated membrane have local contact with the metal-coated tip. As this
force moves along the tip direction, the membrane contacts the tip from the beginning to the
end of this tip, transferring a continuous PR line to the tip. A metal line is subsequently
generated on the curved tip after removing extra metal using the PR line as a masking pattern
in metal etch solution. The two approaches mainly differ in the ways of making the PR-coated

membrane have intimate contact with the curved tip. A clip is used in the first approach to push

50



the PR-coated membrane, while in the second approach a nitrogen flux is applied for this
purpose.

4.2 Design Criteria

Fig. 4.2 gives the configuration when a PR—coated membrane was pressed against a
metal-coated micropipette to generate a continuous PR line on the micropipette. Let d, , w and
h denote the outer diameter of the micropipette at the point of contact, the thickness of PR, the
width of the contact line, and the maximum depth that the micropipette penetrated into the

membrane. It can be readily shown that

w=2(h+t)(d—-h—t). (4.1)

It is observed from equation (4.1) that w is related to d. The curved tip has a non-
uniform cross section, i.e., that value of d is not constant along the tip of the micropipette. To
make a PR line have a uniform width, by equation (4.1), the only possibility is to vary the value

of (h+1t) at different contact points of the PR-coated membrane and the micropipette. This

appears difficult to realize since currently no instrument could change either h or t in such a way.
On the other hand, the metal lines finally generated on the micropipette would serve as, for
example, interconnects, and would not necessarily have uniform widths. Hence, in this work, we
focused on fabricating two separate Au microlines on a micropipette, instead of controlling their

widths. The same applies to the two PR lines.

Micropipette

'
g PR
Membrane
AR
AR

Figure 4.2 Schematic of the contact between a PR-coated membrane and a micropipette
(cross-sectional view).

Glass slide
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In the case of patterning the straight tube, d is fixed and much larger than h and t.

Accordingly, w can be re-written as

w=2d(h+1). (4.2)

It can be seen from this equation that, for a fixed d, w is related to both h and ¢, and
linearly increases with m In order to fabricate two separate lines on the straight tube
which has a diameter of, for instance, 1 mm (i.e., d=1 mm), the width of either line should be
less than 1 mm to avoid the contact with each other. Thus, the maximum value of w should be
less than 1 mm. By equation (4.2), (h+1t) should be less than 0.25 mm. According to our
preliminary tests, when the PR was more than 0.5 ym thick, it could be transferred from the
membrane to the micropipette after they had contact. That is, ¢ should be 0.5 ym or above. In
this work, the spin-coated PR was 1 um thick. Accordingly, the maximum allowable depth of
penetration is 249 um, i.e., A =249 um. This requirement of penetration would be relatively
easy to meet with the careful control of the penetration.

In the case of patterning the curved tip, whose end may have an outer diameter as

small as, for example, 5 ym, by equation (4.1), two requirements have to be satisfied in order to
generate two separate PR lines on the curved tip: (4 +¢) should be less than 5 um to make the
term inside the square root of equation (1) have a positive value; and w<5 ym. With the aid of
equation (4.1), the second requirement implies
(h+t-2.5)>>0. (4.3)

This equation indicates that the second requirement is always met no matter what value
(h+1t) has. In summary, to generate two separate lines on a curved tip, (4 +1) should be less
than 5 ym. Since =1 ym, h should be less than 4 ym. The maximum depth of penetration h is
influenced by both the stiffness of the membrane and the force used to press the membrane. In

this work, small depth of penetration was produced by making the contact force as small as

possible.
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According to the above consideration, it would be relatively easy to fabricate two
separate PR lines on the straight part of a micropipette, while difficult to do so on the curved tip
due to two concerns: (i) the tip has a non-uniform cross section, and (ii) the diameters of the
curved tip are smaller than that of the straight part. The successful generation of two separate
PR lines on the curved tip would depend on whether the PR-coated membrane could have
intimate contact with the curved tip, and whether the contact force could be controlled to be
small. These two points were particularly investigated in the experiments.

4.3 Experimental Procedures and Results

The straight part of a micropipette used in this work has an outer diameter of 1 mm, an
inner diameter of 0.75 mm and a length between 40 mm and 50 mm. The length of the tip is
between 7 and 12 mm. The outer diameter of the tip opening ranges from 50 ym to 5 ym. The
PR used is S1813 (Shipley Company). The membrane employed to transfer PR to the
micropipette is a single-sided tape (Ultratape #1310, Delphon Industries). It is 75 ym thick. The
used membrane should be thin and soft such that it could be locally bent to have intimate
contact with a curved tip at each point of this tip, and should also be compatible with a PR such
that the PR could be spin-coated on this membrane.

4.3.1 First Approach to Fabricate Au Lines on Glass Micropipettes

In the first approach, a bulldog clip is adopted to press the PR-coated membrane

against the curved tip, making them have local contact. Six basic steps are included in the

fabrication of two separate Au lines on a micropipette (Fig. 4.3).
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Figure 4.3 Schematics of fabrication procedures of the first approach (top views): (a) deposit
100-nm-thick Au on the micropipette, and fix it between two Al stages, (b) attach a membrane to
a glass slide and spin-coat PR on the membrane, (c) push Part A of the PR-coated membrane
against the micropipette, transferring PR to the micropipette at the contact place (a PR line is
formed on the straight tube of the micropipette after the contact), (d) press Part B of the
membrane against the curved tip using a transparency-covered clip to form a PR line on this tip,
and (e) fabricate another PR line on the other side of the micropipette using the same process,
etch the Au film using the two PR lines as masking patterns, and generate two separate Au
lines on the micropipette after the removal of the two PR lines.

