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Abstract
A novel, sub-micron scale, four-probe sensor was developed and fabricated with an intended
use as an intracellular sensor. The sensor design is straightforward, using standard micro- and nanofabrication methods for much of the process. Additionally, the application of some methods, such as
focused ion beam milling, is unique in the processing of a biological sensor. The devices designed and
fabricated in this research are also reproducible and adaptable to mass production.
Proof of concept testing was conducted to evaluate the mechanical and electrical properties of
the device. Mechanical testing showed that the device was capable of surviving insertion through the
cell membrane of a test organism and into the cytoplasmic space. Electrical testing involved measuring
the resistive properties of a simulated biological environment. While sub-micron scale probes are very
advantageous in biomedical applications and the focus of significant activity, the results of this work
show that four-probe/four-terminal measurements with submicron-scale probes show significant
difference from two-probe/two-terminal measurements. Therefore, probe/liquid interface resistance is
concluded to be a significant problem at small scales, and future sensor designs must account for such
resistance. The four-probe/four-terminal sensor design presented here is one method for implementing
sub-micron-scale probes and yet eliminating probe/liquid interface resistance from biological
environment resistance measurements.
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Chapter 1
Introduction
The study of biological systems is critical for the advancement of medicine. Solving medical
problems hinges on our ability to understand the inner workings of living systems. Although great
scientific advancements have been made through the modern era, the sheer complexity of life
processes continues to be enigmatic, hindering our ability to engineer proper solutions to medical
problems. As our understandings of living systems progress, we gain the ability to identify deviations
from normal biological function and take steps to correct diseases and disorders.
A key to increasing our understanding of living systems has been the ability to sense what is
occurring at the sub-cellular level. The birth of intracellular sensing can be traced back to the work of
Antonie von Leeuwenhoek in the late 17th century. Although it may not be the first thing one would
think of when discussing intracellular sensors, Leeuwenhoek’s microscopic imaging of bacteria cells
could be considered the first attempt at intracellular sensing, using photons as the sensing probe. While
his predecessor, Robert Hooke, discovered the cell itself, Leeuwenhoek appears to be the first to have
witnessed intracellular structure. His writings described what would appear to be the nucleus of a red
blood cell:
“Thus I came to observe the blood of a cod and of a salmon, which I also found to
consist of hardly anything but oval figures, and however closely I tried to observe these,
I could not make out what parts these oval particles consisted, for it seemed to me that
some of them enclosed in a small space a little round body or globule, and at some
distance from this body there was round the globule a clear ring and round the ring
again a slowly shadowing contour, forming the circumference of a globule…”[1]
For the two centuries to follow, light microscopy would continue to be the primary tool for intracellular
study. Advancements in optics would lead to higher resolution imaging, but using light as a probing tool
1

would provide information only of physical structure and function of intracellular components.
Biochemical and electrical properties of the intra-cellular world were not accessible for study. It was not
until the 20th century that scientists would have the technology to push forward with other, more
advanced sensing methods.
In the 20th century the electron beam emerged as a tool for sensing, and imaging resolution
improved with the invention of electron microscopy. However, one can only discern so much
information from visualizing cellular and sub-cellular structures. The chemistry of life must also be
understood, and this biochemistry occurs at the molecular level. Although methods such as fluorescent
tagging and radiolabelling allow researchers to visualize molecular movement within a living system,
these methods are still limited by the spatial resolution of external detection systems. Signals from
inside the living system, whether in the form of light from fluorescent tagging or radioactive decay from
radiolabelling, must still be gathered and resolved by an external detector. All measurements must be
made via line-of-sight detection, further limiting these methods.
Later in the 20th century, advancements in electronics allowed researchers to move beyond
photon- and electron-beam sensing methods and into electro-chemical sensing devices. Electrochemical sensors are able to provide information at the molecular level. Sensing relies on direct
interaction between a target molecule and sensing probe, eliminating problems faced by external
detection methods. A significant hurdle in electro-chemical sensing has been large probe size. A probe
must be sufficiently small to be used to make direct measurements within a living system, especially in
sub-cellular systems. Advancements in micro-electrical-mechanical systems are making such
measurements possible.

1.1 Importance of BioMEMS
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Micro-electro-mechanical systems (MEMS), by definition, contain structures with at least one
dimension in the micron or submicron scale. In recent years, the range in size of systems in sub-micron
scale being utilized has moved to smaller dimensions. As processing technology has advanced, MEMS
now include an increasing number of nano-scale devices, often termed nano-electro-mechanical
systems (NEMS). As this technology continues to decrease in size, it becomes increasingly applicable to
the study of living systems. BioMEMS, biological- or biomedical-micro-electro-mechanical-systems, are
a subset of MEMS devices that are intended to be used in living systems or related environments.
Due to their small structures, BioMEMS have several benefits over traditional large-scale
systems. One of the simplest benefits is economic. Fabrication of small-scale devices has the inherent
benefit of efficient material usage. The use of precious metals in electronics manufacture is a significant
production cost, and this cost continues to rise with the ever-increasing price of commodities. In large
scale manufacturing, reducing raw material costs in a device leads to a nearly proportional drop in
production costs. Many material deposition and etch processes allow for recapture of raw materials
through waste recycling, reducing said manufacturing costs. Additionally, fabrication techniques of
MEMS devices are based on microelectronics and thereby lend themselves well to mass production,
with repeatable and reliable process steps often utilizing automation. Although up front research and
development costs may be significant, with economies of scale the production cost of MEMS devices
tends to approach the cost of raw materials. In the case of MEMS devices, raw material cost tends to be
a trivial per device cost. As such, MEMS devices are appropriate for the production of disposable, onetime-use devices.
One-time-use devices are incredibly appropriate for clinical screening both in-vitro and in-vivo.
Because contaminants and pathogens can be controlled and eliminated during the manufacturing
process, MEMS and NEMS devices have no need for the expensive cleaning and recertification processes
that are necessary for reusable devices.
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BioMEMS also reduce the need for analytical reagents for sensing systems. Advancements in
micro-fluidics allow for decreased volumes of liquids necessary in biological sensing systems, allowing
for better control of mixing, reacting, and sensor response times. A decrease in costs associated with
both production and use make BioMEMS devices more suitable replacements for their larger-scale
alternatives. The size of MEMS and NEMS devices means that they better match with the size scale of
interest in biomedical research and applications.
A further benefit of BioMEMS devices is the increase in the number of applications that become
possible as device size has decreased. This is especially pertinent for in-vivo applications, and even more
so for implantable devices. A non-zero amount of trauma is necessary anytime a device is inserted into
a living being. As such, an analysis of the therapeutic benefits for a given in-vivo application must be
weighed against the damage caused by said application. Damage may be purely cosmetic, such as
scarring. However, more life-threatening and debilitating effects include acute trauma, such as blood
loss or infection, and chronic side effects such as nerve damage or inflammation due to bioincompatibility. Generally speaking, the severity of trauma decreases with regard to the size of the
device, e.g. when penetrating the skin, a hypodermic needle will cause less trauma than a scalpel. As
the size of a device approaches the submicron-scale, traumatic effects become negligible when
compared to therapeutic effects. Smaller is better for in-vivo device applications.

