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ABSTRACT

This work focuses on the simulation, fabrication and characterization of novel
microdevices for chemical and biological sensors for improved sensitivity, enhanced
performance and applicability. Specifically, microbridge and microcoil sensors have been
fabricated via advanced microfabrication technologies. Due to the potential application in
chemical and biological sensing, the growth of gold and platinum nanowires during an
electrolysis process have also been investigated.

A microbridge can be considered as the head-to-head fusion of two cantilevers
and the middle of the bridge would deform in a way similar to a microcantilever. The
microbridge sensing device is more stable than the microcantilever, especially in
turbulent or vibrational conditions, since both ends are fixed. The trade-off is the low
AR/R change (sensitivity) of the microbridge compared to that of the microcantilever.
Simulation of the microbridge has been conducted via Finite Element Analysis (FEA).
The width, thickness and doping level of the piezoresistor play an important part in the
sensitivity of the microbridge. Based on the simulation results and following standard
microfabrication technology, microbridges have been fabricated. The detection of Hg®*
based on the microbridge platform was investigated for sensor validation.

The microcoil hygrometer can be used as a universal tool for the detection of
chemical species by depositing a chemical specific coating on one side of the coil. The

coil movement can be readily observed by the human eye and it advances as a

it
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cost-effective and power-free device. A micro- or nano-scale sized coil provides an
outstanding sensor platform with improved dynamic response, greatly reduced size, and
the integration of micromechanical components with on-chip electronic circuitry.
Following standard microfabrication techniques, an Si0O,/Si/SU-8 microcoil has been
fabricated. = After  surface  modification by treating the coil with
aminopropyltriethoxysilane (APS), the microcoil was exposed to acetic acid vapor in air
for characterization. This microcoil device has a potential to be used as a novel
microsensor for the detection of chemical and biological species both in air and in
solutions.

A self-assembled approach to grow gold and platinum nanowires across the gap of
two electrodes on a surface using an electrolysis process has been investigated. In this
process, the anode electrode is oxidized to form nanowires on the cathode. The DC offset,
AC signal frequency and the space between the two electrodes all play important roles in

the growth of the nanowires.
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CHAPTER ONE

INTRODUCTION

1.1 Chemical and Biological Sensors

The fabrication of the chemical and biological sensors utilizing silicon (Si)
microfabrication technologies has been the focus of intensive research for many years
mainly because advances in technology have made mass-production and low-cost devices
possible [1]. Chemical and biological sensors span a wide range of sensor devices and
measurement instrument functionalities. Their applications include, but are not limited to,
the detection of:

1) the gross characteristics of the overall chemical or biological environment;

2) the concentration or even just the presence of particular chemical or biological

species;

3) the elemental constituents of a mixture;

4) the molecular structure of a pure compound or a mixture of compounds;

5) the structure of a bulk material and identify its atomic constituents and

three-dimensional molecular arrangements [2].

Among these applications of chemical and biological sensors, one of the most
important applications is to detect the concentration (or just the presence) of particular

chemical or biological species, or in other words, chemical or biological sensing.
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Since the introduction of the first microcantilever sensor in 1994 by Thomas
Thundat at the Oak Ridge National Laboratory (ORNL) for humidity detection [3], many
efforts have been undertaken to develop chemical and biological sensors based on
microcantilevers. The advances in microfabrication techniques has now made it possible
to mass-produce miniaturized sensors with high sensitivity.

Microcantilevers are one of the major devices in Micro-Electro-Mechanical
Systems (MEMS). They have long, ultra thin flexible beams with tips at the front end.
Figure 1.1 shows different types of microcantilevers [4]. The typical dimensions of the
microcantilevers are 0.2 ym to 1 pm in thickess, 20 pym to 100 pm in width and 100 pm
to 500 pm in length. Si and silicon nitride (Si3N,) are the most widely used materials for
fabricating microcantilevers [5]. In our group, silicon dioxide (SiO,) microcantilevers

have also been successfully fabricated by Y. Tang as shown in Figure 1.2 [6].

(b)

Figure 1.1 Different types of microcantilevers [4].
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Figure 1.2 SEM image of SiO; microcantilevers [6].

The principle of a microcantilever is that its amplitude, frequency, deflection or
Q-factor changes due to adsorption of chemicals on the cantilever surface or changes in
the environment [3]. By monitoring the changes in the responses, humidity, viscosity,
pressure, density, temperature, flow rate, pH and the presence of radiation in the
surrounding environment could be accurately detected [7] - [9]. The microcantilever in
Figure 1.3 [10] shows bending of a microcantilever due to analyte adsorption induced
surface stress. The magnitude of the bending is proportional to the concentration of the
analyte. Figure 1.4 [4] schematically illustrates the optical approach to detect the
deflection of a microcantilever. A laser beam from a laser diode is shined on the
microcantilever tip (usually coated with a thin layer of gold) and is reflected off the
microcantilever to be received by a position sensitive photodetector. The photodetector

converts the optical signal into an electrical signal and sends it to a computer. By
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comparing the signal with a reference signal, the concentration of the analyte could be

accurately determined.

Analyte \ 3

Bending

Figure 1.3 Microcantilever bending due to the surface stress induced by analyte
adsorption [10].

Laser
Diode

Laser

Beam omnsme—p
Position
Sensitive
Photodetector

Figure 1.4 Schematic of an optical detection system for detecting microcantilever
deflection [4].

In general, the microcantilever technology has several advantages [4]:
» First, sensitivity. The ability to measure cantilever motion with
sub-nanometer precision allows for ppt level detection of chemicals.
» Second, low analyte requirement. The entire sensor could fit in an area

with dimensions less than a few millimeters on a side. The corresponding
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analyte requirement is very low due to the small size of the
microcantilevers.

» Third, low cost. Hundreds of microcantilevers could be fabricated on a
single wafer. Electronics for operation and control are relatively simple
and inexpensive.

» Fourth, non-hazardous procedures. It is safe to operate a microcantilever,
and there is no waste generated from the operation when compared with
traditional chemical assays.

Due to the advantages listed above, microcantilevers have been extensively
explored in their application as chemical and biological sensors, as shown in Figure 1.5
[4]. Microcantilevers can be used both in air and in solutions to detect chemical agents.
They have been investigated to detect chemical traces of HF, Cs*, CrO,, Ca®* and Hg?* in
solutions [11] - [15]. In their application as biological sensors, microcantilevers have

been used to detect DNA, antigen and biomarkers [16] - [18].
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APPLICATIONS OF MICROCANTILEVERS FOR
SENSING APPLICATIONS

|
| 1

In Medicine & Biology In Chemistry & Envirenmental
* Detection of PRA Menioring
* Dstection of point mutations * Detection of temperature & heat changes
* Detection of DHA & proteing * Detection of humidity
* Detection of single Vaccinia virus # Detection of Infrared light & UV
particles radistions
* Lab.on.a.chip & Dietectiom of lead & toluene in water
& Detection of myoglobin * Detection of density/viscosity of
* Blood Glucose monitoring diffevent liguids
» Detection of cells & # Dstection of nerve agents namely
microorganisme organoghosphorous compounds
» Detecting hybridization of DNA # Detection of ethanol in water
# Dstecting single bage mismatches * To detect electrochemicsl deposition of
on DHA strands polyandline
» Detection of Bscherichia Coli » Detection of CrO™, Ne', cesium&
» Detection of low-density calcium ions
bipoprotaing (LDLE) = Detection of explosives (nose-on-s-chip)
o ln biochemical warfase to detect * To sense mechanical responses of living
biological & chemical agents cells
* Detection of biotin & streplavidin * To count . of bactatia in sir
# Detection of change m pH or salt
conceritalion
# Messure analyte vapors in the gas phase
* To detect concentration of herbicides
* To detect mercury vapors & mercaptans
* To measure chianges in fluid pressure,
flow mates & sound wave velocities
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Figure 1.5 Application of microcantilever-based sensors [4].

Inspite of all the advantages, there still remain stability problems associated with
the microcantilevers when they are applied on a mobile vehicle or moving object, and
there is a need to improve the sensitivity of the microcantilevers toward enhancing their

performance and applicability.
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1.2 Microfabrication Technologies

The design and fabrication of the micro- chemical and biological sensors are
based on microfabrication technologies, which have been used for many years in the
MEMS and microelectronics fields. Microfabrication technologies originate from the
microelectronic industry, and the devices are usually made from Si, although glass,
plastics, polymers and many other materials are also in use. Si planar technology is
currently the principle processing method in the fabrication of most Si integrated circuits
and devices, the history of which may be dated back to 1959 when this new process was
developed at Fairchild Semiconductor.

Si planar technology is actually a collection of technologies which are utilized in
fabricating microdevices. Basic Si planar processing steps include epitaxial growth,
oxidation, lithography, etching, diffusion, deposition, metallization, interconnections,

circuit testing, bonding and encapsulation.

1.2.1 Lithography

The technology to transfer a master pattern onto the surface of a material, such as
a Si wafer, is called lithography. Lithography is usually the first step in microfabrication.
Among the various lithography technologies including e-beam and x-ray lithography,
photolithography has been the most widely used due to its simplicity and low cost. In the
IC industry, pattern transfer from masks onto thin films is accomplished almost
exclusively via photolithography. The basic idea of photolithography is to use a mask to
selectively expose part of the photoresist-coated wafer to UV light while protecting the
rest of the wafer from exposure. After exposure, part of the photoresist on the wafer

becomes more soluble in the developing solution than the other areas due to chemical
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changes in the exposed region. If the exposed area is more soluble than the unexposed
area and is thus removed by the developer, the photoresist is called positive tone. On the
other hand, if the unexposed area is more soluble and removed by the developer, the
photoresist is negative tone. Figure 1.6 shows the process of photolithography and the

difference between positive photoresist and negative photoresist.

Coat With Photoresist

' <4— Photoresist
i <— Substrate

Expose With Mask

Exposed —» <4— Exposed
Region Region

Develop

Positive Photoresist Negative Photoresist

Figure 1.6 The process of photolithography.

A detailed process for photolithography is shown below.

» First, surface clean. The feature size of the microfabricated device is
usually very small, therefore any contaminants on the wafer would be a
potential problem to the success of the fabrication. Organic contaminants
would also cause coating and adhesion problems if the wafer is not

completely cleaned before use.
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» Second, hard bake. Before it is used, the wafer is hard baked in the oven at
500 °C for 5 minutes to reduce the moisture level on the wafer surface for
better coating uniformity and improved adhesion of the photoresist.