(d)

First, deposit a 100-nm-thick Au film on the micropipette, and fix the straight end of the
micropipette between two Al stages (Fig. 4.3a). The micropipette is horizontally oriented and
suspended about 5 mm above the bottom surfaces of the Al stages.

Second, place a membrane on a glass slide, spin-coat a layer of PR on this membrane,
and fix the glass slide on a third Al stage using a double-sided tape (Scotch Company) (Fig.
4.3b). Part of the membrane lies on the glass slide, and for simplicity is called Part A. The other
part is extended outside, and is called Part B.

Third, slowly push the third Al stage horizontally towards the micropipette, and stop
whenever a small resistance is sensed, which indicates Part A of the membrane has contact
with this micropipette (Fig. 4.3c). This step is used to create a straight PR line on the straight

part of the micropipette.
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Fourth, push Part B of the PR-coated membrane against the tip portion of the
micropipette using a clip. The clip is moved horizontally along the micropipette direction all the
way from the beginning to the end of the tip to ensure that the whole tip has contact with Part B
of the membrane (Fig. 4.3d).

Fifth, detach the membrane from the micropipette, leaving a continuous PR line on the
micropipette.

Sixth and finally, repeat the above five steps to generate a PR line on the other side of
the micropipette. After the Au film is etched using the two PR lines as masking patterns,
followed by the removal of the PR using acetone, two separate Au lines are produced on the
outer surface of a micropipette (Fig. 4.3e).

In the fourth step, soft transparencies (commonly used as projector films) are attached
to both sides of the clip using double-sided tape. The transparencies are used to avoid the
direct contact of the rigid clip with the tip, which may damage the tip. The transparency, pushed
by the clip, presses the PR-coated membrane against the curved tip at the contact point. The
force generated through this approach is small, which avoids cracking the brittle tip. On the
other hand, this force is large enough to make the membrane have good contact with this
curved tip. Besides, the transparency on the opposite side of the micropipette also provides a
force to the tip, which prevents the tip from breaking due to the uneven force. The clip is moved
horizontally along the curved tip. Accordingly, the membrane and this tip have intimate contact

along this moving path, leaving a continuous PR line on the outer surface of the curved tip.
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Micropipette Au line

(c)

Figure 4.4 SEM images of a generated Au line at (a) the straight tube, (b) the intersection
between the straight and tip portions, (c) the middle of the tip, and (d) the end of the tip of a
micropipette. It was fabricated using the first approach.

Figure 4.4 shows SEM images of a Au microline fabricated on the straight part,
intersection of the straight tube and the tip, the middle of the tip, and the end of the tip of a
micropipette. The average width of the Au line was 350 um at the straight part of the
micropipette. The width of the line was not uniform at the intersection since different forces
might be applied in the third and fourth steps, which resulted in different depths of penetration.
The width of the Au line on the tip gradually decreased from 300 ym at the intersection of the
straight tube and curved tip to 29 ym at the end of the tip due to the decrease in the outer
diameter of the tip, as observed from equation (4.2). The outer diameter of the micropipette is

35 um at the end of the tip. This is also the smallest tip on which we have successfully

fabricated two separate Au lines using the first approach. Due to its small size, the curved tip
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was easy to break at its end due to a relatively large contact force that was generated using the
clip, particularly when the end had an outer diameter below 10 ym.
4.3.2 Second Approach to Fabricate Au Lines on Glass Micropipettes

The second approach was developed to reduce the possibility of breaking a small tip. In
order to decrease the contact force, a nitrogen flux, instead of a clip, was adopted to press the
PR-coated membrane against the curved tip of a micropipette. In this approach, four basic steps

are involved (Fig. 4.5).

Second approach

PR

/

Glass slide
Nitrogen flux

J,o
Glass slide
\ icropipette

Two separate /’.
Au microlines —___§

(c)

Figure 4.5 Schematics of fabrication procedures of the second approach (a) spin-coat a layer of
PR on a membrane, (b) place the PR-coated membrane over the micropipette and blow
nitrogen to press this membrane against the micropipette (a PR line is formed on the
micropipette after the separation of the membrane and the micropipette), and (c) fabricate
another PR line on the other side of the micropipette using the same process, etch the Au film
using the two PR lines as masking patterns, and generate two separate Au lines on the
micropipette after the etch of the two PR lines.

First, place a membrane on a glass slide, and spin-coat a layer of PR on this membrane
(Fig. 4.5a).
Second, remove the PR-coated membrane from the glass slide and place it over a PR-

coated micropipette, which is fixed on another glass slide using double-sided tape (Fig. 4.5b).
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Third, blow nitrogen gas along the micropipette direction to make the PR-coated
membrane have intimate contact with the micropipette (Fig. 4.5c).

Fourth, detach the membrane from the micropipette, leaving a continuous PR line on
the outer surface of the micropipette. This PR line was extended from the straight tube to the
end of the tip.