1.2 Sensors Types
A wide variety of biological sensors exist, and many of them are applicable for in-vivo sensing.
Common types of biosensors include resonant, optical-detection, thermal-detection, ion-sensitive, and
electrochemical [2]. Resonant sensors operate by detecting a change in the resonant frequency of a
cantilever or membrane as a result of analyte attachment. Optical-detection methods include tagging
an analyte with fluorescent antibodies and subsequent detection via microscope or CCD. Thermal4

detection sensors function by detecting a change in temperature at the probe caused by an exothermic
adsorption event between the analyte and functionalized probe surface. Ion-sensitive sensors detect a
change in electrical potential at the surface of the sensor due to interaction with a charged moiety. Ionsensitive sensors include biological field effect transistors (BioFETs) on which the target analyte acts as
the gate in the transistor, altering the flow of current between the source and drain. Lastly,
electrochemical sensors measure electronic properties of a given environment. Detection of a specific
analyte may occur via direct interaction between probe and analyte, or indirectly by detecting changes
in the environment caused by sequestration of the analyte.

1.2.1 Electrochemical Biosensors
Electrochemical sensors measure voltages, currents, and by inference resistivities. They can
interact directly with target molecules to produce a signal. Sensors can be made target-specific,
detecting the presence of DNA, glucose, proteins, cholesterol, and urea [3][4][5]. Other sensors have
focused on more general characteristics of biological environments, such as pH or electrolyte
concentration [6][7].
The measurement of intracellular electrolyte concentration is critical to fully understanding
cellular activity. A significant electrochemical gradient is necessary for driving electrical signaling in
excitable cells. This gradient is also the driving force for secondary active transport of ions and nutrients
across the cell membrane. The study of intracellular electrochemical properties and ionic flow into and
out of cells is referred to as electrophysiology. The study of electrophysiology uses several techniques,
most of which fit into two categories, electrochemical sensing and optical sensing.
Optical methods consist primarily of fluorescent labeling techniques. Labeling may be ion
specific, such as sodium indicators [8] and chlorine sensing quantum dots [9]. A major drawback of
fluorescent sensors is the limited lifetime of fluorophores due to photobleaching. Fluorophores based
on molecules continually degrade in the presence of ultraviolet light, limiting the duration of
5

experiments. Those based on quantum dots do not quench, but quantum dot materials are often
potentially toxic.
Electrochemical methods have centered on the patch-clamp and related methods [10]. The
patch-clamp method uses an electrolyte filled glass capillary as the electrical bridge for sensing. The
capillary may be placed in contact with the cell membrane for study of ion channel action, or it may be
used to pierce the cell membrane for direct measurements within the cell. Because an electrolyte
bridge is used in these types of measurements, leakage is a concern. Foreign material may leak into the
cell, and cell contents may leak from the probe penetration point. The aim of this project is to design a
probe setup which is both small enough to limit cell trauma, and made of a solid conductor to eliminate
issue caused by electrolyte- bridge designs.

1.2.2 Conductivity Sensors
Conductivity (i.e., electrical resistivity) sensors are used to measure ionic flow in liquids and are
useful for a number of biological applications. Conductivity can be used as an indicator of water quality
in environmental sensors, measuring salt content, hardness, and carbon dioxide concentration [11][12].
Additionally, conductivity can provide meaningful information in living systems. As mentioned above,
electrolyte concentrations play key roles in living processes.
Conductivity sensor designs fall into two main categories: electrode and induction. Electrodetypes pass current though medium to be tested. Conductivity is calculated from the ionic flow between
the electrodes as a function of voltage. Two-, three-, and four-electrode varieties exist [13][11]. Threeand four-electrode sensors offer better accuracy by using separate probe(s) for measuring voltage,
whereas two-electrode probes sense current and voltage using the same probe [14]. Induction-style
conductivity sensors measure liquid conductivity by using an inductive transformer. Current is passed
through the primary coil. The magnetic field generated by the primary coil causes magnetic flux through
the sample and induces a current in a secondary coil. Changes in conductivity are measured as changes
6

in current induced in the secondary coil. Electrode-type sensors lend themselves better to micro- and
nano-scale applications because of their simplicity. As such, an electrode-type sensor will be designed in
this project.

1.3 Sensor Design
A sensor’s physical design focuses primarily on two competing characteristics: size versus
mechanical strength. These characteristics have a direct relationship; strength increases as structural
dimensions increase. The goal of this project aimed to fabricate a sensing structure large enough to
maintain structural integrity while penetrating a cell wall, while at the same time having a sufficiently
small cross-section to impart as little trauma to the cell as possible. An analogous structure at a macro
scale would be a hypodermic needle – the steel needle must be thick enough not to break off in a
patient’s flesh, but not so large to inflict permanent injury.
Electrical sensors rely on the intimate contact of the sensing tip with the target material. As a
sensor shrinks in size, the contact area between probe and target decreases, leading to an increase in
contact resistance. Should the contact resistance become sufficiently large, the target signal may be
overshadowed, rendering the sensor useless. Sensor design must address these competing factors. The
four-point-probe concept aims to overcome the problem of increased signal to noise ratio that may
become significant at sufficiently small probe size.