» Third, coating the wafer with photoresist. The photoresist is spin-coated
onto the surface of the prepared wafer via a spinner at a selected speed to
obtain a uniform thickness. Occasionally, when moisture in the air is high,
photoresist promoter is first spin-coated on the wafer prior to coating with
photoresist to enhance the adhesion between the photoresist and the wafer.

» Fourth, soft bake. The wafer is baked in an oven to evaporate part of the
solvents, improve the adhesion and anneal away any stress in the resist
that was introduced during the spin-coating process.

» Fifth, wafer alignment and exposure. The wafer is loaded into a mask
aligner and exposed to UV light. The mask pattern is transferred to the
resist coated wafer through this step.

» Sixth, development. The wafer is immersed into the photoresist developer
to remove unwanted areas and keep only the desired pattern on the wafer.
The wafer needs to be inspected frequently during this step since either
underdevelopment or overdevelopment would seriously affect the quality
of the fabricated devices.

Once the above steps are completed, the wafer is ready for subsequent processes
such as etching, deposition, lift-off, etc. The photoresist must be removed from the
substrate after it is no longer needed. This usually requires a liquid photoresist stripper to

chemically dissolve the photoresist. Alternatively, photoresist may be removed via a dry

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

etching process called ashing. In ashing, a plasma containing oxygen oxidizes and

removes the photoresist from the wafer.

1.2.2 Spin-coating

Spin coating is the best way to apply a uniform thin film, such as photoresist, to
flat substrates. In spin coating, a spinner rotates at high speed to spin off any extra
photoresist on the wafer until the desired thickness of the photoresist is reached. The
advantage of spin coating is that the process is simple, safe, and inexpensive. In practice,
spin coating can be divided into four distinct stages, as shown in Figure 1.7 [19].

Firstly, the photoresist is transferred to the center area of the wafer by a pipette.
Usually, more photoresist than required is used since any extra photoresist would be
expelled from the wafer by centrifugal force.

Secondly, the spinner is accelerated to its preprogrammed speed, and rotational
forces spread the photoresist until it covers the wafer. Any excess resist is expelled from
the wafer.

Thirdly, the spinner rotates at a constant speed and, as excess photoresist
continues to be expelled from the wafer, the photoresist continues to get thinner. Viscous
fluid force dominates this stage.

In the last stage, solvent evaporation dominates the photoresist thinning process.

Eventually, an extremely thin and uniform film of photoresist is obtained.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



11

DEPOSITION

(a) First stage of spin-coating

SPIN-UP

(b) Second stage of spin-coating

O
—

(c) Third stage of spin-coating

l w
EVAPORATION

(d) Fourth stage of spin-coating

Figure 1.7 Four stages of the spin-coating process [19].

1.2.3 Etching
Etching is the process in microfabrication used for removing unwanted materials
either by a physical or a chemical method. Using the protective mask layer generated by

the lithography process, materials, such as Si or SiO,, are removed selectively from the
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substrate. For some applications, the protective mask is photoresist while for other
applications more durable masks, such as SiO; or Si3;N4, may be needed and is dependent
on the materials to be etched and the duration of the etching process.

Generally speaking, etching falls into two categories, isotropic etching and
anisotropic etching. Figure 1.8 shows the difference between the profiles generated via

isotropic and anisotropic etching of single crystal materials [20].

Etching crystal
plane
7 Etch mask
P . )
V4 &
X /
e /
Anisotropic etching profile Isotropic etching profile

Figure 1.8 Isotropic and anisotrpic etching profiles [20].

Etching may be divided into wet etching and dry etching according to the etchants
used. In wet etching, the wafer is usually immersed into a bath of etchant. Buffered
hydrofluoric acid (HF) is commonly used to etch SiO;, on a Si substrate and potassium
hydroxide (KOH) is commonly used to etch Si.

Figure 1.9 shows the structures of a Si wafer with (100) orientation formed after
KOH etching. Since there are far more atoms in crystal Si arranged along the <111>
plane than along other plancs, a sloping sidewall of 54.7° is formed during the etching
process. If the opening of the mask is narrow, V shaped groves would be formed as

shown in Figure 1.9.
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(a) top view

54.7°

_

(b) side view

Figure 1.9 Anisotropic etching of Si.

Although wet etching has been extensively used in microfabrication, it has many
problems. The capillary action of wet etching would cause penetration of the etchant
under the mask and result in ragged edges. Also, large amounts of waste products are
produced during the wet etching process, thus being environmentally undesirable.

As an alternative to wet etching, dry etching usually employs a gas to either
physically bombard or chemically react with the target to remove the unwanted part of
the patterned wafer. Dry etching is highly directional. Anisotropic etching can be
obtained by adjusting dry etching parameters such as flow rate, pressure and power.
Another advantage of dry etching compared with wet etching is that it is more
environmentally desirable since it doesn’t produce as much waste products.

In IfM, dry etching is usually done via Inductively Coupled Plasma (ICP, Alcatel
601E) as shown in Figure 1.10 and Deep Reactive Ion Etching (DRIE). ICP etching was
used extensively to fabricate the microbridge and microcoil structures for this work. The
following section in this chapter describes dry etching in detail, since it is one of the most

important steps used in fabricating the micro devices in this dissertation.
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Figure 1.10 Alcatel 601E ICP equipment.

Plasma, by its nature, is a highly ionized gas. It is composed of ionized particles
with positive or negative charges but is neutral as a whole. This property makes it
chemically highly reactive and very useful in microfabrication for etching materials. In
dry etching, plasma is usually produced from a gas by applying electromagnetic

excitation. Figure 1.11 is a schematic picture illustrating the principle of plasma etching.
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Figure 1.11 Schematics of the principle of plasma etching [20].

As can be seen from Figure 1.11, the top electrode of the plasma etcher is
connected to the RF source with a frequency of 13.56 MHz, which is internationally
assigned for plasma etching equipment usage. By the excitation of the RF power, the
gases in the chamber of the system are ionized and bombard the target wafer positioned
on the bottom electrode. At the bottom of the system, the gas evacuation holes remove
the gaseous wastes from the chamber, thus sustaining the progress of the etching. In

DRIE, a variation of plasma etching, plasma is generated by a magnetic field, and then
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densified by a second magnetic field generator. The objective 1s to reach a high ionization
rate in the gases to enhance the etching effect [21].

In an Inductively Coupled Plasma system (ICP) as shown in Figure 1.12 [21], a
coil surrounding the reaction chamber generates a magnetic and azimuthal electrical field.
This electrical field accelerates the plasma to bombard and react with the wafer. Due to
the magnetic field, the inductive coupling method produces a very dense plasma. The
ability to form very dense plasmas and, at the same time, control the ion bombardment of

the substrate, enables ICP etching to have high etching rates with high mask selectivities.

. RF Generator
RF coil unit

T} Fused silica QT !
z

Figure 1.12 Sketch of an ICP coil chamber. The axial magnetic field induces an
azimuthal electric field, which accelerates the charged particles [21].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

There are different gas sources for etching different materials. Table 1 [22] lists
the plasma etchants for common materials in microelectronics and microfabrication, such

as S1, S10;,, Si3Ny, organics and aluminum.

Table 1 Common materials and their plasma etchants in dry etching [22]

Materials to be Etched Etchant gas
Si CF4, SFg
S10, CF4/H,
SizNy CF4/O;
Organics 02, 02/ CF4, 02/ SF5
Aluminum BCl;

CF,4 and SF; have been generally used in Si plasma etching, as can be seen from

Table 1. The chemical reaction for Si dry etching is shown in Equation 1.1, 1.2 and 1.3.

CFs+e - CFyx. + CF.+F. +e’ (1.1)
nCFX. -> HCFz(ads) i nCFz(f) (12)
nCFz(f) +F.— ion energy —> CFx(ads) - CFx(g) (1.3)

After CF, is admitted into the ICP system, it is dissociated into ions and radical
species as shown in Equation 1.1. CFy. then goes though polymerization reactions to form
nCFyy, the passivation layer to be deposited on the sidewall and surface of the Si
(Equation 1.2). Then, CF, is turned off and SF¢ gas is admitted, the dissociation of which
would introduce fluorine radicals to remove the surface passivation layer (Equation 1.3).

Figure 1.13 illustrates schematically the reactions occurring in the ICP system.
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fluorinated
polymer
Si
(a) Passivating layer is deposited on the surface
of the silicon and the mask
SFs
Si0,
Si
(b) Fluorine radicals remove the surface
passivation
Si

(c) Fluorine radicals etch silicon

Figure 1.13 Schematic process of ICP etching system [23].

1.2.4 Metallization

Interconnections between devices and the outside world are realized by
conductive films in microfabrication and microelectronics. Aluminum and gold are
currently the two most widely used metals. The advantages of these metals are listed

below. First of all, they are able to withstand high current densities without
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electromigration or material failure. Secondly, low-temperature deposition techniques are
available for both aluminum and gold. Thirdly, they adhere to the substrate more easily.
Fourthly, good ohmic contact can be made with aluminum and gold to both p- and n-type
Si. Lastly, and most important of all, they are easy to be patterned and etched and are
reliable throughout long-term operation. Gold is used in the fabrication discussed in this
work.

Although gold can be etched in aqua regia (HCI:HNO; in a 3:1 ratio by volume),
this approach is not desirable since it destroys most resist and metal mask materials. In
industry, a commonty adopted way to etch gold is to use a dilution of KI and iodine in
water. In the fabrication of the microbridge and microcoils, gold is patterned through a
procedure called lift-off.

Lift-off is a simple and easy method for patterning metal thin films on a Si wafer
surface. A simple schematic of the lift-off process is shown in Figure 1.14. The first step
for lift-off is to pattern the wafer by standard lithographic techniques so that photoresist
covers the regions where metal is not needed. By blanket-deposition of the desired metal
over the entire substrate surface, including both photoresist covered areas and bare Si
areas, a thin film of the metal is formed uniformly on the substrate. The metal thus
contacts the substrate only in areas where it is needed. By soaking the wafer in a solvent
to remove the photoresist, only the metal on the desired areas is left on the wafer surface
while the rest of the metal is lifted off together with the photoresist beneath it. Ultrasonic
is usually used during lift-off to promote the strip of the photoresist (and the metal above

it) from the wafer substrate.
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Wafer with patterned photoresist

Deposited metal

Strip photoresist and lift off unwanted metal

Figure 1.14 Lift-off procedure for patterning metal.