Fifth and finally, repeat the above four steps to generate another PR line on the other
side of the micropipette. After the Au film is etched using the two PR lines as masking patterns,
followed by the removal of the PR using acetone, two separate Au lines are produced on the
outer surface of a micropipette (Fig. 4.5¢c).

Figure 4.6 shows SEM images of two Au microlines fabricated on a glass micropipette
whose tip opening had an outer diameter of 5 ym. This is also the smallest tip on which we
have successfully generated two separate Au lines using the second approach. The average
widths of the two Au lines were 320 um and 250 um, respectively, at the straight tube of the
micropipette. The widths of both Au lines gradually decreased from over 200 ym at the
intersection of the straight tube and curved tip to less than 5 ym at the end of the tip. The tip
was not broken during the fabrication process. The contact force generated by the nitrogen flux
in the second approach was smaller than that produced by the clip in the first approach.
Accordingly, Au lines could be generated on a micropipette of a smaller tip using the second
approach. On the other hand, the first approach might be applied to fabricate Au lines on
multiple micropipettes during a single fabrication process. In the first fabrication step of the first
approach (Fig. 4.3a), several micropipettes, instead of a single micropipette, could be placed
between two Al stages. The third Al stage and the clip have flat surfaces and straight edges,
respectively. They have direct contact with the PR-coated membrane, thus restricting vertical
and horizontal movements of the PR-coated membrane during the subsequent patterning steps.
This might ensure the PR-coated membrane to have intimate contact with each micropipette.
Consequently, two separate Au lines would be generated on each micropipette at the end of the

fabrication. However, the second approach is better used for patterning a single micropipette
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during a fabrication process. The nitrogen flux covers a large area, and the flux pressure is not
uniform across the covered area. Due to lack of constraints in the movements, the PR-coated
membrane might not have good contact with each micropipette if multiple micropipettes were

patterned simultaneously.

Micropipette

Au line

Figure 4.6 SEM images of two Au lines fabricated on a micropipette using the second approach.
The first line at (a) the straight part and the intersection between the straight and tip portions, (b,
c¢) the middle of the tip, and (d) the end of the tip of a micropipette; and the second line at (e) the
straight tube and the intersection between the straight and tip portions, (f, g) the middle of the
tip, and (h) the end of the tip of the micropipette.
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The conductivity between the two Au lines generated a micropipette was measured.
The current was zero, which further demonstrated that they were separate. To measure the
resistance of these two Au lines, the end of the tip was dipped in a conducting silver epoxy. The
silver epoxy coated on the end of the tip connected the two Au lines together. Their resistance
was subsequently detected on a probe station using an electrical meter (model: Agilent 4155C
LCR). Probes were attached to the Au lines at the straight tube of the micropipette. The
resistances of the Au lines on the micropipettes of 35 um and 5 um tip openings were measured
to be 95 and 140 ), respectively.

4.4 Failure Analysis

The pressure applied on the membrane is an important factor that affects final results. If
the pressure is too large, the tip might break at the end as in Fig. 4.7. The large pressure can
also create excessive deformation of the membrane with wet photoresist, which may make the
tip fully covered with photoresist. Once the tip was fully covered with photoresist, the Au layer
underneath cannot be etched off in the following step. No separated Au lines will be formed at
the tip in this case, Fig. 4.8. It can also be observed from Fig. 4.8 that residues appeared at the
tip after the final step. The residues were formed due to the chemicals left inside the
micropipette. During Au etch process, some etch solution went into the micropipette due to
capillary effect. If the sample was not cleaned enough after etch, the etch solution left inside the
micropipette may come out after a while and contaminates the tip. To avoid the contamination, it
is suggested that the sample should be thoroughly flushed after etch, and left in DI water for half
hour or longer to remove possible chemicals inside the tube.

On the other hand, if the pressure applied on the membrane is too small. No enough
pressure will be generated on the membrane for photoresist transfer. Therefore, the Au film on
the micropipette is left without the coverage of photoresist during Au etch process. This usually

happened at the tip end of the micropipette. The Au at tip was totally etched off as in Fig. 4.9.
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Figure 4.7 A broken tip due to exceeded pressure.

WD 15 . 4mm! -

Figure 4.8 A tip fully covered with Au and contaminated by chemical residues.
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Figure 4.9 A tip without Au coverage.
4.5 Summary
In this chapter, two approaches have been developed to fabricate Au microlines on the
outer surfaces of glass micropipettes. Using either approach, two separate microlines have
been successfully fabricated on the outer surface of a glass micropipette. Either line was
extended from the straight tube to the curved tip of the micropipette. Resistances of the
generated Au lines were in the order of 100 (). These approaches are easy to apply since no
sophisticated equipment is required. They could also be potentially applied to fabricate line

patterns on other irregular surfaces.
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CHAPTER 5
GENERATION OF LINKED ZnO NANOWIRES
5.1 Introduction

ZnO nanowire has many good features, such as wide band-gap of 3.34 eV at room
temperature, large excitation energy (60 meV), piezoelectric, and bio-safe. Each of these
properties may lead to different kinds of potential applications [104-106]. The wide band-gap at
room temperature and large excitation energy make ZnO nanowire a good candidate for opto-
electronic devices including light emitting diodes (LED) and laser diodes [105]. Piezoelectric
effect of ZnO nanowire is mainly applied in sensor and power generation applications. For a
vertical ZnO wire, once it is bent by an external force, a potential drop is created across the wire,
with the stretched surface being positive and compressed surface being negative [107].