1.2.1 Four-Probe/Four-Terminal-Sensing
The sensor device which is the focus of this research is an electrode-type conductivity sensor. A
four-probe design is used because it is inherently more accurate than a two-probe equivalent.
1.2.1.1 Concept
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Four-probe/four-terminal measurements show significant improvement over two-probe/twoterminal measurements in systems where the medium to be electrically characterized has a low
resistance compared to that of the probe contacts. In two-point measurements, the resistance of the
probes themselves cannot be separated from the resistance of the target medium. A schematic of the
four-probe setup used in this research is shown below in Figure 1. Definitions for Figure 1 are as
follows:
•
•
•

Device resistance #1 (R1device) – Inherent to the instrument leads to probe 1
Contact resistance #1 (R1contact) – Includes the probe/liquid resistance and any spreading
resistance in the liquid at the probe 1
Sample resistance (R12sample, R23sample, R34sample) – Actual resistance of the liquid medium in the
regions 1-2, 2-3, and 3-4, due to mobility of the charge carriers in solution. The true
measurement of resistivity giving rise to these values is the goal.

Two point probe measurements (with probes 1 and 2 only) unfortunately give the sum Rtotal = R1device +
R1contact + R12sample + R2contact + R2device instead of measuring only R12sample. If the sum of all probe/contact
related resistance is on the order of Rsample, accuracy of the measurement is severely compromised.
Four-probe/four-terminal measurements have the benefit of only detecting R23somple if R3device and
R4decive are very large compared to R23sample. In other words, no current flows through the voltmeter if
these resistances are sufficiently high; consequently, all the current is known and the voltage driving it
between probe 2 and probe 3 is known regardless of what is happening at the contacts. Note that it is
well known that the current-voltage (I-V) characteristic of a probe-liquid interface may not be linear
[15]. Therefore, the probe-liquid interface resistances used in the definitions above are, strictly
speaking, small signal resistances; i.e., they are the dV/dI derivatives of the current-voltage
characteristics at some operating voltage.

8

Figure 1-1: Electrical test setup. Left – Electrical schematic shows the setup as a series of resistors. Right – Simplified drawing
of a four-point probe – Current flows diffusely between the outer probes while the voltage drop is measured between the
inner probes. For this research, the spacing between the probes was 100µm

1.2.1.2 Application to Biosensing
Typical resistivity in biological fluids is approximately 0.02 Ω-cm [16]. Four-point probe
measurements are generally used to measure resistivity in applications where contact resistance
significantly affects the measurement of the target’s resistance, i.e. for low resistance target media.
Although the relatively high resistance of biological systems may not normally necessitate the use of
four-point measurements, target medium measurements become more of a problem as the probe size
decreases because the probe resistance increases. For instance, a typical handheld resistance meter has
electrodes with surface areas on the order of 1 x 10-4m2 [17]. The probes studied in this research have a
contact area of less than 1 x 10-12m2, 8 orders of magnitude smaller, contributing to increased contact
resistance. As shown later in this thesis, the discrepancy between two- and four-point resistance
measurements can become significantly large when using nano-scale probes.
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1.2.2 Nano-Cantilevers
In the research described in this thesis, the proposed design of the sensing structure is that of a
cantilevered structure with at least one nanoscale dimension. Prior research has shown that such
structure is feasible and that it is mechanically stable, at the very least capable of supporting its own
weight. Nanoscale cantilevers of silicon have been showed to be mechanically stable at less than 100nm
thick and over 5µm in length [18]. The design in this research had similar dimensions but was made with
metal.

1.4 Research Goals
The ultimate goal of this research is to produce a novel, nano-scale, four-probe/four-terminal
approach for use in resistivity measurements in intracellular applications. To date, no research has
come to our attention which explores the potential applications of sub-micron scale four-probe/fourterminal measurements to biological liquids. Designing and fabricating a submicron-scale fourprobe/four-terminal device as well as conducting an exploration of its use in this application are the
goals of this thesis. The steps followed to achieve this goal are as follows:

1. Fabricate nano-scale probes with mechanical strength sufficient for cellular penetration
2. Test mechanical durability of said probes by inserting them into a representative test
organism
3. Characterize the sensing ability of said probes in a simulated biological environment

10

Chapter 2
Device Fabrication
2.1 Fabrication
All fabrication was completed within cleanroom facilities at the Pennsylvania State University.
Nearly all processing steps took place in the class-10 cleanroom environment at the Penn State
Nanofabrication Laboratory, while one process was conducted in the class-100 cleanroom
Microfabrication Laboratory. The cleanroom environments lessened the chance of particulate related
defects during processing by reducing airborne contaminants. The small scale of the device’s design
made contaminant reduction especially critical, as common airborne contaminants are several orders of
magnitude larger than the features on the device [19].
The fabrication process used standard solid-state fabrication techniques. While the process was
comprised of common micro- and nano-machining steps, the design, the use of specific processing
steps, and final structures are unique. Two photolithography masks and one direct write via electron
beam lithography were used to define all structures. Various deposition and etching methods were
used to build up and remove materials in order to create the final device.
Details of the fabrication process are described in the following sections. A visual summary of
the process flow is shown in the Appendix.

2.1.1 Substrate Preparation
Fabrication began with a double-polished silicon substrate. The only role of this silicon was as a
physical platform for supporting nanowires and electrical circuitry. As such, electrical properties of the
substrate were inconsequential and, if this device were manufactured, the processing could be modified
so that an inexpensive substrate could be used. Physical properties of the silicon wafer were more

11

critical for the process. Because the proposed process required a vertical channel to be uniformly
etched through the substrate, the substrate itself needed to be polished on both sides. Additionally, the
substrate needed to be as thin as possible to cut down on etch times. Detailed information on the
silicon substrates utilized is listed in Table 2-1.
To begin processing, 750 nm of silicon dioxide was thermally grown on the surface of the silicon
substrate. This oxide served three functions: Firstly, it provided an insulating layer for isolation of the
electrical contacts and nanowires deposited in later steps. Secondly, it functioned as an etch-stop for
the removal of the silicon substrate later in processing. Thirdly, it was the final support platform for the
nanowires prior to their release as cantilevers.
Table 2-1: Description of substrate
Manufacturer
Diameter
Thickness
Type/Dopant
Crystal Orientation
Resistivity
Grade
Special comments

Silicon Quest International
4 inches
250 ± 20 µm
P/Boron
<1-0-0>
1-10 Ω-cm
Prime
Double Side Polished

The oxide was only required on the top surface for the purposes listed above. The bottom
surface must remain smooth, clean silicon. Consequently, the newly grown oxide was removed from
the bottom surface. SPR-3012 photoresist was spun on the top side to act as a protective layer so that
the oxide layer could be removed from the bottom surface, and 6:1 buffered oxide etch was used to
remove the undesired oxide layer.