A potential problem with the lift-off procedure shown above is that the thin metal
film deposited on the sidewall of the photoresist will stay on the substrate after the
photoresist removal. The sidewall might be peeled off in subsequent processing, resulting
in particulates and shorts on the substrate and affecting the processes that follow. An
improved lift-off procedure is presented in Figure 1.15 by utilizing a two layer
photoresist system with different etch rates. Since the etch rate for the bottom layer
(usually LOR-7B) is faster than the top layer, the bottom photoresist is slightly undercut

thus makes it easier to lift off the photoresist.
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LOR 7B coated

Photoresist (PR1813) coated

Development

Metal Deposition

Lift-off
Figure 1.15 Improved lift-off with two-layers of photoresist and the bottom layer
undercut.
1.2.5 Oxidation
Si0, has many applications in microfabrication and microelectronics. It can serve
as a mask for diffusion and ion implantation, as a gate dielectric film, and as passivation
layers, protecting the Si from contamination during subsequent processing steps. Upon
exposure to air, the surface of Si is naturally oxidized and covered with a 15-20 A thick
layer of native SiO,.
During controlled oxidation, the Si wafers are placed in a furnace while oxygen
gas (dry oxidation) or steam (wet oxidation) is flowing across them. In order to grow a
layer of SiO, on a wafer in an acceptable amount of time the process has to be done at

very high temperatures between 700°C and 1300°C. The thermal oxidation of Si
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conducted in quartz furnace tubes allows relatively dense, adherent, trap-free layers of
Si0; to be grown with ease.

Si is oxidized at its surface. The oxidizing species must therefore diffuse through
the growing oxide layer in order to combine with the Si atoms at the wafer surface. The
chemical reactions of Si with oxygen and water vapor are summarized respectively as
shown in Equation 1.4 and Equation 1.5 below.

Si+ 0, Si0; (1.4)

Si+2H,O0—- Si0,+2 H, (1.5)

1.2.6 Thin Film Deposition

There are three primary ways for thin-film deposition, which are evaporation,
sputtering and chemical vapor deposition. The following section discusses electron beam
evaporation and sputtering, two deposition techniques used in the fabrication in this
work.

The e-beam evaporator is used to evenly coat samples with metals. It is usually
used when the required temperatures for the deposition of certain metals are too high for
thermal evaporation. It is good for titanium, chrome, platinum or gold films deposition.
In the evaporation process, the material (source) to be deposited is heated to the
temperature where it liquefies and starts to evaporate. Then it is allowed to condense on
the substrate. In a typical process the chamber is pumped down to a pressure of 5 x 10°
torr to prevent air molecules from interfering with the deposition as well as allowing the
molecules to evaporate freely from the source. A high-intensity electron beam gun (3 to
20keV) is focused on the source and causes the metal to evaporate and thus be deposited

on the substrate. Typical deposition rates range from 1 to 5 A/second. Figure 1.16
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illustrates the schematic diagram of a typical e-beam evaporation system.
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Figure 1.16 Typical e-beam evaporation system [24].

Sputtering is a technology in which the sputtered material is released from the
source at much lower temperature than evaporation. It is more versatile than evaporation,
and is extensively used in microfabrication. In a sputtering system, as shown in Figure
1.17 [25], the substrate is placed in a vacuum chamber with the source material, and an
inert gas (such as argon) is introduced at low pressure. The gas is ionized using an RF
power source. The ions are accelerated towards the surface of the target, causing atoms of

the source material to be ejected from the target and deposited on the substrate.
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Figure 1.17 The principle of a sputtering system [25].

1.3 Research Objectives

Design and fabrication of highly sensitive chemical and biological sensors is of
great interest to a number of researchers. There are still enough opportunities for
microsensors to be improved with optimized structures, enhanced sensitivity and new
materials, as well as enhanced performance.

The objective of this research is to design and develop new chemical and
biological sensors based on Si microfabrication technologies. Specifically, piezoresistive
microbridges and microcoils have been selected as the microsensors to be designed and
fabricated due to their high sensitivity and stability. The materials used for the fabrication
of the microsensors were Si, SiO, and SU-8. Before the fabrication, the microsensors
were simulated via Finite Element Analysis software to determine the optimized size and
design for the structures. Standard Si fabrication techniques, including spin-coating,
lithography, wet and dry etching and lift-off, were used to fabricate the microsensors.
After the fabrication, the sensors were characterized by exposing them to a real

environment to test their performance.
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1.4 Dissertation Outline

There are six chapters in this dissertation. The first chapter overviews chemical
and biological sensors and their applications followed by an introduction to the
microfabrication technologies as well as the objective of this dissertation. The second
chapter describes the materials used in the fabrication of the microsensors and the
measurement instruments and techniques for device characterization. Chapter three
focuses on the simulation, fabrication and characterization of the microbridge sensors.
Chapter four describes the principle, the fabrication and the characterization of the
microcoil sensors. Chapter five is focused on a new approach to grow gold and platinum
nanowires. The last chapter concludes this dissertation and discusses the prospects for

future work that still needs to be done.
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CHAPTER TWO
EXPERIMENTAL MATERIALS

AND EQUIPMENTS

Si is the most widely used material in microfabrication. Si and its physical
properties are the basis for subsequent microfabrication processing. This chapter presents
the structure of Si and its corresponding properties. Other materials used in this work,
including SU-8, PDMS, Shipley 1813 are also introduced. The principles of metrology
instruments used for device characterization, including SEM, AFM, and surface

profilometer, are briefly discussed in this chapter.

2.1 Experimental Materials

2.1.1 81

Si is so far the most widely used material for microfabrication and
microelectronics. A brief introduction on the atomic structure of Si and its physical
properties would help to understand the corresponding fabrication techniques and the
physics of Si devices.

Si is a crystalline solid. Its atoms are organized in an orderly array, as shown in
Figure 2.1. The diamond lattice structure, the smallest assembly of atoms that can be

repeated to form crystalline Si is called the unit cell.
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Figure 2.1 Diamond unit cell of Si [25].

Piezoresistivity is a very important property of Si. It has been reported that the
resistivity of a material depends on the internal atom positions and their motions [26]. By
applying strain or stress to a material, the atomic positions of the material would be
changed. This change would cause the energy band to shift compared to the stress-free
state. Thus, in some directions of the material, the resistivity would be larger while in
other directions the resistivity would be smaller. The overall resistivity of the material
will change after a strain or stress is applied and the change of the resistivity is related to
the magnitude of the applied strain or stress. More details of the piezoresistive properties
of Si will be covered in chapter 3. The designs of the microbridge and microcoil sensors

are all based on the piezoresitive property of Si.

2.1.2 SU-8
SU-8 is used in the fabrication of the microcoil, standing side by side with the Si
microcoil. SU-8 is a high contrast, epoxy based negative photoresist designed for

micromachining and other microelectronic applications. High aspect ratios larger than
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10:1 with near vertical side walls can be attained by using SU-8. After crosslinking, SU-8
is very stable, highly resistant to solvents, acids and bases, which make it a good choice

for permanent use applications.
There are a series of products in the SU-8 family including 2-25, 50-100, 2000
and 3000 depending on the viscosity. SU-8 50 is selected for its desired viscosity (12250

cst @ 25 °C) to fabricate the microcoils in this dissertation. The standard process

procedures for SU-8 are listed in Figure 2.2.

Substrate pretreat

I

Coat

[

Soft bake

!

Expose

4

Post expose bake

I

Develop

I

Rinse and dry

{

Hard bake (optional)

J

Imaged material

|

Remove (optional)

Figure 2.2 Standard process procedures for SU-8 [27].
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Prior to spin-coating SU-8 on the Si wafer, the surface of the wafer should be
cleaned by acetone spray to remove organic contaminants. Then the wafer should be
dried on a hot plate at 500 °C for 5 minutes.

The spin-coating recipe, as illustrated in Figure 2.3, is adopted to obtain a 50 ym
thick SU-8 film. The spinner is first ramped to 500 rpm at 100 rpm/second acceleration.
This speed is held for 5 seconds to allow the resist to cover the entire surface. Then the
spinner is ramped to the final speed of 1000 rpm at an acceleration speed of 300

rpm/second and held for a total of 40 seconds [27].
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Figure 2.3 Spin-coating recipe for SU-8.

The next step is soft bake, the purpose of which is to evaporate the solvent and
densify the film. Soft bake 1s conducted at 65 °C for 10 minutes and then stepped to 95

°C for 30 minutes. The stepped soft bake temperatures are used to allow the solvent to
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evaporate from the film at a more controlled rate thus achieving better coating
uniformity, reduced edge bead and better resist-to-substrate adhesion [27].

After soft bake, the SU-8 thin film is exposed to near UV (365nm) exposure for
50 seconds. Underdevelopment would cause the desired SU-8 to be etched away while
overdevelopment would result in problems in development.

Following exposure, post exposure bake must be performed to further cross link
the exposed portions of the film. As with soft bake, post bake is also performed using a
stepped temperature cycle. The reason this is done is to minimize film stress and resist
cracking problems. One minute bake at 65 °C is followed by an 8 minute bake at 95 °C
for 50 um thick SU-8 film.

After post exposure bake, the wafer, covered with SU-8 film, should be soaked in
SU-8 developer to dissolve away non-exposed SU-8 and selectively leave crosslinked
SU-8 on the wafer. This procedure, in practice, lasts for about 6 minutes for 50 pm thick
SU-8.

Subsequent processing steps include rinsing the wafer with isopropyl alcohol
(IPA) to remove resist residue, rinsing the wafer with DI water to clean the wafer,
blowing dry the wafer with nitrogen gas and an optional hard bake at 200 °C to further
crosslink the SU-8.

The SU-8 used in the fabrication of the microcoil in this dissertation is

commercially available from Microchem.

2.1.3 PDMS
Polydimethylsiloxane (PDMS) is widely used as a Si-based organic polymer, and

is known for its unusual flow properties. It is optically clear, very viscous, inert,
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non-toxic and non-flammable. Standard PDMS process procedures are listed in Figure

2.4

Blend base and curing agents

;

Pour onto a substrate

i

Remove bubbles in a vacuum oven

4

Cure in an oven

J

Peel off from the substrate

Figure 2.4 Standard PDMS process procedures.

SYLGARD 184 was purchased from Dow Corning (Midland, MI). SYLGARD
184 consists of a “base” (prepolymer) and “curing agent” (crosslinker) that need to be
mixed thoroughly at a 10:1 w/w ratio. After the base and the curing agent are mixed and
then transferred onto a substrate such as a Si wafer, they are degassed in a vacuum oven
for 30 minutes to remove any bubbles generated during mixing. Then PDMS is cured at
95 °C for 2 hours or overnight at 60 °C. The last step is to peel off the PDMS from the
substrate after the PDMS 1is cooled down to room temperature. Care must be taken to

keep the PDMS film from being torn. The thickness of the PDMS obtained following
above procedures is around 500 pm. By using a container to encase the substrate and

prevent the PDMS from flowing off the substrate, thicker PDMS can be obtained.
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2.1.4 PR1813

Shipley 1813 positive tone photoresist (PR1813) has been widely used as a
positive photoresist for pattern transfer from the mask to the wafer. It is UV curable and
solvent soluble, and very easy to handle. To spin coat PR1813 onto a wafer, the following
steps are followed,

» First, center the wafer on the spinner.