For solar purpose, ZnO nanowire layer based solar cells was reported in [108]. PN
junction was formed by ZnO and polymer. Since the distance between nanowires was smaller
than mean free path of electrons almost all emitted electrons are collected. Hybrid polymer solar
cells based on zinc oxide is introduced in [109]. Hybrid polymer solar cells use polymer and
inorganic semiconductor to convert sunlight into charges. It may has advantages of being
morphologically more stable and being able to utilize the high charge carrier mobility of the
inorganic material [109]. ZnO nanowires imbedded in PDMS film served as antireflection layer
in solar system was reported in [110]. ZnO nanowires were firstly synthesized on silicon dioxide
substrate through hydrothermal approach. Uncured PDMS solution was spread on the substrate
with ZnO nanowires and cured. Finally, PDMS film was mechanically detached from the
substrate with ZnO nanowires imbedded inside. Besides, ZnO nanowire-based dye-sensitized

solar cell was described in [111].
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For sensing purpose, ZnO nanowire based strain sensor was introduced in [112]. In this
paper, the sensor was fabricated by bonding a ZnO piezoelectric fine wire laterally on a
polystyrene substrate. Nanoforce sensor was illustrated in [113], which was composed of a ZnO
nanowire bridging across two ohmic contacts. External force triggered field-effect transistor
based on ZnO nanowire was introduced in [114]. This device consists of an Ag source electrode
and Au drain electrode at each end of a ZnO nanowire, separated by PDMS. The configuration
of most of these sensors is that a single ZnO nanowire is connected at the two ends. By
applying a bending force to the nanowire, a potential is created across the bended nanowire
due to piezoelectric effect. Meanwhile, [104] utilizes ZnO nanowire coated capillary for
intracellular pH detection. Two electrodes have been used. One is coated with ZnO nanowires
as working electrode, the other one, Ag/AgCI as reference electrode. Electrochemical potential
difference between these two electrodes may be recorded using this configuration. An
advantage of ZnO nanowire sensors is their small size, which allows intracellular sensing of
physiological and biological species in nano-environments, and provides a strong, stable, and
reversible signal with respect to pH changes. The detection sensitivity may reach single-
molecule level [104].

For energy generation purpose, the potential of using ZnO nanowires as
nanogenerators was explained in [115]. P-type ZnO nanowire produces positive voltage pulse
when contacted by AFM tip. Voltage pulse was generated when the tip contacts the stretched
side of the nanowire. In contrast, n-type ZnO nanowire produces negative output voltage, and
when the tip contacts the compressed side of the nanowire. Nanogenerator driven by ultrasonic
waves to produce continuous direct current output was developed in [116]. The Nanogenerator
was fabricated with vertically aligned ZnO nanowires beneath a zigzag metal electrode with a
small gap. The up and down movement of the electrode driven by the wave bend and/or vibrate
the nanowires creates power due to the piezoelectric factor of ZnO nanowires. The main
limitation of building nano-electronics by nano-components is it is not yet possible to selectively

grow semiconducting or metallic nanowires or nanotubes [117].
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In our experiments, it is interesting to find that in some cases two nanowires growing
toward each other may link together. An intersection is formed between the nanowires. This
phenomenon can be potentially used to build up novel nanostructures, such as two nanowires
growing from each sidewall of a microchannel in the opposite direction may connected and be
used for sensing and other purposes. Therefore in this chapter we aim to explore the
mechanism of this phenomenon by observing and analyzing of the growing processes. A brief
review of ZnO nanowire growing methods is provided, followed by the reports of growing linked
ZnO nanowires through hydrothermal approach.

5.2 Methods to Grow ZnO Nanowires

Several approaches have been reported to fabricate ZnO nanowires, such as vapor-
liquid-solid (VLS), hydrothermal, thermal evaporation, template-based growth, chemical vapor
deposition, and pulsed laser deposition [118], among which VLS and hydrothermal are the two
mostly investigated approaches in the area.

5.2.1 VLS Growth of ZnO Nanowires
The growth mechanism of VLS method was first proposed in 1964 by R. S. Wagner and

W. C. Ellis [119]. It includes three stages (Fig. 5.1):

a. Formation of the liquid alloy droplet on the substrate where the wire is going to be
grown from.

b. Introduction of the substance to be grown in vapor format.

C. Supersaturation and nucleation at the liquid/solid interface of the alloy droplet, which

leads to nanowire growth [120].

In the first stage, alloy droplets are formed either by laser ablation or by annealing the
very thin layer metallic film. The diameter of the droplets are usually around 10-20 nm. The alloy
droplets act as catalyst for the growth, and determine the diameter of the nanowires. The metal
should be physically active, while chemically stable [121]. Au is the most frequently used metal
for the VLS process. Other metals, such as Al, Ag and Fe, that are used as catalysts have also

been reported.
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Figure 5.1 VLS ZnO nanowire growth (a) formation of catalyst drops, (b) precipitation and (c)
grown nanowire.

In the second stage, source substances, usually contained inside aluminum crucible,
are heated up to reaction temperature, which forms matters in gas format and are transported to
substrate surfaces with inert gas, such as Ar.