2.1.2 Nanowire Construction
The next step was depositing metal for the nanowire construction. Alternating layer of titanium
and gold were deposited onto the top surface of the silicon dioxide that had been grown on the silicon
wafer. Titanium, the first layer deposited on the silicon oxide, was used both for mechanical strength
and also as an adhesion layer to ensure that the nanowires remained in place for further processing.
12

Gold’s relative lack of reactivity allowed the nanowires to survive processing and provided consistent
electrical conductivity. The metals were deposited in an evaporator under vacuum, using an electron
beam as the heat source for evaporation. Details of the metal deposition are listed in table 2-2.
Table 2-2: Metal deposition for nanowire material construction
Kurt J. Lesker
Layer #1 – Titanium adhesion layer
Base pressure
Deposition rate
Final thickness
Layer #2 – Gold
Base pressure
Deposition rate
Final thickness
Layer #3 – Titanium
Base pressure
Deposition rate
Final thickness
Layer #4 – Gold
Base pressure
Deposition rate
Final thickness
(Repeat layers #3 and #4 two more times)
Layer #9 – Titanium
Base pressure
Deposition rate
Final thickness
Layer #10 – Gold
Base pressure
Deposition rate
Final thickness
Total thickness of all layers (minus adhesion)

Vacuum Evaporation – Thermal and/or E-beam Sources
-6

<3.0 x 10 mbar
0.5 Å/s
20 Å
-6

<1.0 x 10 mbar
0.5-1.0 Å/s
250 Å
-6

<1.0 x 10 mbar
1.0 Å/s
25 Å
-6

<1.0 x 10 mbar
0.5-1.0 Å/s
475 Å

-6

<1.0 x 10 mbar
1.0 Å/s
25 Å
-6

<1.0 x 10 mbar
0.5-1.0 Å/s
250 Å
2025 Å

Following metal deposition, the wires’ shapes were patterned onto the gold surface. The wires
were constructed using a “top-down” approach where the structure was “carved” using chemical
etching from the bulk layers deposited in the step prior. First, negative e-beam resist, NEB-31, was spun
on the gold surface (table 2-3). Next, the negative resist was exposed using the Leica EBPG5HR, an
electron beam writer. During this step, the electron beam writer exposed the patterns of the nanowires
(Figure 2-1) and alignment marks using dose densities of 120µC/cm2 and 40µC/cm2 respectively. The
wafer was subjected to a post-exposure bake at 95°C for 2 minutes, after which the negative resist was
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developed in CD-26 for 30 seconds. The wafer was rinsed in deionized water to stop the development
process.
Table 2-3: Negative ebeam resist
Substrate dehydration
Spin NEB-31
Solvent removal

Bake at 150°C for 5 minutes
5000 rpm for 40 seconds
Bake at 110°C for 2 minutes

Figure 2-1: Ebeam pattern of a single nanowire is shown. (Rectangle is only shown as a scale). Arrows show the tip and base
of the nanowire, total length 14.5 µm.

After the development process, the polymer resist was left behind in the pattern of the
nanowires and alignment marks. This remaining polymer would serve as mask for the etch process to
follow. The gold and titanium layers were etched away in plasma-assisted reactive-ion etch (RIE)
process. Details of this process are listed in table 2-4. At the end of this process, all metal was
completely removed with the exception of the small patterned areas (the nanowires) which were
protected by polymer resist (See Figure 2-1). The polymer resist was cleaned off using solvents, and the
entire wafer was cleaned under oxygen plasma to remove residual organic materials (table 2-5).
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Table 2-4: Gold etch (RIE) process conditions
PlasmaTherm 720
Process pressure
Cl2 flow rate
CF4 flow rate
O2 flow rate
Power
Time

Reactive Ion Etching
10 mtorr
5.0 sccm
15.0 sccm
5.0 sccm
300 W
27 minutes

Table 2-5: De-scumming (RIE) process conditions, used at multiple processing stages
PlasmaTherm 720
Process pressure
Ar flow rate
O2 flow rate
Power
Time

Reactive Ion Etching (RIE)
100 mtorr
10.0 sccm
80.0 sccm
100 W
10 seconds

2.1.3 Electrical Circuitry Patterning and Deposition
The next step was to deposit metal for the electrical contacts and circuitry. Titanium provided
an adhesion layer. A thick nickel layer acted as the main conductive path and had the added benefit of
being relatively low-cost. A thin gold layer on top provided a protective layer over the more reactive
nickel conductor. The electrical circuitry also doubled as mechanical anchor points for each nanowire,
safely holding each wire in place.
Photoresist was used to define the pattern for the electrical contacts because these were in the
micro-scale. Positive photoresist was spun on the top side of the wafer, and the pattern was exposed
using ultraviolet light. The photoresist was developed in CD-26, leaving behind gaps to be filled with
deposited metal. Details of the photolithography process are listed in table 2-6. The metals were
deposited in a vacuum evaporator, using an electron beam as the heat source for evaporation. Details
of the metal deposition process are listed in table 2-7. Excess metal was removed via “liftoff” method,
dissolving all remaining photoresist with solvent and leaving behind only the metal that was adhered to
the silicon dioxide substrate.
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Table 2-6: Photolithography process parameters for contacts
Substrate dehydration
Hexamethyldisilazane – Adhesion promoter
Spin coat
SPR 3012 (Shipley Inc.) – Photoresist
Spin coat
Soft bake
UV exposure – Karl Suss MA6 Contact Aligner
Exposure
Alignment gap
Post-exposure bake
Developer – CD-26 (Shipley Inc.)
Rinse in deionized water

5 minutes at 180°C
60 seconds @ 5000rpm
30 seconds @ 3200rpm
60 seconds @ 95°C
9 seconds @ 12mW
25µm
60 seconds @ 115°C
55 seconds @ RT
60 seconds @ RT