» Second, transfer PR1813 from the container to the wafer with a pipette.

» Third, ramp the spin coater first to 1000 rpm at 100 rpm/second
acceleration. Hold at this speed for 10 seconds to allow the resist to cover
the entire wafer surface.

» Fourth, ramp the spin coater to 3000 rpm at 500 rpm/second acceleration.
Hold at this speed for a total of 40 seconds. Figure 2.5 shows the
spin-coating recipe for PR-1813.

» Fifth, soft bake the wafer at 110 °C for 1 minute to evaporate the solvent
and dry the film.

> Sixth, expose the wafer to UV light through a mask for 8 seconds.

» Seventh, develop the wafer in Microposit Developer for about 45 seconds.
Inspect the pattern frequently during the development to see if it is etched
properly.

» Eighth, bake the wafer at 115 °C for 1 minute to further dry the film and

prevent reflowing.
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Figure 2.5 Spin-coating recipe of PR 1813.

2.2 Experimental Equipment

2.2.1 SEM

Compared to an optical microscope which utilizes visible light to create
magnified images of a sample surface, the scanning electron microscope (SEM) is an
electron microscope using electrons to produce high-resolution images. The images taken
by SEM have a characteristic three-dimensional appearance and can show very detailed
information of the sample surface.

In the SEM, electrons are emitted from the cathode and are accelerated towards
the anode. When the primary electron beam interacts with the sample, the electrons lose
energy and generate secondary electrons, backscattered electrons, and characteristic

X-rays. By detecting these signals, images on the sample surface can be formed and
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displayed on a cathode ray tube screen. Features as small as 5 nm can be detected by
SEM.
Figure 2.6 illustrates the SEM (Amray 1830) used for this work. It has two major

parts, the electron optical column console and the electronics and display console.

Figure 2.6 Amray 1830 SEM.

222 AFM

The atomic force microscope (AFM) uses a sharp probe to detect surface features
on a sample. It is possible to image the surface topography of an object with extremely
high resolution with the AFM. A schematic of the principle of operation of the AFM is

shown in Figure 2.7 [28].
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)

Figure 2.7 (a) Operating principle of the AFM and (b) the tip of the AFM [28].

The key part of the AFM is a small microcantilever with a very sharp tip at the
end (Figure 2.7 (b)). When the tip scans over the surface of a sample, interatomic forces
between the cantilever tip and the sample surface cause the cantilever to be deflected as
the surface topography of the sample changes. This deflection causes a deflection of the
laser beam, which is reflected off the cantilever beam, and is detected by a photodetector.
Thus, any change in the surface topography is converted into electrical signals and a map

of the sample topography can be generated.
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The advantage of the AFM is that it provides a true three-dimensional surface

profile of a sample, and it can, in principle, provide higher resolution than the SEM.

2.2.3 Surface Profilometer

Step height needs to be checked from time to time during the process of
microfabrication. A profilometer works to fulfill this purpose. A profilometer usually has
a diamond stylus that scans over the surface of the sample. A surface profile over a
specified range could be generated by recording the displacement of the diamond stylus
versus the position scanned. Step heights and surface roughness of the sample substrate
can be determined from the profile. Figure 2.8 shows the profilometer used for this work

(KLA Tencor Profilometer).

Figure 2.8 KLA Tencor profilometer.
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CHAPTER THREE
SIMULATION AND FABRICATION

OF MICROBRIDGES

3.1 Introduction

Advances in the field of micro- and nano-electro-mechanical systems (MEMS and
NEMS) now offer unique opportunities in the design of small and ultrasensitive micro
sensors. Microcantilevers have proven to be an outstanding platform for chemical and
biological sensors. The unique characteristic of microcantilevers is that the device can be
made to undergo bending due to molecular adsorption by confining the adsorption to one
side of the cantilever. This bending is due to adsorption-induced differential stress on the
cantilever.

The challenge associated with the microcantilever is the stability of the cantilever
when the device is used on a mobile vehicle or moving object. It appears that a
microbridge device will overcome the stability problem associated with the
microcantilever. A microbridge can be considered as the head-to-head fusion of two

cantilevers where the middle of the bridge would deform in a way similar to a

microcantilever due to molecular adsorption upon exposure to the analyte (Figure 3.1(a)).

37
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It is anticipated that this microbridge sensing device will be more stable than the
microcantilever, especially in turbulent or vibrant conditions. The trade-off might be the

low AR/R change of the microbridge compared to that of the microcantilever.

+
N e ; * N
”
e ot
a, ’

(c)

Figure 3.1 (a) Schematic of the bending of a microbridge due to analyte adsorption; (b)
the microbridge under the effect of net surface stress Ao, due to physical absorption on
the bridge surface and (c) the resultant arcuation of the bridge in z direction.

Microbridges, based on the principle of electrostatic excitation and capacitive
detection, have been used as integrated chemical vapor sensors for sensing gas
composition of binary mixtures [29] - [33]. Various transduction mechanisms have been
developed to detect the resonance frequency changes of microbridges. These mechanisms
include the piezoresistive approach based on polysilicon peizoresistors [33] - [38], the

piezoelectric approach with piezoelectric (PZT) materials, such as ZnO [39] - [41], and
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the optical approach using laser light to measure the frequency change or displacement
movement [42] - [44]. These microbridges are sensitive transducers that provide the basis
for mass [45] - [47], temperature [48], [49], strain [50], acceleration [51], and vibration
sensors [52].

Microbridges have been fabricated from Si [34], [36] - [38], [46], [53] - [55],
silicon carbide [56], [57], silicon nitride [58], metals [59], [60], metal composites [61],
and polymers [62], [63]. Resonant microbridge sensors made of polysilicon have been
simulated and fabricated using typical micromachining techniques and integrated with
on-chip electronics using CMOS [64] - [66].

Most of these devices took advantage of the fact that the resonance frequency of
microbridge and nanobridge structures was in the ultrasonic and MHz range, as compared
to the KHz range of microcantilevers [67], [68]. Few publications have reported using the
arcuation of the microbridge for developing chem/biosensors although the arcuation of
microbridges has been used for testing young’s modulus and residual stress of thin
bilayer films [69]. We expected that materials with a smaller young’s modulus would be
appropriate for developing chem/biosensors based on the arcuation of microbridge
sensors due to the changes of adsorption-induced surface stress. Among those materials
with really small Young’s modulus, we are especially interested in S10,, whose Young’s
modulus is 76.5-97.2 GPa, which is half of that of Si. One of our considerations is that
the SiO, microbridge can be readily fabricated by using a traditional photolithographic
process. Furthermore, such an Si0; microbridge may be extremely useful in detection of

HF and nerve agents, according to our previous study on SiO, microcantilevers [70].
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Different methods can be used to measure the arcuation of the microbridge
induced by surface stress changes. It is our perception that the piezoresistive microbridgé
will be most suited for developing a hand-held sensor device. In this work, we investigate
the simulation and fabrication of SiO, microbridges with piezoresistive Si on the
microbridge.

There have been several reports on simulation and design of resonant
microbridges [41], [70], [71}, but no work has been done on simulation of piezoresistive
and SiO, based microbridges. This work uses a popular finite element analysis approach
to simulate the geometrical parameters for SiO, microbridges. A thin layer of boron
doped Si on the SiO, surface was used as the piezoresistive material. A Finite Element
Model was developed to analyze the electrical and mechanical response of piezoresistor
cantilevers by using CoventorWare (Coventer Inc. Cary, NC). The fabrication process of

a Si covered SiO; microbridge is reported.

3.2 Finite Element Model

Computer Aided Engineering (CAE) is the application of computer software in
engineering to evaluate components and assemblies. [t encompasses simulation,
validation and optimization of products and manufacturing tools. The primary application
of CAE, used in civil, mechanical, aerospace, and electronic engineering, takes the form
of FEA alongside Computer Aided Design (CAD).

Finite Element Analysis (FEA) is a computer simulation technique used in
engineering analysis. It uses a numerical technique called the finite element method
(FEM). In general, there are three phases in any computer-aided engineering task, which

are pre-processing, analysis solver and post-processing of results.
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The first step in using FEA, which is pre-processing, is constructing a finite
element model of the structure to be analyzed. The input of a topological description of
the structure’s geometric features is required in most FEA packages. This can be in either
1D, 2D or 3D form, modeled by lines, shapes or surfaces representation respectively,
although nowadays 3D models are predominantly used. The primary objective of the
model is to realistically replicate the important parameters and features of the real model.
The simplest mechanism to achieve modeling similarity in structural analysis is to utilize
pre-existing digital blueprints, design files, CAD models and/or data by importing that
into the FEA environment. Once the finite element geometric model has been created, a
meshing procedure is used to define and break the model up into small elements. In
general, a finite element model is defined by a mesh network, which is made up of the
geometric arrangement of elements and nodes. Nodes represent points at which features,
such as displacements, are calculated. FEA packages use node numbers to serve as an
identification tool in viewing solutions in structures, such as deflections. Elements are
bounded by sets of nodes and define the localized mass and stiffness properties of the
model. Elements are also defined by mesh numbers which allow reference to be made to
corresponding deflections or stresses at specific model locations.

The next stage of the FEA process is analysis. The FEM conducts a series of
computational procedures involving applied forces and the properties of the elements,
which produces a model solution. Such a structural analysis allows the determination of
effects such as deformations, strains, and stresses which are caused by applied structural

loads, such as force, pressure and gravity.
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These results can then be studied using visualization tools within the FEA
environment to view and to fully identify the implications of the analysis. Numerical and
graphical tools allow the precise location of data, such as stresses and deflections, to be
identified.

We used p-type boron doped Si piezoresistors for the simulation in this work
since p-type piezoresistors have a larger sensitivity than n-type piezoresistors. Finite
element analysis is performed using a specially designed piezoresistive solver of the
CoventorWare software.

CoventorWare is a very powerful FEA based MEMS simulation software. It can
be used to simulate on mechanics, fluidics, electrostatics and inductance. Among its
various modules, MemMech and MemPzr are the two that have been used in this
dissertation. Figure 3.2 is the flowchart using CoventorWare to design and simulate

MEMS system.
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Figure 3.2 Flowchart of CoventorWare simulation process.