The last stage, alloy droplets adsorb source gas and become supersaturated, which

leads to the growth of nanowires.

Quartz tube furnace:

Ar < >
"\.H__________',./

Zn0+C powder Au Nanoparticles on a substrate

Substrate

Substrate + Substrate +
Au particles nanowires

Figure 5.2 Setup of using VLS method to grow ZnO nanowires.

The setup of VLS growth is shown in Fig. 5.2. ZnO powder and graphite powder is
mixed at 1:1 weight ratio in an alumina crucible and is put upstream of the sample in the furnace
tube [122]. Samples with Au patterns are placed on the downstream from the crucible.
Temperature for growth ranges from 800 to 1000 °C. ZnO powder is reduced by graphite to

form zinc and CO vapors. Corresponding chemical reactions are expressed as
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Zn0(s) + C(s) =2 Zn(g) + CO(g)
CO(g) + ZnO(s) 2 CO2(g) + Zn(g)
Meanwhile, Ar gas flows through the tube to carry the zinc, CO and CO2 vapors to the
samples. Catalyzed by Au-silicon alloy, the following reactions took place at solid-liquid

interface and obtained zinc oxide nanowires.

Zn(g) + CO(g) 2 ZnO(nanowire) + C(s)
C(g) + CO2(g) » 2CO(g)

Flow rate of Ar should not be too high, or zinc vapors will be taken away, and leading to

low possibility of nanowire growth[122].

(c) (d)

Figure 5.3 ZnO nanowires grown on Au coated glass tube by VLS method (a) overview, (b)
zoom in at the cylindrical surface, (c) zoom in at the edge and (d) zoom in at the end of the tube.
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ZnO nanowire growth using VLS approach has been tested. 0.3 g ZnO and 0.3 g C
powders were placed in the aluminum crucible and located at the center of the furnace tube.
Sample was placed downstream of Ar gas, and located at the edge of heating units.
Temperature of the furnace was set at 925 °C and lasted for 2 hrs. Temperature at the sample
was around 400 °C. To place sample at a lower temperature was for the purpose of ZnO vapor
condense.

Fig 5.3 gives the results of the ZnO nanowire grown on a Au coated glass cylinder. The
glass cylinder is 1 mm in outer diameter. Thickness of Au layer deposited is 4 nm. Because
glass cylinder was horizontally placed in thermal evaporator for Au deposition, no Au has been
deposited on the two ends of the glass cylinder. Therefore, no nanowires have been grown on
the ends. While on the cylindrical surfaces, while Au has been deposited, nanowires have been
densely grown.

5.2.2 Hydrothermal Growth of ZnO Nanowires

Hydrothermal approach growing of ZnO nanowires/rods has drawn a lot attention due to
its low cost and low operation temperature, less than 100 °C, even at room temperature. On the
contrary, VLS approach requires high growth temperature, 800-1000 °C. The low temperature
requirement of hydrothermal approach opens gates to grow nanowires on substrates that
cannot stand high temperatures, such as polymers. Besides, hydrothermal growth method does
not need complicated facilities. VLS approach needs tools to deposit catalyst metals, growing
furnace, and hydrothermal growth requires minimum facilities, usually beakers, balance and
hotplate.

Hydrothermal growth includes two steps, substrate seeding and nanowire growth. In the
first step, sample is usually seeded by spin coating the seed solution on the substrates. In the
second step, samples are immerged in growth solution and heated up to growth temperature on
a hot plate.

Different ways of preparing seed solution have been reported, such as
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e NaOH solution in methanol (0.03 M) was added to zinc acetate dehydrate

(C4Hg04Zn2(H,0), 0.01M) in methanol solution at 60 °C and stirred for two hours [123].

e 0.01 M zinc acetate dehydrate in 1-propanol [124].
e 0.0055 M zinc acetate dehydrate in pure ethanol [104].
e 0.001 M zinc acetate and 0.0016 M NaOH at 35 °C with IPA [125].

Sputtering [126] and CVD [110] methods for seeding were also reported. Meanwhile,
unseeded substrate for growing was also reported [127].

Growth solution is usually prepared by equal mole zinc nitrate hexahydrate
(Zn(NO3),-6H,0) and hexamethylenetetramine (CgH12N4) in DI water. Concentration varies from
0.005 to 0.025 M. Growing temperature ranges from room temperature to 95 °C. Growth time is
from 15 min to days depending on the size of nanowires going to obtain [104, 110, 123-126,
128-132].

We have explored the possibility of growing ZnO nanowires on different kinds of
substrates, such as silicon and SU-8. ZnO nanowires have successfully grown on SU-8 pillars,
which could be used for superhydrophobic surfaces, Fig. 5.4. Two steps growing processes
were applied as introduced above. Prior to spin coating, substrate was cleaned with acetone
and IPA. Seed solution was prepared with 5 mM zinc acetate dehydrate in ethanol, and was
continued stirred with a magnetic bar at 5000 rpm for half an hour. Spin speed was 2000 rpm
for 30 s. If thick seed layer is desired, spin cycles may be repeated. Anneal the substrate on a
hot plate at 100 °C for one minute after each spin to increase the adhesion between the
nanocrystals and the substrate. Growth solution was prepared with equal mole (25 mM) zinc
nitrate hexahydrate (Zn(NOj),-6H,0, Sigma-Aldrich) and hexamethylenetetramine (CgH42N4,
HMT, Sigma-Aldrich) in DI water. HMT functions to adjust pH value of the solution. Growing
temperature was 95 °C, for 12 h. Substrate was kept straight in the growth solution. After growth,

substrate was rinsed with water, and baked dry on a hotplate at 100 °C for 5 min.
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(c)
Figure 5.4 ZnO nanowires grown on SU-8 pillars of pitch size (a) 20, (b) 40 and (c) 60 pm.