Table 2-7: Metal deposition for contacts
Kurt J. Lesker
Layer #1 – Titanium adhesion layer
Base pressure
Deposition rate
Final thickness
Layer #2 – Nickel
Base pressure
Deposition rate
Final thickness
Layer #3 – Gold
Base pressure
Deposition rate
Final thickness
Total thickness of all layers

Vacuum Evaporation – Thermal and/or E-beam Sources
-6

<3.0 x 10 mbar
0.5 Å/s
20 Å
-6

<1.0 x 10 mbar
1.0 Å/s
750 Å
-6

<1.0 x 10 mbar
0.5-1.0 Å/s
230 Å
1000 Å

2.1.4 Backside Etching
After the nanowires and circuitry were in place, the silicon substrate needed to be removed
from below the nanowires, leaving the soon-to-be-cantilevered nanowires supported by a thin layer of
silicon dioxide. The thickness of the silicon substrate necessitated that the removal process be
consistent and precisely aligned. Deep reactive-ion etching (DRIE) was chosen for completing this step
of fabrication. DRIE allows for nearly vertical etching through silicon. With precise backside alignment,
DRIE allowed the removal of silicon substrate material below each nanowire while leaving each
nanowire base firmly anchored to the unetched region of the silicon substrate.
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Before beginning the backside process, a thin layer of photoresist was spun on the top side. This
layer of resist provided a protective layer over the nanowires and their contacts to protect them from
abrasion in the following process steps. Next a thick layer of positive photoresist was spun on the
backside of the wafer. This polymer resist would serve as an etch mask for the portion of the silicon
substrate not to be removed (below the contacts and circuitry) during the silicon backside etching via
DRIE. The pattern was aligned and exposed to ultraviolet light and subsequently developed in CD-26.
After the resist was developed, residual organics were removed using the same RIE de-scumming
process listed above (table 2-8).
Table 2-8: Photolithography process parameters for backside etch mask
SPR 3012 (Shipley Inc.) – Photoresist
Spin coat
Hard bake
SPR 220 (Shipley Inc.) – Photoresist
Spin coat
Bead relaxation
Bake
Bake
Bake
Bake
Bake
UV exposure – Karl Suss MA6 Contact Aligner
Exposure
Rest
Total exposure/rest cycles
Alignment gap
Post-exposure rest
Developer – CD-26 (Shipley Inc.)
Rinse in deionized water

Protective layer (top side)
45 seconds @ 4000rpm
60 seconds @ 110°C
DRIE etch mask
45 seconds @ 1250rpm
5 minutes rest
60 seconds @ 90°C
60 seconds @ 100°C
60 seconds @ 110°C
60 seconds @ 100°C
60 seconds @ 90°C
10 seconds @ 12mW
30 seconds
10 cycles
80µm
30 minutes
8 minutes @ RT
60 seconds @ RT

The backside-etch process not only removed silicon from beneath the nanowires, but also
removed silicon between each of the 44 patterned chips. Each chip contained 88 nanowires, electrical
circuitry, and contact pads (Figure 2-2). The removal of material during back-side etching resulted in the
loss of structural integrity of the substrate wafer, and a temporary support was necessary for this stage
of processing. To provide a supporting platform, a second wafer was adhered to the top of the process
wafer. The attachment of this wafer allowed the process wafer to be etched through while still
maintaining the mechanical integrity of the nanowires, contacts, and circuitry. Without a backing wafer,
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the process wafer would shatter unpredictably once the etched silicon was sufficiently thin. For
convenience, photoresist was used as the adhesive layer. It was most appropriate as it could be
removed along with the etch mask photoresist after the backside etch was complete; no additional
solvent would be necessary. SPR 3012 photoresist was spun (45 seconds @ 1250rpm) on the support
wafer, and the process wafer was pressed topside-first onto the support wafer. The two wafers were
then be processed as one unit and separated afterward.
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Figure 2-2: Photolithography masks and device layout. Top left image shows an overlay of all lithographic patterns; the
2

1x1cm pattern is repeated 44 times on a 4in. wafer. Top right image shows the backside etch pattern, total area 1cm .
2

Bottom left image shows the pattern of 44 pairs of electrical contacts; total area of the square chip is 1cm . Bottom right
image is a representation of a completed device, with cantilevered nanowires situated between the two arrows.

Backside etching was performed on an Alcatel Silicon DRIE using a Bosch-type etch process.
Process parameters can be found in Table 2-9. The Bosch-type process uses alternating etch and
passivation steps to produce vertically etched structures. Each of three pulsed plasmas plays a role in
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“carving” out the desired structure: the etching plasma was based on sulfur hexafluoride (SF6) gas,
providing a source for fluorine radicals (F-) which attack the silicon’s horizontal surface. The passivation
plasma was based on octafluorocyclobutane (C4F8) gas which forms a polymer on the silicon surface,
providing an inert layer on both vertical and horizontal surfaces and offering protection from further
etching. Oxygen (O2) plasma is then used to remove the passivation layer from only the horizontal
surface, allowing this surface to be etched by the next SF6 cycle. By cycling through plasmas of these
three gasses, a nearly vertical etch can be attained (Figure 2-3).
Table 2-9: Backside etch (DRIE) processing conditions
Alcatel
Process pressure
He pressure (cooling)
Process temperature
SF6 flow rate
C4F8 flow rate
O2 flow rate
Power
Time

Deep Reactive-Ion Etching (DRIE)
-4
1 x 10 mbar
1 x 10 mbar
20°C
300 sccm
300 sccm
100 sccm
1500 W
60-70 minutes