Based on the schematic design shown in Figure 3.3, the mesh model for the

Si0,/Si based piezoresistive microbridge was constructed.
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8i0,beam

Le¢-Length of the microbridge
We-Width of the microbridge
Wr-Width of the piezoresistor

Figure 3.3 Schematic model of a Si covered SiO, microbridge.

The arcuation change of a microbridge is illustrated in Figure 3.1 (c). Figure 3.1
also illustrates boundary conditions when surface stresses are applied to the microbridge.
The arcuation due to surface stress is modeled using the MemMech solver that is coupled
to the piezoresistive solver for simulating the sénsor response of arcuation based
piezoresistive microbridges. In order to obtain the numerical solution for the
piezoresistive effect, the solver uses ohms law in the stress-free state as shown in

Equation (3.1):

E, 1 0 o4
E,|=p,|0 1 0}4, (3.1)
E, 00 1{i

where E, i; are the electric field and current density, respectively, parallel to the x;
crystallographic axis and p, is the stress-free resistivity. It was previously reported [72]

that the application of differential surface stress onto a rectangular plate was equivalent to

the loading of the free edges by moments per unit length of magnitude Ac/2. When
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applying the boundary conditions for the meshed model, the above result was taken into
consideration.

The application of surface stress causes the microbridge resistivity to change. The
change in resistivity is related to the stress tensor through the empirically determined
piezoresistive coefficient. For the Si material, there are three independent piezoresistive
coeffiencents 7 q;, 7 j5, and 7 44, where the subscripts physically represent the
electrical field, current density, and stress along the three crystallographic directions for
cubic crystal Si. The properties of materials (Si and SiO;) used in this work are listed in

Table 2 and Table 3 respectively [73].

Table 2 Material properties of Si with surface stress at [110] direction used in the

simulation

Material Property Material property of Si
with surface stress at [110]
direction

Young’s modulus (MPa) 1.30x10°

Poisson’s Ratio 0.278

Shear Modulus (MPa) 7.96x10°

Density (kg/m°) 2.33x10°™"°

Thermal coefficient (pW/umK) 1.48%10°

Resistivity (2 -cm) 7.8

Table 3 Material properties of SiO; used in the simulation

Young’s Modulus (MPa) | 7.0x10°
Poisson’s Ratio 0.17

In the simulation, the two ends of the bridge were fixed and the mesh size in the
X, v, Z directions were 2 pm, 2 um, and 0.2 pm, respectively, which assures the error to
be within 0.01%. A 2 N/m surface stress and 300 K temperature were applied to the

microbridge for simulation.
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3.3 Results and Discussion

In the simulation, the surface stress is applied on the top surface of the
microbridge, as shown in Figure 3.1. The boundary conditions include a surface stress of
2 N/m and a temperature of 300K. A 2 N/m surface stress was used in this study because
the surface stress changes at this level have been observed in many chemical and
biological sensors.
3.3.1 Effect of thickness of piezoresistor

on the microbridge arcuation and

fractional change in resistance
of the microbridge (AR/R)

When the Si piezoresistor thickness decreases, the physical consequence to the
thin piezoresistor is the confinement of charge carriers in the direction perpendicular to
the bridge surface. From our simulation, we observed that any decrease in piezoresistor
thickness cause an increase in the fractional change in the resistance of the microbridge
(AR/R). Figure 3.4 (a) shows that the decrease in thickness from 2 pm to 0.2 pm causes
approximately a 16-fold increase in the AR/R response. Variations were observed for
various widths of the Si piezoresistor. The decrease in width from 10 um to 2 pm caused
the AR/R response to increase by 25% to 300%, depending on the thickness of the
piezoresistors. The thickness of the piezoresistor has a more significant affect on the
sensor signals than that of the width. When the Si is as thin as 0.2 um, the AR/R is not
affected as much by the width of the Si piezoresistor.

The arcuation variation of the piezoresistive microbridge, as a function of the
width and thickness of the microbridge, have a very similar profile, as shown in Figure
3.4 (b). The AR/R change as a function of the arcuation variation is shown in Figure 3.4

(c). These results indicated that the resistance change of the bridge under surface stress is
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nearly directly proportional to the arcuation change, especially when the arcuation was

larger than 0.3 pm. The significant AR/R signal for thinner and narrower piezoresistor

covered microbridges may be mainly due to the greater arcuation of those microbridges.
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Figure 3.4 The (a) AR/R and (b) arcuation of SiO; microbridge vs. the thickness of Si
piezoresistor on the microbridge, when a surface stress of 2 N/m was applied on the
surface of SiO, microbridge. ¢) AR/R vs. the arcuation of the SiO, microbridge. The
dimensions of the Si0, microbridges were 400 um in length (L.), 50 um in width (W),
and 1 pm in thickness. The Si piezoresistors were 400 um in length (L,) and width
varying from 2 pym to 10 pm. The doping concentration is 1x10"7 cm>.
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It has been reported that the AR/R change is directly proportional to the
microcantilever bending [74]. Our simulation results suggest that a similar relationship
could be used to correlate the AR/R change with arcuation of the microbridges, although
no equations have been developed in the literature.

The AR/R keeps increasing when the thickness decreases. The optimized
thickness for chem/bio sensing, however, will be obtained from noise optimization.
Piezoresistive sensors have two main possible noise sources, thermal and Hooge noise,
which are generated from temperature and voltage variations, respectively [75]. Larger
noise will lower the signal/noise (S/N) ratio, and thus the sensitivity. The S/N ratio under
temperature and voltage variations could be used to optimize the thickness of the
piezoresistive microbridge. Figure 3.5 (a) shows that a 100% voltage variation does not
change the AR/R of the microbridge. However, a 0.3% temperature variation, as shown in
Figure 3.5 (b), generates significant noise, especially when the Si piezoresistor is thinner
than 1 pum. Figure 3.5 (b) inset shows the resistance change noise due to the 0.3%

AR/ Rypox = AR/ Ryoox ). The thermal noise of the

temperature variation (defined as
resistors increased approximately 5-fold when the thickness decreases from 2 ym to 0.2

pm.
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Figure 3.5 Effect of (a) voltage variation, (b) temperature variation on the AR/R change
of microbridges with different thicknesses. The SiO, microbridges were 400 pm in
length, 50 pm in width, and 1 pm in thickness. The piezoresistors were 400 um in length,
2 pm in width, with the thickness varying from 0.2 pum to 2 um. The doping

concentration is 1x10'7 cm™.
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From those data in Figure 3.5 (b) and Figure 3.5 (b) inset, the S/N ratio of the
microbridges at different thicknesses were calculated and shown in Figure 3.6. These
results suggest that although the AR/R of the microbridge increases when the thickness
decreases, the S/N ratio does not change significantly from 2 um to 0.2 pm thickness, i.e.
when the temperature variation is controlled to 1 K, the thickness of the Si piezoresistor
does not play a critical role in obtaining the best S/N ratio.

When simulated and compared to microcantilevers with the same dimensions, the
AR/R change of the microbridge is approximately 1/3 of that of the microcantilever, and
the microbridge is approximately 50% more temperature dependent than the

microcantilever.
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Figure 3.6 S/N ratio of microbridges with the thickness of the piezoresistor varying from
0.2 pm to 2 pm. The SiO, microbridges were 400 pm in length, 50 um in width, and 1
pm in thickness. The piezoresistors were 400 pm in length and 2 pm in width. The
doping concentration is 1x10'7 cm™.
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3.3.2 Effect of doping concentrations
of the piezoresistor on the

AR/R changes
The resistance change of a piezoresistor (AR/R) after a stress is applied can be

expressed as shown in Equation 3.2.
AR
— SO, T 7,0, (3.2)

where R is the resistance of the stress-free piezoresistor, 7z,, o, and =z,, o, refer to

the piezoresistive coefficient and stress along the longitudinal and traverse direction with
respect to the resistor axis, respectively.

z, and 7, canbe expressed as follows,
T, =7y — 2wy — 7y — 7[44)(112’”12 +l,2n12 + m12n12)
7T, = My + (70 =y, = 4 YU, +mim; +niny) (3.3)
where (I;, m;, n;) and (I, my, ny) are the sets of direction cosines between the longitudinal
resistor direction and the crystal axis, and between the transverse resistor direction and

the crystal axes [76].

For piezoresistors oriented along the [110] direction in (100) wafers, (/1, mi, n)
and (ly, my, ny) are (1/ V2, 1/ V2, 0) and (- 1/ V2, 1/ V2, 0) respectively. Inserting these

values into Equation (3.3), we have,

1
T, :5(7[11 Ty, +7[44)

V4

1
t =_2‘(”11 + Ty~ Way) (3.4)
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Since the length of the microbridge i1s much longer than its width and the surface
stress is along the x axis, the microbridge can be seen as a 1-D device and Equation (3.2)

could be reduced to Equation (3.5)
AR
—E‘ =70, (35)

At low doping concentrations (<5x 10" ¢m ™), the piezoresistive coefficient in the
[110] direction for p-type Si is a constant at 72x107"'m?/ N[76]. Numerous reports
showed that when the doping concentration is increased, the piezoresistive coefficient
7, is decreased [77]. The model developed by Kanda [78] is accurate only for low
doping concentrations. A piezoresistive factor P(p) was defined to express the

coefficients as a fraction of this maximum value by the approximation Equation (3.6) for

concentration above 10'7 cm™.

P(p)= Log(ﬁy

L (3.6)
where a = 0.2014, b = 1.53x10% cm™ and p is the doping concentration.

The Piezoresistive factor P(p) is directly relatedto 7z, by Equation (3.7) [15].
7,(N,T)=P(p)~, (300K)’ 3.7)
The above logarithmic equation predicts that 7, decreases 9.7% when the doping
concentration is increased from 10"cm™ to Sx10"em™ , 22.2% when the
concentration is increased from 5x10"cm™ to 5x10%cm™, and 28.7% when the
concentration is increased from 5x10%cm™ to 5x10”cem™. Since 7z, is directly

related to AR/R from Equation (3.5), it is expected that the AR/R change will be affected

by changes in doping concentrations. The profiles of AR/R vs. doping concentration
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(Figure 3.7) were similar, confirming a good agreement with theoretical predictions.