The solution becomes blurt as the temperature increases. Once the temperature

reaches 80 °C, the reaction becomes strong, and the solution looks milky. If the sample was put
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in the solution earlier or at this moment, the particles in the solution might attach to the
substrate and hard to remove. Hence, it is better to put the sample in the solution when the
reaction is less strong. In our case the sample was put in the solution after 10 min as it reached

95°C.
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ZnO nanowires

I —

Figure 5.5 Procedures for selective growth of ZnO nanowires (a) silicon substrate, (b)
deposition of ZnO seed layer, (c) photolithography, (d) Cr deposition, (e) liftoff and (f) Growth of
ZnO nanowires.

Zn0O nanowires were also grown selectively on silicon substrate using Cr as stopping
layer. Growing procedures was shown in Fig. 5.5. Silicon substrate was sputtered with 100 nm
thick of ZnO as seed layer, Fig. 5.5(b). Photolithography was conducted to define patterns on
the sputtered ZnO layer, Fig. 5.5(c). 5 nm thick of Cr layer was thermal evaporated on the
substrate functioned as stoppying layer during nanowire growth, Fig. 5.5(d). Acetone cleaning
was introduced to remove the photoresist and the Cr above the photoresist, therefore to define
the opening areas on the substrate, Fig. 5.5(e). Finally, Fig. 5.5(f), ZnO nanowires were

selectively grown in the opening areas. The growth results were shown in Fig. 5.6. The dimater

of the opening holes were 3 um. For selective area growth, the mass of ZnO nanowires grown
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per unit area for exposed surface increases as the distance between the exposed growth areas

is increased and as the width of the exposed lines is decreased [127].
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Figure 5.6 Selective growth of ZnO nanowires (a) in opening holes, (b) zoom in of (a), (c) in
circular rings and (d) zoom in of (c).

5.3 Generation of Linked ZnO Nanowires through Hydrothermal Approach

As introduced above, nanowires may become linked during hydrothermal growth. To
explore the mechanism of this phenomenon, it is important to understand the mechanism of
ZnO single crystal growth under hydrothermal circumstance and to visualize the process of
nanowire growth.

5.3.1 Growth Mechanism of ZnO Nanowire under Hydrothermal Circumstance
Growth mechanism of ZnO single crystals has been reported in [133-139]. It has been

pointed out that the growth mechanism of oxide crystals contains two main steps: the formation
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of growth units and the incorporation of growth units into the crystal lattice by a dehydration
reaction [133]. The process of formation of growth units is also known as crystallization, where
solute molecules dispersed in solvent start to gather into clusters. The process of incorporation
of growth units into the crystal lattice then forms new growth interfaces.

Supersaturation is the driving force of the crystallization, since it represents the

difference between the chemical potentials of a hydrate building unit in the solution and in the

hydrate crystal [140]. Once the supersaturation is exhausted nucleation and growth stops.

Diameters of the ZnO nanocrystals are dependent on the concentration of the aqueous solution
[31, 141]. By decreasing the concentration of the precursors by one order of magnitude, the
diameter of the rods shall decrease likewise by about an order of magnitude, due to the critical
diffusion of the monomers and the subsequent limited growth. Microrods 1-2 ym wide were
obtained at a concentration of 0.1 M zinc nitrate/methenamine, and therefore nanorods about
100-200 nm at 0.01 M, as well as nanowires about 10-20 nm wide at 0.001 M are targeted [141].

It has been pointed out that the growth kinetics of the ZnO particles follows diffusion-
limited ripening process [142, 143]. The possible reaction steps from reactants to products in
solution including [127]:

Zn"? + HyO0 — ZnOH" + H*
ZnOH" + H,0 — Zn(OH), + H*
Zn(OH), — ZnO + H,0.

These intermediate steps happen not only at the surfaces of growing ZnO nanowires
but also in the bulk of the solution. So a major drawback of the hydrothermal approach is that
ZnO forms both the seeded substrates and in the bulk solution simultaneously [144]. The
formation of ZnO in the bulk solution results in rapid depletion of reactants and slows down the
growth rate of nanowires [144].

ZnO crystal has a hexagonal wurtzite structure, Fig. 5.7. Regarding the growth rate,

[136] claimed that ZnO structure has both polar and non-polar faces. The morphology of a
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particular crystal is determined by the slowest growing faces. Polar faces with surface dipoles
are thermodynamically less stable than non-polar faces and often undergo rearrangement to
minimize the surface energy, which grows faster. [133] pointed out that the growth habit of
crystals is mainly determined by the internal structure of a given crystal, and affected by
external conditions such as temperature, supersaturation and pH value of the solution. It
considered the relationship between the growth rate and the orientation of the coordination
polyhedron at the interface, which led to the conclusion that the direction of the crystal face with
the corner of the coordination polyhedron occurring at the interface has the fastest growth rate.
Both works demonstrated that the growth rate at {0001} plane is faster than the growth rate at

{0110} plane, which also confirms with our experimental observation.