Figure 2-3: DRIE etching results in a nearly vertical etch profile
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Note that at the end of this stage of processing, the nanowires were still supported by a thin
silicon dioxide film. DRIE etches silicon with high selectivity over silicon dioxide, commonly at a 120200:1 ratio [20]. Therefore, silicon dioxide was an excellent choice to use as an etch-stop. Actual etch
rates through the silicon wafer varied as a result of the shape of the etched structure. Because the
Bosch-type DRIE process relies partially on the effects of physical bombardment for etching, the width of
the structure had a direct effect on the etch rates – larger horizontal openings were etched more rapidly
than smaller openings due to a less constricted line of sight for bombardment. Additionally, deviations
in the surface of the substrate may have led to slight variations in etch rate across the entirety of the
structure. Lastly, the etch rate was noted to be more rapid in the center of the wafer versus the edges,
clearly showing that the tool itself had inherent variability due to the geometry of its construction. For
one or more of these various reasons, the time difference between when silicon dioxide was visible to
when all desired silicon was removed amounted to approximately 10 minutes of etching time. Due to
this variability in etch rate, the etch-stop needed to be significantly resistant to the etch process in order
to allow all silicon to be removed from the structure before deterioration of the etch-stop (Figure 2-4).
The etch rate of silicon in this process was approximately 4 µm per minute. At 100:1 etch selectivity for
silicon over silicon dioxide, the layer of oxide needed to at least 400nm thick to survive the extra 10
minutes needed for complete removal of silicon from the backside etch structure. At 750nm thick, the
silicon dioxide layer was sufficient. An example of the completed etch is shown in Figure 2-5.
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Figure 2-4: Incomplete backside etch – Silicon dioxide is visible in some areas (white arrow), but excess silicon still remains
(black arrows). The perspective of the image is from the back side of the wafer.

Figure 2-5: Completed backside etch – All silicon has been removed, leaving behind a thin window of silicon dioxide. The
perspective of the image is from the back side of the wafer.
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2.1.5 Nanowire Release (Cantilevering)
As noted, after backside etching, the only material supporting the nanowires was a thin window
of silicon dioxide. This material would need to be removed in order to cantilever the nanowire
structures. Before this next etch process could occur, the backing wafer needed to be removed. The
two wafers were placed in Nanoremover PG for 48 hours to dissolve the adhesive photoresist layer and
remove the photoresist mast from the back side of the process wafer. Upon removal of the backing
wafer, the process wafer was carefully broken apart into 44 individual chips which were defined during
the backside etch step. Chips were processed individually for the duration of the process.
The silicon dioxide support window was etched using the PlasmaTherm 720 RIE system. Chips
were placed with the back side facing the RIE plasma. This orientation allowed the silicon on the back
side to serve as an etch mask for the removal of the silicon dioxide support window. Silicon dioxide on
the top side of the chips was left unprotected. As a result, it was still subject to chemical attack during
the etch process. However, because it was facing away from the plasma, high energy bombardment of
this surface was not possible, and this passivation layer of oxide was not significantly degraded in the
process. The silicon dioxide support window was completely removed, and the nanowires were
successfully cantilevered. Process parameters can be found in table 2-10.
Table 2-10: Silicon dioxide etch (RIE) processing conditions
PlasmaTherm 720
Process pressure
CHF3 flow rate
CF4 flow rate
O2 flow rate
Power
Time

Reactive Ion Etching (RIE)
150 mtorr
45.0 sccm
15.0 sccm
5.0 sccm
350 W
50 minutes

2.1.6 Device Passivation
At this stage of processing, all metal surfaces were still exposed. In order for the nanowire
sensors to be functional, each whole nanowire, except the tip, must be electrically isolated (i.e.
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passivated) to prevent undesirable current leakage when immersed in a solution. Aluminum oxide was a
suitable choice for device passivation for two reasons: biocompatibility and ease of deposition.
Aluminum oxide has a well-established record of use in biological applications. It has been used
for several decades in bone grafts and dental fillings. Studies of nanoporous alumina in bone implants
show acceptable levels of aluminum elution as compared to known cytotoxicity thresholds [21][22].
More recent studies have shown nanoporous alumina to be a compatible growth scaffolding for
mammalian neural cells while having no adverse effects on long-term cell viability [23].
Aluminum oxide deposition was accomplished in this research via atomic layer deposition (ALD).
ALD achieves conformal coverage which means that all surfaces are coated uniformly. This type of
deposition process has a distinct advantage over directional deposition methods in that complete
coverage can easily be achieved without the need for extraneous material. Directional deposition, such
as vacuum evaporation or plasma-enhanced chemical vapor deposition, would have necessitated
multiple coating steps from different angles in order to completely passivate the device. In the case of
nano scale devices, the passivating layer becomes a significant portion of the cross-sectional area of the
final structure. As such, non-essential material must be kept to a minimum. ALD coats conformally, one
atomic layer per cycle, allowing the amount of material required for device passivation to be carefully
controlled and to remain sufficiently low.
The electrical contact pads needed to be protected during this alumina deposition. Prior to ALD
processing, the contacts on each chip were covered to prevent undesired passivation from occurring.
Kapton tape (DuPont) was used as a simple solution to masking the electrical contacts. Kapton tape can
handle temperatures in excess of 200°C, while the silicone adhesive is stable to at least 175°C. Tape was
placed only on the outer edges of each chip, covering the contacts and leaving the remaining circuitry
and structures available for coating with alumina. For this processing step, 200Å of alumina were
deposited at 150°C (table 2-11). An image of passivated nanowires can be seen in Figure 2-6.
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Figure 2-6: Nanowires after passivation – Set of nanowire cantilevers are shown from two different angles (top). Bottom
images show a close-up of the tip of one nanowire. The metallic core can clearly be seen through the alumina passivation
layer.

Table 2-11: Alumina Deposition (ALD) process conditions
Cambridge NanoTech
Process temperature
Cycles
Growth per cycle
Final thickness

Atomic Layer Deposition (ALD)
150°C
200
1Å
200Å

2.1.7 Sensor Exposure
After the passivation process was completed, all conductive surfaces were now coated with
alumina, except for the electrical contact pads. The metallic core of each probe would need to be
exposed so that current could flow through each sensing tip. Finding a method of selectively removing
material from such a small area proved to be difficult. Ideally, less than 30nm of material needed to be
removed, severely limiting the use of conventional lithography methods.
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Conventional lithography methods were of no use due to limitations of available alignment
technologies. For instance, alignment precision on the Karl Suss MA6 Contact Aligner is limited to
approximately 1µm, far too large to properly mask off a 30nm area. In theory, 10nm alignment is
possible for electron beam lithography [24]. However, spinning resist uniformly on such a small
cantilevered structure would be nearly impossible. An alternate method would be required and was
found: Focused ion beam milling proved to be a unique, well-suited process for this tip exposure
requirement.
Focused ion beam (FIB) milling uses ion bombardment to remove material. FIB uses accelerated
beam of Ga+ ions to remove material via bombardment. The beam is highly focused and allows for
milling with high precision, both in area and in depth. This process was conducted using the Quanta 3D
Dualbeam FIB/SEM with a milling beam current of 50pA. This system allows for real-time cross-section
imaging of the milling process. This technology was used to remove the aluminum oxide passivation
layer, accurately and repeatedly, from the tips of each probe. Approximately 200nm of material was
removed from the time of each nanowire (Figure 2-7). Removal of this amount ensured that all 20nm of
oxide were removed and clean metal was exposed at each tip. This process is thought to be novel; to
date, no evidence has been found that FIB has been used in the fabrication of biological probes.
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Figure 2-7: Sensor Exposure – Before (left) and after (right) 200nm of material was removed from the nanowire’s tip via
focused ion beam milling.