Relatively lower doping concentration (10" ¢m ™) will be used in our fabrication in order

to obtain higher AR/R response.
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0.0016 -
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Figure 3.7 The AR/R vs. doping concentration when a 2 N/m surface stress is applied on
the surface of an SiO, microbridge. The boron doping concentrations were from 1x10'
to 5x10'° cm™. The dimensions of the SiO, microbridge were 400 pm in length, 50 pm in
width, and 1 pm in thickness. The piezoresistors were 400 pm in length, 2 pm in width,
and 2 pm in thickness.
3.4 Fabrication of SiOz microbridge with Si piezoresistors

We fabricated a microbridge with a commercially available SOI wafer (Figure
3.8). The dimensions of the designed microbridge were 400 pm in length, 50 ym in
width, and 1 pm in thickness. The dimensions of the Si piezoresistor on the bridge were

400 pm in length, 10 pm in width, and 2 pum in thickness. The width of the piezoresistor

was chosen to satisfy the resolution limitations of photolithography and to obtain a high
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yield. From the simulation result, the microbridge sensor had the highest S/N ratio when
the piezoresistor was from 1.2 um to 2 pm thick. For SOI wafers available on the wafer
market, the 2 um thick device layer was the thinnest.

The designed fabrication process has four steps.

» First, pattern the piezoresistor on the top of the SOI wafer by
photolithography and dry plasma etching.

» Second, pattern the bridge beam on the buried SiO; layer by a second
photolithography process and buffered oxide etching (BOE).

» Third, pattern the electrode on the SiO, surface by using the metallization
and lift-off method.

» Fourth, release the bridge from bulk Si by dry plasma etching.

The fabrication process of the piezoresistive Si on the SiO, microbridge is
illustrated in Figure 3.8. PR 1813 was spun on the surface of SOI wafer. A piezoresistor
pattern was transferred onto the photoresist layer on the front side of the wafer by a
standard photolithography process and then the Si piezoresistor was formed by ICP
etching. The photoresist was then removed by acetone and DI water (Figure 3.8(b)). A
layer of PR 1813 was spun on the surface of the buried oxide layer of the SOI wafer. The
microbridge beam pattern was transferred to the photoresist layer and then the SiO,
beams were formed by etching with BOE. The photoresist was then removed by acetone

and DI water (Figure 3.8(c)).

Next, the LOR 7B photoresist lift-off processing method was employed for
electrode pad fabrication. Firstly, a layer of LOR 7B photoresist was spin-coated on the

wafer, followed by a layer of PR 1813. The contact electrode pattern was positioned on
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the bare area of the wafer. Because LOR B photoresist series have relatively high
dissolution rates, an undercut profile was achieved and the lift-off was easily
accomplished. A thin film of gold was deposited. Ultrasonic was used to remove the
photoresist, leaving a gold pad on the SiO, (Figure 3.8(d)). Finally, a 20-pum-thick
photoresist AZ 9260 was spun on the backside of the wafer followed by a typical
photolithography patterning process. The thick photoresist pattern served as a mask for
deep Si plasma etching. The Si was etched off by using the ICP process to release the
microbridge beams from the bulk Si (Figure 3.8(¢)). During ICP etching, the wafer was
inspected frequently to see whether the desired etching thickness was reached. Neither
the piezoresistor nor the metallization would be damaged during the etching. The SEM

picture of a fabricated microbridge is shown in Figure 3.9.
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Figure 3.8 Fabrication process for SiO; supported piezoresistive microbridges.
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Figure 3.9 SEM picture of piezoresistive Si on an SiO, microbridge. The dimensions of
the SiO; microbridge were 400 um in length, 50 pm in width, and 1 um in thickness. The
piezoresistor was 400 pm in length, 10 pm in width, and 2 pm in thickness.

We investigated the detection of Hg®" based on the microbridge platform for
sensor validation. In our preliminary verification experiments, we coated a thin layer of
polystyrene on the Si side of the microbridge to prevent the Si resistor and gold pads
from exposure to testing solutions. The other side of the SiO, microbridge was coated by
a thin layer of gold that will react with Hg2+ in the solution. We have reported that an
equivalent of 2 N/m surface stress will be generated on a gold surface after a gold surface
was exposed to a 10 M Hg** solution for 20 minutes [13].

A gold coated microbridge was initially exposed to a solution containing 1x107
M HNO; and the microbridge was equilibrated until a stable baseline was obtained. The
resistance of the microbridge was measured using a Keithley Test Station (236 Source
Measurement Unit). Figure 3.10 shows that, when the solution was replaced by a 1x 10

M solution of Hg®* in 1x10°® M HNOs, the resistance of the piezoresistive microbrige
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changed from 2.24534 MQ to 2.24556 MQ after 20 min, i.e. the AR/R change of the
microbridge was 9.8x10”. This result matches very well with AR/R = 1.2x10™ obtained

from the simulation results for a microbridge with the same dimensions as shown in

Figure 3.3(a).
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Figure 3.10 The resistance change of a piezoresistive Si on SiO, microbridge upon
exposure to a 10° M of Hg*". The dimensions of the SiO, microbridge were 400 pm in
length, 50 um in width, and 1 pm in thickness. The piezoresistor was 400 pm in length,
10 um in width, and 2 pm in thickness.

3.5 Conclusion
Finite elements analysis was used to study the performance of Si covered SiO,
microbridges for sensing applications. Various parameters, such as thickness, width, and
doping concentration of the Si were investigated. The results showed that although the

AR/R of the microbrige increases when the thickness decreases, the S/N ratio does not

change significantly from 2 pm to 0.2 um thickness. The piezoresistive microbridges
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were fabricated and the results validated that these microbridges can be used for

developing chemical and biological sensors.
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CHAPTER FOUR

MICROCOILS FOR CHEM/BIO SENSING

4.1 Introduction

The first crude hygrometer was built in the 1400s by Leonardo da Vinci.
Francesco Folli invented a more practical hygrometer in 1664. In early 1700, Robert
Hooke invented the first balance spring or coil that improved the meteorological
instruments, such as the barometer, anemometer, and hygrometer, etc [79]. In a dial
hygrometer, a humidity sensitive polymer coated strip coil is attached to a dial to indicate
humidity. The coils undergo extension or contraction due to moisture vapor absorption by
confining the absorption to one side of the coil. When the relative humidity increases, the
polymer swells which extends the coil and pulls the dial hand in one direction. At a low
relative humidity, the polymer releases the tension on the coil, which allows the dial hand
to move in the opposite direction.

Although the bilayer-based dial barometer, thermometer, and hygrometer have
been used for several centuries, no other sensors have been developed based on this device.
Recently, we realized that this bilayer-based dial hygrometer might be used as a universal
tool for the detection of chemical species by depositing a chemical specific coating on one
side of the coil. If appropriately designed, the concentration of chemicals can be directly

read by the human eye by observing dial hand movement or be accurately measured in the
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electrical domain by observing the change m the conductance or resistance of a
piezoelectric material coated onto the coil. In this work, we report the proof-of-concept of a

novel coil and microcoil based sensor platform.

4.2 Power-free Coil Sensors

The spring coil component can be made of any thin, elastic material, including
polymers, composites, metals, alloys, etc. The size varies for different applications. We
used a brass coil for power-free chemical measurement. The dimensions of this coil were
75 pm in thickness, 3 mm in width and 10 cm in length in the extended form.

In a simple test for detection of chemical species in air, we coated polypyridine
(PV), an alcohol sensitive polymer [80], on one side of a coil for alcohol detection. The dial
hand of the PV coated coil moved to the right upon exposure to alcohol, indicating the
swelling of the PV polymer. We named the device a dial alcoholmeter, an economic device

for alcohol measurement.

Hydrogels were used to confirm the sensing ability of the coil in solutions.
Polymers, such as stimuli-responsive hydrogels, change volume in response to small
changes in ionic strength, pH, or specific analytes in solution [81], [82]. The reversible
swelling property of hydrogels has also been used to develop chemical and biological
sensors [83] - [85]. For chem/bio sensing, a molecular recognition agent that selectively
interacts with specific molecules could be attached to the polymer chain. The sensor
platforms include electrode [83], fluorescence [84], crystalline colloidal array reflection
[85] etc. The swelling behaviors of hydrogels are ideal for developing coil-based
chemical and biological sensors in solution. Since intelligent hydrogels swell in response

to the concentration of particular analytes and the gel volume is a function of analyte
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concentration, the swelling of the gel will extend or open the coil and cause the
movement of the dial hand. This will occur only when the hydrogel is secured on one
side of the coil strip.

A hydrogel that contains amino (or carboxyl) groups can be used for pH
measurement. The minimum gel volume occurs at high pH where the NH, groups are
saturated. At lower pH, the amino groups of the gel tend to be protonated, and the gel
expands because of increased electrostatic repulsion between the cationic chains and the
increase in the Donnan osmotic pressure [85]. We spread an acrylamide precursor
solution on a brass strip, and exposed this strip to UV light to form a hydrogel on the strip.
Then we formed the strip into a coil and attached a dial hand to the center of the coil. The
resulting gel coated coil was equilibrated in a pH = 7.0 buffer solution for 1 day before
testing in different buffer solutions at different pH values. All the phosphate buffer
solutions had the same buffer concentration (0.01M) and 1onic strength with different pH.
When the pH was >7, the coil dial hand turned left indicating that the gel had contracted.
When the pH was <7, the coil dial hand turned right indicating that the gel had swelled.
For example, the dial hand turned right to 46° at pH5.8, and left at -93° at pH8.1. Since
most intelligent gels are relatively homogeneous materials that shrink or swell uniformly
with no dramatic change in shape, the coil expansion is reversible and reproducible.

Another example is to develop a Glucose Oxidase (GOx) containing hydrogel
modified coil for the measurement of glucose. GOx is a highly specific enzyme that
oxidizes [86], [87] glucose and produces gluconic acid and hydrogen peroxide.

~D-glucose+0, + H,0—8wee®ie 5 iy olyconic acid + H,0, (4.1
2 2 g 2V
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The generation of gluconic acid is capable of promoting electroosmotic swelling
of the gel due to the formation of charged ions, including gluconate and proton, and also
for the subsequent swelling of the gel. As expected, when the coil was placed in a glucose
concentration, the coil dial hand turned left indicating that the gel had contracted.

We expect to develop an array of coil based sensors, where each individual
sensor will detect different chemicals or biomolecules and different concentration ranges.
The dial hand movement will be read from the calibrated numeral dial face for different
analytes in solution. This technology may provide a simple, power-free kit for

environmental or clinical diagnostics.

4.3 Microcoil Sensors

The coil movement can be readily observed by the human eye and it presents a
cost-effective and power-free device. However, due to the relative large size, the dynamic
response time of this coil device can not compete with many other micro and nanosensors.
It is expected that a coil device at micro- or nano-scale size will provide an outstanding
sensor platform offering an improved dynamic response, greatly reduced size, and the
integration of micromechanical components with on-chip electronic circuitry. In this
work, we fabricated a SiO,/Si/SU-8 trilayered microcoil for sensing validation. The
piezoresistive property of the doped Si was used to determine the adsorption/absorption
induced microcoil extension.