7101 10

Figure 5.7 Hexagonal structure of ZnO crystal.
5.3.2 Experimental Results
According to the contact approach of the nanowires, we classified the linked nanowires
into three categories. First, contact was formed due to the width expansion of the nanowires,
Fig. 5.8(a). Second, contact was introduced due to the elongation of the nanowire(s), Fig. 5.8(b).
Third, contact was introduced due to width expansion and elongation of the nanowires. For

convenience, we call the first and second cases as case ‘A’ , case ‘B’, and case ‘C’, respectively.
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Figure 5.8 Linked ZnO nanowires (a) case ‘A’, (b) case ‘B’ and (c) case ‘C’.

The size of nanowires keeps expanding both in length and width as growth continuing.
For case ‘A’, the contact was introduced due to width expansion of nanowires, such as in Fig.
5.9(a), the two nanowires form a cross in the front view. While, a tiny space still exists between
the two nanowires, as in the side view, Fig. 5.9(b). As growth continues, the nanowires
become longer as well as thicker. The tiny space between the two nanowires at the cross
reduces as diameter of the nanowires increases, till the two nanowires begin to touch each
other, Fig. 5.9(d). According to the growth mechanism, the growth process is the incorporation
of growth units into the crystal lattice [133]. Once physical contact exists, growth units are no
longer be able to deposit on the contact area. Thereby, the growth at the contact area stops,
and continues at the non-contacted area at certain rate, which depends on the growth rate of

the crystal plane.
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Figure 5.9 Demonstration of two linked nanowires in case ‘A’: (a) front view before linked, (b)
side view before linked, (c) front view after linked and (d) side view after linked.

To support the assumption made above, experiments were conducted aiming to find out
formation process of the linked nanowires. Growth solution was prepared with equal mole (25
mM) zinc nitrate hexahydrate and hexamethylenetetramine in DI water. Growing temperature
was 95 °C. Growth solution was replaced every time after the sample was taken out for SEM
imaging. Since there is no effective ways for in-situ recording of the nanowire growing process
in aqueous solution, sample was taken out for imaging after certain period of growth under SEM
(ZEISS Supra 55 VP Scanning Electron Microscope). Particular locations were marked for
tracking purpose.

As in Fig. 5.11(b), after 50 min growth, the two nanowires in the marked area ‘A’ were

still separated from each other. The gap between them was 40 nm. In Fig. 5.10(d), after 170
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min growth, the two nanowires in area ‘A’ began to touch each other. When the growth
continued for 590 min, Fig. 5.11(f), an overlap between the two nanowires showed up. While,
the top of the nanowires were not affected by the intersection, and still kept their hexagonal

shape.

(c) (d)

Figure 5.10 Demonstration of two linked nanowires in case ‘B’: (a) front view before linked, (b)
top view before linked, (c) 3D view growth at the intersection, and (d) 3D view growth beyond
the intersection.

For case ‘B’, contact was formed due to elongation of nanowires. For example, in Fig.
5.10(a), nanowire ‘N1’ is in the growth pass of ‘N2’. In the top view, Fig. 5.10(b), part of the
hexagonal growing surface of ‘N2’ is blocked by ‘N1’. As growth continues, Fig. 5.10(c), an

intersection is formed between the two nanowires. Since ‘N2’ is blocked by ‘N1’ partially, fully

hexagonal shape of ‘N2’ cannot be formed after the intersection, Fig. 5.10(d).

77



Figure 5.11 Growth of nanowires after (a) 30, (b) 50, (c) 110, (d) 170, (e) 230, and (f) 590 min.

Fig. 5.11 was recorded to approve the assumption of case ‘B’. SEM images were taken
after growth was conducted for 30, 50, 110, 170, 230 and 590 min, respectively. The two
nanowires were separated at 30 min growth. The diameters at the tip of the nanowires were 450
and 220 nm, respectively. The gap between the nanowires was 220 nm, Fig. 5.11(a). After 20

min, totally 50 min growth, the gap between the two nanowires was reduced to 140 nm, Fig.
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5.11(b). The diameters at the tips of the nanowires were increased to 475 and 230 nm,
respectively. After another hour, totally 110 min growth, the two nanowires touched each other
and became linked, Fig. 5.11(c). The diameters of the two nanowires at the tips were 545 and
355 nm, respectively. With the increasing of growth time, after 170 and 230 min, the overlapped
part of the nanowires increased, Fig. 5.11(d) and (e). As growth conducted for 590 min, Fig.
5.11(f), the nanowire at the top exceeded the intersection and kept uncompleted hexagonal

shape.

Figure 5.12 Linked nanowires in parallel direction (a) 3D view and (b) top view.
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Figure 5.13 Linked nanowires.