2.2 Processing Hurdles and Solutions
As with any new process, progress from the design phase to a completed device was filled with
many hurdles, including chemical and mechanical failure of the nanowires. Chemical failures were the
result of incompatibilities between process chemistry and sensor materials chemistry. Mechanical
failures resulted from physical limitations of the materials used for sensor construction.
The initial design called for using titanium as the sole material for nanowire construction. As
stated in the design section, titanium has an excellent strength to mass ratio which, in theory, allows the
nanowires to be fabricated with less material and a smaller cross-section. Additionally, titanium’s
biocompatibility has been well established. These two properties make titanium an applicable choice
for sensor fabrication.
However, titanium is particularly reactive, making processing more challenging. Nano- and
micro-scale processing relies heavily on chemical etching for removing excess material and defining
structures. Titanium is easily oxidized, making it subject to cross-reactivity with popular etchants,
particularly those containing chlorine, fluorine and to a lesser extent, oxygen [25].
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In the process described in this thesis, a fundamental incompatibility was found during the
nanowire release step. At this stage of processing, a silicon dioxide window was removed via reactive
ion etching (RIE) in order to release the nanowire as a cantilevered structure. Etchant chemistry for this
process included CHF3 and O2 which provided adequate selectivity to silicon dioxide versus the silicon
substrate, approximately 20:1 silicon dioxide to silicon. Unfortunately, the fluorine radical generated in
this process also attacked the titanium nanowire structure. By the time the 750nm silicon dioxide
window was etched through, the 200nm thick titanium structure was nowhere to be found. Evidence of
inadvertent etching of the titanium nanowires can be seen in Figure 2-8.

Figure 2-8: Inadvertent etching of titanium structure – The white arrow points to areas where the titanium nanowire was
attacked by fluorine radical. The black arrows points to areas where the titanium nanowire was anchored to electrical
contacts. The gold contacts provided protection from etchant chemistry.

The solution to this problem was the addition of gold to the nanowire material construction.
Gold reacts relatively slowly with fluorine [26] and provided adequate resistance to the etch process
used above. In this next iteration, the titanium layer was still present as the core structure and
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functioned as the bulk of the mechanical support, while gold was added to the top and bottom in
relatively thin layers. The gold layers provided adequate chemical resistance and shielded the titanium
from chemical attack by fluorine. Figure 2-9 shows a nanowire of gold and titanium construction that
had survived a period of etching which had completely destroyed the prior wires of titanium-only
construction.

Figure 2-9: Titanium nanowire protected by gold – Gold layers provided protection from fluorine radical during silicon
dioxide etching process. Note that the silicon dioxide support platform is still intact. The nanowire has not been released as
a cantilevered structure.

Although the addition of gold layers allowed the nanowires to survive etching of the silicon
dioxide support layer, the nanowires were found to be mechanically unstable. After this etch step, most
wires were found broken or sheered away (Figure 2-10). The few that survived were found to be
warped or mangled (Figure 2-11). It was unclear as to why the wires deformed in the way they did, but
several explanations seem plausible. The first, more obvious explanation was that the wires simply too
thin; i.e. they lacked the required strength when subject to stress. The origins of these stresses are
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several. During the etch process, the nanowires may be subject to electrostatic forces generated in the
plasma as well as ion bombardment. Additionally, this process occurs at elevated temperature which
exacerbates the situation by softening the metals and decreasing their mechanical strength.

Figure 2-10: Broken nanowires – Majority of 90 nm-thick gold-titanium-gold nanowires were broken off at the cantilever’s
point of contact.
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Figure 2-11: Warped nanowires – Gold-titanium-gold nanowires are not mechanically robust. Nanowire cross-section is
approximately 50 nm x 90 nm.

The second possible explanation is rooted in the difference in expansion coefficient between
titanium and gold. Gold has a linear thermal expansion coefficient of 14.2 x 10-6 K-1 while titanium’s
coefficient is 8.6 x 10-6 K-1. This difference could have caused the nanowires to bend away from areas of
greater temperature, i.e. away from the RIE plasma. The gold layer on the side closest to the RIE plasma
is at a higher temperature than the titanium layer, which in turn is at a higher temperature than the
farthest gold layer. The predicted movement of nanowires away from the RIE plasma is consistent with
the imaging of the nanowires after this processing step. As shown in 2-11, the nanowires tend to curl in
one direction – away from the RIE plasma as they were positioned for oxide etching.
By sandwiching the layers of titanium between layers of gold, the nanowires had the chemical
resistance to survive etch processes, while still having the mechanical strength to remain suspended as
cantilevers. These two materials were used for the final construction of the nanowire probes.
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Chapter 3
Testing and Results
3.1 Testing
The nanowires were tested for mechanical robustness and electrical sensitivity. Mechanical
properties were tested by using the nanowires to penetrate through a cell wall into the cytoplasmic
space. Electrical sensitivity was determined by submersing the nanowires in simulated biological
solutions of varying salt concentration. Both four-probe/four-terminal and two-probe/two-terminal
electrical testing were conducted.