A fabricated trilayered microcoil/microspring is shown in Figure 4.1. The
diameter of the microcoil was approximately 600 pum. In the extended form, the

dimensions of the microcoil were 9.8 mm in length, 50 pm in width, and 28 pm in

thickness.
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Figure 4.1 The SEM picture of a SiO,/Si/SU-8 trilayered microcoil and array. In the
extended form, the dimensions of the microcoil were 9.8 mm in length, 50 pm in width,
and 28 pm in thickness. The coil size was 500 um % 600 pm. The thickness of the Si and
SU-8 layer were 8 and 20 um, respectively. For fabrication simplicity, the coil was made in
a structure that the two ends of the coil were attached to two pads outside of the coil. To
match with this structure, the specially designed SU-8 layer was kept on the outside
surfaces of the coil in order to achieve a uniform contraction or expansion of the coil, i.e.
the SU-8 layer from the bottom pad to the center was not connected with the SU-8 from the
top pad to the center.

4.4 Fabrication Process

A commercially available Si wafer was used to fabricate the microcoils. The
fabrication process is illustrated in Figure 4.2.

First, pattern the Si-layer coil by photolithography and BOE etching; PR 1813
was spun on the surface of the Si wafer (Figure 4.3(a)). The Si coil pattern was
transferred to the photoresist layer on the front side of the wafer by a standard
photolithography process (Figure 4.2(b)-(c)) and a SiO; mask was formed by BOE wet
etching (Figure 4.2(d)). Then the patterned Si wafer was put into ICP system to form the
Si coil (Figure 4.2(e)).

After removing the PR 1813 with acetone (Figure 4.2(f)) and then the SiO; mask

with BOE etching (Figure 4.2(g)), the Si coils were then metalized (Figure 4.2(h)) which
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was realized by depositing platinum and then performing the lift-off patterning process.
The metallization serves as the connecting interface for the Si coil to the outside circuit
board by connecting both ends with a metal pad.

The next step was to put the wafer into the oxidation furnace to grow a 1 um thick
Si0, film on the sidewalls (Figure 4.2(1)). Depending on the temperature setting of the
furnace, this process could take as long as 12 hrs. Then SU-8 negative photoresist was
spin-coated on the front side of the wafer and photolithography was used again to form
the polymer coil layer (Figure 4.2(j)-(1)).

The last step of the fabrication procedure involved the backside ICP etching
process to release the microcoil from the substrate. This was realized again by
photolithography to define the etching pattern before ICP etching (Figure 4.2(m)). Figure

4.2(a)-(m) is shown below.

Si

(a) Spin-coating of PR 1813 and Soft Bake
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Si

(b) Exposure to UV light

PR 1813

(c) Development of exposed S1813 and Hard Bake

PR 1813
Si0,

Si

(d) BOE etching to get SiO, mask for ICP etching

PR 1813
Si0,
Si
Si
(e) ICP to get Si coil.
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Si0,
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(f) Use Acetone to remove PR 1813
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Si
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Si0,

(j) Spin-coating SU-8 and Soft bake
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(k) Exposure to UV light
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PAD  Si SU-8 §i SU-8 Si SU-8 PAD

Si

(1) Development and Hard Bake

PAD  Si SU-8 si SU-8 Si SU-8 PAD

o

(m) ICP process of back side to release the coil

Figure 4.2 Fabrication process for the microcoils.

4.5 Results and Discussions

ICP etching is a chemical dry etching technique that offers many advantages over
wet chemical etching methods, including high etch rate, compatibility with traditional IC
processing [88] and high Si:SiO, etching selectivity (up to 350:1) [89]. The high
selectivity is a great advantage in producing the Si coil as well as releasing the coil from
bulk Si. Deep dry plasma etching achieves a high etching rate and straight sidewalls. In
an ICP etching process, the flow rates of SF¢ and C4Fs and the SF¢/C4Fg ratio are the
critical parameters for controlling the quality of the Si microcoils.

Factors that affect the rate and quality of plasma etching are gas flow, pressure
and R.F. power. The gases used determine the efficiency and selectivity of the etching.
This is the first parameter to choose when establishing an etching recipe. Equilibrium
between the R.F. power and the gas flow controls the ionization rate of the gases, while a
higher pressure increases the probability of ions impacting on the target material. The gas

flow rate controls the rate at which products are evacuated from the chamber.
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The etching rate was slow when the SF¢ and C4F;s flow rates were low. On the
other hand, undercut occurred when a fast SF, flow rate and a large SF¢/C4Fg ratio were
used. Figure 4.3 shows microcoils fabricated using an ICP recipe with 1800W power, 300

sccm SFg, 50 sccm C4Fg, 30W bias power and 18% pressure.

Figure 4.3 Microcoils fabricated using an ICP recipe with 1800W power, 300 sccm SFg,
50 sccm C4F3, 30W bias power and 18% pressure.

Since the width of the microcoil designed was only 10 pm, ICP recipes for small
features would be needed. Through multiple test runs of the system, optimized
parameters for controlling the etching can be obtained. One recipe that was successfully
used in this work was 1800 W power, 300 sccm (standard cubic centimeters per minute)
SFs, 150 sccm C4Fg, 50 W bias power and 20% pressure.

The processing of SU-8, an epoxy based negative photoresist, was another
challenge to produce a thin SU-8 coated microcoil with high uniformity. SU-8 was
selected in this work as the negative photoresist for microcoil patterning and then formed

part of the structure. It has high functionality, high optical transparency and is sensitive to
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near UV radiation. Cured SU-8 1s highly }esistant to organic solvents, acids, and bases
and has excellent thermal stability, making it well suited for applications in which cured
polymer structures are a permanent part of the device [90], [91]. In this work, after
photolithography, SU-8 was left on the wafer to act as one layer of the desired coil
structure.

In these experiments, SU-8 50 was used and processed according to the standard
process procedures discussed in Chapter 2. After baking, the wafer was exposed to near
UV (350 nm) light for 50 seconds to cross-link the patterned area. This exposure time
was well controlled. Over exposure (120 seconds in Figure 4.4(a)) would result in
crosslinking of the photoresist adjacent to the exposed area. As a comparison, 50 seconds
exposure time would provide the designed SU-8 thickness and shape (Figure 4.4(b)).

Post-exposure bake was performed for 1 min at 65 °C and 8 min at 95 °C to
further cross-link the exposed portions of the film. In the next photoresist developing
process, the wafer was put into SU-8 developer for 6 minutes. Strong agitation, such as

ultrasonic, was used to improve the results of the developing process.
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(b)

Figure 4.4 Microcoil developed after 120 seconds (a) and 50 seconds (b) exposure to the
UV light.
4.6 Sensing Behavior of the Microcoils.
It was anticipated that microcoils could expand or contract upon the binding of a
specific species in the environment and depending on the surface stress or energy applied

on one surface of the microcoil, as shown in Figure 4.5.
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Expansion

Contractionﬂ

Figure 4.5 The coil movement when the inside surface is expanded (left) or contracted

(right).

To demonstrate the concept of microcoil-based sensors, we modified the Si side
of a microcoil with a thin film of amines by treating the coil with
aminopropyltriethoxysilane (APS) according to a typical Si surface modification
procedure [92].

Liquid phase APS treatment was carried out by immersing the microcoil into a
solution of 2 mL of APS in 40 mL of toluene or xylene for 12 hours, followed by rinsing
with DI water and blowing dry with nitrogen. Figure 4.6 schematically illustrates the

aminopropylsilanation treatment process.
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Figure 4.6 Monolayer reaction of APS on Si surface [92].

The resistance of the microcoil was measured by the Keithley Test Station (236
Source Measurement Unit). As expected, the resistance of the microcoil changed in an
acidic environment, as shown in Figure 4.7(a). Our results showed that the resistance of
the microcoil changed from 5.50+£0.01 MQ to 5.78+0.01 MQ upon exposure to a 2.1%
acetic acid vapor in air. It is known that when a piezoresistive material, such as doped S,
is under stress, its resistance changes. The results suggested that the interaction of acids
with amino groups on the Si surface produced changes in free surface energy [93] that
extended the coil and resulted in the sequent resistance change of the coil. A control
experiment showed that a microcoil without amine film did not change its resistance

upon exposure to acids, ruling out the possible interaction of acetic acid molecules with
the Si surface or the SU-8 polymer. Another control experiment was performed on an

aminopropyltriethoxysilane modified Si0,/Si strip on a wafer. The dimension of this strip
was the same as an extended microcoil, i.e. 7.7 mm in length, 50 pm in width. The results

showed that the resistance change of the strip was negligible upon exposure to 2.1%
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acetic acid. These experiments confirmed the resistance change was caused from surface

stress induced microcoil expansion.
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Figure 4.7 The resistance change of (a) an aminopropyltriethoxy-silane modified Si/SU-8
bilayered micro-spiral spring and (b) a piezoresistive microcantilever before and after
exposure to 2.1% acetic acid in air. In the extended form, the dimensions of the microcoil
were 7.7 mm in length, 50 um in width, and 28 pm in thickness. The dimensions of the
Si0; cantilever were 250 pm in length, 100 um in width, and 1 pm in thickness. The Si
piezoresistors on the SiO, cantilever was 100 pm in length, 20 um in width, and 2 pm in
thickness.
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Recently, microcantilevers have proven to be an attractive platform for sensors
with on-chip electronic circuitry and extreme sensitivity [94], [95]. The microcoil device
functions similar to a microcantilever device. We compared the results from microcoils
with those of microcantilevers. The AR/R change of this coil to the acetic acid vapor is
5.1%, which is significantly bigger than 0.03% of a Si cantilever sensor upon exposure to
the same amount of acetic acid vapor. The noise over resistance ratio (noise/R) of the
microcoil and microcantilever were 8.6x10™ and 6.4x107°, respectively, as shown from
Figure 4.7. The signal/noise (S/N) ratio at equilibrium of the microcoils and
microcantilevers were 60 and 8, respectively, i.e. the S/N ratio of the microcoil was
approximately 7.5 times of that of the microcantilever. These results suggest two
advantages of the microcoil over the microcantilever sensor:

First, the AR/R of the microcoil is large enough to be measured by a simple
circuit without amplifiers. This significantly lowers the cost of the device.

Second, the S/N ratio of the microcoil is larger than the microcantilever device,
suggesting that the microcoils are more sensitive than the cantilevers. A lower detection

limit for the microcoil device as compared to the microcantilever device is expected.