Linked nanowires may appear in many forms, such as fork shape nanowire in Fig.
5.14(a), and multiple linked nanowires in Fig. 5.14(b). EDS was taken to prove the chemical
components of the nanowires, Fig. 5.15. Three elements were detected: silicon, oxygen and
zinc, where silicon is the substrate material. The ratio between zinc and oxygen atoms equals to

one, which means the nanowires were made of ZnO.
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Figure 5.14 Different forms of linked nanowires (a) fork shape nanowire and (b) multiple linked
nanowires.
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Figure 5.15 EDX analysis of nhanowires.
5.4 Summary
It was found that ZnO nanowires may link together during hydrothermal growth. An
intersection was formed at the linked area. The shapes of nanowires after the intersection may
appear different forms, hexagonal or partially hexagonal. The formation processes of the linked
nanowires were proposed. The shape of nanowire after the intersection is mainly decided by the
contact approach between the nanowires. By applying SEM imaging, the processes of the

formation of linked nanowires were recorded, which proved the proposed explanations.
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CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTIONS
6.1 Conclusions

This work aimed to develop new approaches to fabricate micropatterns on 3D surfaces,
including irregular surfaces and vertical sidewalls of silicon channels. Au microdots and
microlines on vertical sidewalls of silicon microchannels were produced by applying PDMS
membrane with hollow structures as shadow mask. Two methods were developed for
generating metal microlines on the outer surfaces of glass micropipettes. Meanwhile the
mechanism of the formation of linked nanowires during hydrothermal growth was also explored.

In chapter 3, two approaches for generating Au micropatterns on vertical silicon
sidewalls using PDMS membrane as shadow mask were introduced. In the first approach,
PDMS membrane was placed against the sidewall directly. Au micropatterns were generated on
the vertical silicon sidewall during the metal deposition on the silicon sidewall. Four rows of 10
pm Au dots were properly patterned on a 110-uym-deep silicon vertical sidewall. In the second
approach, PDMS membrane was placed over the silicon channels. Au films were then coated
on the substrate through two processes of thermal evaporation using the PDMS membrane as a
shadow mask. In these two processes, the two sidewalls of the Si channel were tilted towards
the Au source, respectively, to ensure that Au was coated on either sidewall. Finally, after the
removal of this PDMS membrane, Au patterns were generated on the channel sidewalls. 3-D
geometric models for the new approach were setup accordingly to find shapes, thicknesses and
dimensions of Au patterns generated on the sidewall. Based on the understanding gained from
these geometric models, we then applied this approach to produce 10 ym Au dots and 20-pym-
wide Au lines, respectively, on two sidewalls of a Si microchannel. Comparing the two

approaches, the first approach is good at generating micropatterns on a single sidewall, while
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the second approach is good at generating micropatterns on the two sidewalls of a silicon
channel. These Au dots might serve as catalysts for VLS growth of ZnO nanowires, which can
be potentially employed as functional components in 3D electronic circuits. In addition, a new
method to fabricate PDMS membranes of hollow structures was developed. A hexane droplet
was applied on the PDMS film to remove the PDMS residue layer that had been created on a
SU-8 mold before PDMS was cured. The thickness of the finally generated PDMS membrane of
hollow structures can be adjusted by changing the amount of hexane used.

In chapter 4, two methods for producing metal microlines on the outer surfaces of
micropipettes were developed. In either approach, the outer surface of the glass micropipette
was first thermally coated with a thin Au film. A PR-coated membrane was then pushed against
this glass micropipette when the PR was still wet. During the contact, part of the PR was
transferred from the membrane to the micropipette. After the membrane was removed, a
continuous PR line was left on the outer surface of the glass micropipette. This line extended
from the straight tube to the end of the curved tip. Another PR line was further generated on the
other side of this micropipette using the same process. Finally, after the Au film was etched
using the two PR lines as the masking patterns, followed by the removal of the PR using
acetone, two Au lines were generated on the outer surface of the glass micropipette. The two
approaches mainly differed in the ways of pressing the PR-coated membrane against the
curved tip of the micropipette. In the first approach, a clip was applied for this purpose, while in
the second approach a nitrogen flux was employed to make the membrane have intimate
contact with the curved tip. To date, we have successfully fabricated Au lines on glass
micropipettes of tip sizes down to 35 ym and 5 pm, respectively, using the two approaches.

In chapter 5, the formation processes of linked ZnO nanowires were explored. Growing
images of linked nanowires at different stages were recorded under SEM. The shapes of
nanowires after the intersection may appear different forms, hexagonal or partially hexagonal,
which were mainly decided by the encounter form of the nanowires. This phenomenon can be

potentially used for building new nanostructures.
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6.2 Future Directions

In the near future, we would like to continue our work on the introduced projects in
following aspects.

For sidewall patterning, it is worth to continue the work on fabricating sidewall patterns
on smaller channels, such as channels of 10 um wide. In such a case, ZnO nanowires grow
from the opposite sidewalls may linked and generate valuable applications. Meanwhile, the
alignment feature on the PDMS membrane should be added, which will reduce the work labor of
alignment procedure greatly.

For the project of micropipette, devices, such as microelectrodes, based on the
fabricated samples may be fabricated and tested. It is also very interesting that if ZnO
nanowires may be grown at the tip of the micropipette and linked together, which can be used
for sensing purpose.

For the work on linked ZnO nanowires, an approach need to be developed for
separating the linked nanowires to observe the interface and further approve the proposed
explanations. By manipulating single nanowire to make them grow toward each other, new

nano/microstructures may be fabricated.
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