4.7 Conclusions
In conclusion, this work first reported that coils and microcoils can be widely
used for detection of chemical and biological species both in air and in solutions. The
fabrication process of SiO,/Si/SU-8 trilayered microcoils has been discussed. This
microcoil device has a potential to be used as a novel microsensor design for the

detection of chemical and biological species both in air and in solutions.
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In addition to the polymer and silane films studied in this work, many other
approaches can also be used to immobilize the molecular recognition agent onto the coil
surface, such as self-assembled monolayers on gold (SAM), surface conjugation
chemistry and self-assembled monolayer, etc. Using the same coil/microcoil and even
nanocoil device, numerous molecular or biomolecular recognition agents could be
immobilized onto the coil surface for the detection of various chemical/biomolecular
materials. The chemical selectivity may be achieved by a wide variety of
antibody-antigen interactions, protein-protein interactions, DNA hybridizations and
chemical recognition by a number of selective host molecules, such as crown ethers,

calixarenes, cyclodextrins, and cryptand derivatives, etc.
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CHAPTER FIVE
FABRICATION AND CHARACTERIZATION

OF GOLD AND PLATINUM NANOWIRES

5.1 Introduction

Metallic nanowires are one-dimensional, conductive nanostructures. They are
expected to play an important role as interconnections and functional units in electronic
and mechanical devices with nanoscale dimensions. In general, patterned metallic
nanowires on surfaces are prepared using three approaches. The traditional lithography
approach includes UV lithography, e-beam [96], [97], focused-ion-beam [98], proximal
probe writing [99], [100], and DUV [101], [102] etc. The second approach takes
advantages of existing nanostructures on surfaces or in solutions, such as porous alumina
[103], [104] or micelles [105], [106], for template synthesis of metallic nanowires in
solution and then aligned on surfaces. Self-assembly is the third approach, which has
been generally explored as a bottom-up technique for generating complex nanostructures.
Nanowires have been assembled from a colloidal system of metallic nanoparticles

suspended in water [107] or from ionic solutions of the targeted metals [108].

In this paper, we report another direct, self-assembled approach to grow
nanowires on a surface using an electrolysis process. Gold and Platinum nanowires have
been produced between two microfabricated electrodes. Our long term goal is to

investigate nanowire-based MOSFET sensors.
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5.2 Experiments
In our design, two gold electrodes with a 150 nm thickness were fabricated using
standard UV lithography and lift-off techniques. Electrodes with different gaps of 5 um,
10 um, 20 pm, 40 um, and 120 um were tested. Figure 5.1 shows the schematic diagram
of the electrodes used in this work. The pads on each end of the electrodes were designed

for wiring.

Figure 5.1 A schematic diagram of the gold electrodes. The electrodes were made on a Si
wafer covered by 300-nm-thick SiO,.

In these experiments, the two electrodes were immersed into ethanol. By applying
a sinusoidal signal to the electrodes and adjusting the amplitude and the frequency of the
function generator, nanowires were generated between the two electrodes within two to
three minutes (Figure 5.2). Typically, when the electrical signal was applied, the cathode
remained intact while the anode was gradually oxidized and irregularly etched away from
the cathode. This process was accompanying the formation of the nanowires. The
nanowires were distributed along the cathode (Figure 5.2(a)) with 10 pm to 40 um
distance between two neighboring nanowires. The diameters of the nanowires were from
200 nm to 3 pm (Figure 5.2(a)-(b)). The growth of the nanowires was directed by the

electric field and was perpendicular to the cathode edge. The gold nanowires formed into
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dendrites near the irregular anode (Figure 5.2). The gold component of the nanowire was
confirmed by energy dispersive spectrometry (EDS) analysis (Figure 5.3). It is noted that
the Si and O were from the Si0O, background (the teal colored areas, as shown in Figure

5.2(a).

(®)

Figure 5.2 (a) Optical and (b) SEM images of the gold nanowires grown from an
electrolysis process under an AC signal of 7 Vrms and 1 MHz with an DC offset of 10 V.
The original gap between the two gold electrodes was 5 pm.
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Figure 5.3 EDS analysis of the components of the gold nanowires and the adjacent SiO,
surface.
5.3 Results and Discussions

The growth of the gold nanowires was affected by the amplitude of the applied
DC offset, the frequency of the AC signal and the width of the gap between the two
electrodes.

For a pair of electrodes with a 5 pm gap at low applied DC offset (< 2 V), no
reaction occurred since the reduction potential of Au is 1.53 V. When the applied DC was
from 2 V to 10 V, no nanowire was formed, but the anode was oxidized and gold
particles were uniformly distributed on the cathode. This can be readily explained by an
oxidation-reduction mechanism [109], i.e. the gold on the anode was firstly oxidized to
Au" and/or Au*', and these ions were then reduced to gold particles on the cathode. At
above 10 V DC offset, the nanowires appeared one minute after the bias was applied.

Under this condition, the reduction of gold ions to particles was localized on the tip of
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growing nanowire along the direction of the electric field [110] - [112]. This is
reasonable since the electric field near the tip of the nanowire is the strongest and closest
to the gold ions oxidized from the gold anode. These observations also demonstrated that
a relatively strong electric field was needed to direct the growth of the nanowires.

For an electrode pair with a 5 pm gap, no nanowire growth was observed when
only DC current or AC current was applied. Under DC, the gold particles were uniformly
deposited onto the cathode to form a uniform film. The nanowires would grow only when
both AC and DC were applied. The growth of the nanowires was only dependent on the
DC voltage and not on the AC frequency.

Shorter gaps between the two electrodes facilitate the growth of the nanowires.
Nanowires grew between 5 pm and 10 pm gaps in three minutes. No nanowire growth
was observed between the two electrodes when the gap was 20 um or greater.

It is expected that a similar result can be found from other metals. Figure 5.4
shows platinum nanowires produced under similar conditions. EDS analysis confirmed
the platinum component of the nanowire (Figure 5.5). A minimum of 12 V DC offset is
required for growing platinum nanowires. Instead of a relatively clean gold cathode
surface as shown in Figure 5.2, platinum particles were widely observed on the platinum

cathode during the oxidation-reduction process (Figure 5.4).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



82

Figure 5.4 SEM images of the platinum nanowires grown from the electrolysis process
under an AC signal of 9 Vrms and 10 Hz with an DC offset of 13 V.
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Figure 5.5 EDS component analysis of the Pt nanowires.

5.4 Conclusions
In summary, we demonstrated the formation of gold and platinum nanowires on
surfaces during an electrolysis process. The practical application of the nanwires prepared
under these conditions is unknown at this stage, however, the phenomena and formation
mechanism might be used to grow nanowires directly from metal ions. We are currently
investigating the feasibility and conditions to grow nanowires directly from the gold and

platinum metal ions in solutions.
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CHAPTER SIX

CONCLUSIONS AND FUTURE WORK

6. 1 Conclusions

In conclusion, novel microbridge chemical and biological sensors have been
designed, simulated, fabricated and characterized in this work. Finite element analysis
was used to study the performance of Si covered SiO, microbridges for sensing
applications. Vartous parameters, including thickness, width and doping concentration of
the Si, are important factors that determine the sensitivity of the microbridge sensor. It is
seen from the simulation that the narrower, thinner and lower doping level the
piezoresistor is, the higher sensitivity the microbridge exhibits. Although the AR/R of the
microbridge increases when the thickness decreases, the S/N ratio decreases from 2 pum to
0.2 pm thickness. Based on the simulation result together with fabrication process
availability, microbridges with the dimensions 400 pm in length, 50 pum in width, and 1
pm in thickness have been fabricated. The dimensions of the Si piezoresistor on the
bridge were 400 pm in length, 10 pm in width, and 2 pm in width. The detection of the
Hg’" based on the microbridge platform was investigated for sensor validation. It was
shown that the sensitivity of the fabricated microbridge is 0.0098%. The result matches
well with the simulation results (0.012%) for a microbridge with the same dimensions.

Compared with a microcantilever with the same dimensions, the sensitivity of the
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microbridge is approximately 1/3 of that of the microcantilever, and the microbridge is
approximately 50% more temperature dependent than the microcantilever.

S10,/S1/SU-8 microcoils have been fabricated following standard
microfabrication technology. In the extended form, the dimensions of the microcoil are
9.8 mm in length, 50 pm in width, and 28 pm in thickness. The coil size is 500 pm x 600
pm. Liquid phase APS treatment was done according to a typical Si surface modification
procedure. Verification of sensing has been done after surface modification. The AR/R
change of this coil to the acetic acid vapor is significantly greater than that of a Si
cantilever sensor upon exposure to the same amount of acetic acid vapor. The
signal/noise (S/N) ratio at equilibrium of the microcoil and microcantilever were 60 and 8
respectively. The microcoil proves to be an attractive platform for sensors with on-chip
electronic circuitry and extreme sensitivity.

Gold and Platinum nanowires with 200 nm to 3 pm diameter have been grown on
an SiO, surface between two microfabricated electrodes using an electrolysis process
under an AC signal with a DC offset. In this process, the anode electrode acted as a
sacrificing layer and oxidized to metal ions. The metal ions were reduced to particles and
aligned along the electric field to form nanowires connecting with the cathode. A
minimum of AC signal of 10 Vrms and DC offset of 12 V were required for growing
gold and platinum nanowires, respectively. Other factors affecting the growth of the
nanowires include the frequency of the applied external bias and the width of the gap
between the two electrodes. The potential of the nanowires to be used as chemical and

biological sensors has yet to be investigated.
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6. 2 Future Work

The microbridges and the microcoils are new chemical and biological sensors.
Their corresponding mathematical models need to be constructed to further explore their
physical characteristics. Also, new fabrication processes need to be investigated to
improve the yield and reduce the production costs. Furthermore, new nanobridge and
nanocoil devices could be designed to fabricate sensors with higher sensitivity. In
addition to the polymer and silane films studied in this work, many other approaches can
also be used to immobilize the molecular recognition agent onto the microbridge and coil
surfaces, such as self-assembled monolayers on gold (SAM), surface conjugation
chemistry and self-assembled monolayer, etc. Using the microbridge, microcoil and even
nanobridge and nanocoil device, numerous molecular or biomolecular recognition agents
could be immobilized onto their surfaces for various chemical/biomolecule detection.

The electrolysis approach to grow gold and platinum nanowires that was
introduced in this work needs to be improved with respect to the nanowire growth
condition in order to get more uniform and better aligned nanowires. The electrical
properties of the nanowires should be characterized via proper instruments. Additionally,
approaches to grow nanowires directly from gold and platinum metal ions in solution
should be explored. The applicability of nanowires as a new kind of chemical and

biological sensors needs to be effectively investigated.
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