3.1.1 Mechanical Testing
A primary goal of this thesis was to build a nanowire sensor capable of penetrating a cell
membrane in order to measure intracellular electrical and/or chemical activity. Mechanical testing
involved mounting the device to a micromanipulator and inserting the nanowires into a mounted testorganism.
3.1.1.1 Test Organisms
The species Pyrocystis noctiluca was chosen for the mechanical testing. P. noctiluca is singlecelled bioluminescent alga of the kingdom Protista. It is a member of the phylum dinoflagellata whose
members consist mostly of marine plankton. P. noctiluca has many characteristics which make it a
suitable subject for proof-of-concept mechanical testing of the nanowire probes. As a eukaryote, P.
noctiluca has a defined cell nucleus and shares most intracellular characteristics with the animal
kingdom. Although many members of the kingdom Protista have rigid, plant-like cell walls, P. noctiluca’s
cell membrane is flexible, more closely resembling the pliable lipid membrane found in mammalian
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cells. As such, the forces required to penetrate the cell membrane of P. noctiluca should be on the same
order as the forces required to penetrate mammalian cells.
In addition to having an appropriately similar cell membrane, P. noctiluca’s large size was also a
benefit for the testing process. P. noctiluca typically grows to be 50-200 µm in size, making it relatively
easy to find using a conventional light microscope. Manipulating probes of such small size was a rather
tedious process, and having a large target to aim for made the insertion process much more
manageable.
The test organisms were supplied in a marine-like nutrient solution. For this experiment, 500µl
of organism-containing media was spread across tripticase soy agar. While agar is typically used as a
growth medium for bacteria and valued for its nutrient content, in this process it was used for its
physical attributes. Agar is a solid, yet soft gel at room temperature. Like any other hydrogel, agar will
readily absorb water. These two properties, soft structure and absorbency, were used to provide a
mounting surface for the test organisms. After the organism-containing solution was spread across the
agar, excess water was rapidly absorbed leaving the organisms immobilized on its tacky surface. The
soft surface of the agar would allow for sufficient displacement should the device inadvertently contact
the mounting material. In contrast, a rigid mounting surface, such as glass slide, could have caused
damage to the sensing device if the mounting surface was accidently struck.
3.1.1.2 Probe Insertion
For probe insertion testing, a single chip was clamped on the end of a micromanipulator. With
the aid of magnification, the device was carefully moved into position such that the nanowires were at
the edge of the cell membrane. Once in position, the nanowire probes were brought into contact with
the cell membrane and subsequently pressed into the interior of the cell. Movements of the probe
were limited to the axis parallel to the length of the length of the nanowire in order to limit the
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subjected force to compression and limit shear stresses. Figure 3-2 shows images of the insertion
process.

Figure 3-1: Nanowires prior to insertion. For scale, the length of each nanowire is 14.5µm, indicated by the distance between
the tips of the white arrows.
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Figure 3-2: Probe insertion process (from left to right) – Two probes are inserted into the test organism.

3.1.2 Electrical Testing
Electrical testing was conducted to determine the sensitivity of the nanoscale probes and to
examine the differences between the two-probe/two-terminal and four-probe/four-terminal electrical
results for nano-scale probes. An Agilent 4156C Precision Semiconductor Parameter Analyzer was to
generate an electrical signal and record the sensors response in a simulated biological environment.
3.1.2.1 Test Solutions
The nanowires were submerged in an electrolyte solution to simulate the environment in living
systems. Solutions of sodium chloride in phosphate buffer were prepared in concentrations ranging
from 0.3% w/w to 0.9% w/w, similar to salinity of human circulatory fluids [27]. Step size between
concentrations was 0.1%. The tight range served as a test of the sensors resolution. A second set of
higher concentrations, 5% w/w to 25% w/w sodium chloride, were prepared. Step size between
concentrations was 5%. The high concentration samples were used to show the sensor’s response to
electrolyte solutions as they approach the salt’s saturation point.
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3.1.2.2 Test parameters
Tests were conducted using two-terminal and four-terminal sensing functions of the Agilent
4156C analyzer. Four nanowires, each evenly spaced 100µm apart, were connected to the analyzer.
Forcing probes were connected to the contact pads of the two outer nanowires to generate the base
potential and current. Sensing probes were connected to the contact pads of the two inner pads; these
would be used to measure the voltage drop between these two sensing probes. To look at transient
effects, the probes were inserted into each test solution with the outer probes set to hold a constant
voltage of 0.25V while the current through the outer probes and voltage drop across the inner two
probes were measured over time.
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3.2 Results
3.2.1 Mechanical
The nanowires were tested for mechanical stability by inserting them into a test organism, as
described above. Testing showed that the nanowires were sufficiently robust to survive multiple
puncturing events through a cell membrane. Figure 3-2 shows a pair of probes successfully penetrating
a cell wall.

4.3.3 Electrical
Data output from the Agilent 4156C analyzer consisted of voltage and current measurements
across the four probes with respect to time. Two-point and four-point resistances were calculated from
these data. Figure 1-1 shows a schematic of the experimental setup as a series of resistors. Two-point
resistance was calculated using only the output from the ammeter and the driven voltage of 0.25V DC
across the outer legs of the probe system. For two-point measurements, device resistance (R1device and
R4device) and contact resistance (R1contact and R4contact) are included in the total resistance, contributing to
error in the measurement of the sample itself. Four-point resistance was calculated using not only
information obtained from the two-point measurement, but also voltage data obtained from the inner
legs of the device. Although device resistance (R2device and R3device) and contact resistance (R2contact and
R3contact) also exist in the inner legs, they have no bearing on the measurement of voltage because no
current flows across the voltmeter – the voltmeter is considered to have infinite resistance.1 The
voltage measurement across the inner legs can be considered absolute, in contrast to the voltage driven
across the outer legs which contains unknown error due to device and contact resistances. By
combining the voltage measurements from the inner legs with the current measurements from the
outer legs, the true resistance (R23sample) of the sample solution can be calculated without the errors
1

In reality, the current’s value is nonzero. According to the manufacturer (Agilent), the voltmeter has an actual
15
resistance of ≥10 Ω, sufficiently large to assume negligible current flow for the purpose of this experiment.
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inherent in two-point measurements. Results in this section show calculations of two-point resistance,
four-point resistance, device resistance, and contact resistance.

4.3.3.2 Equations
(Refer to Figure 1-1 for electrical schematic)
Two-Point Resistance (Rtotal) is calculated from the equation,

(4) Rtotal = R1contact + R1device + R12sample + R23sample + R34sample + R4device + R4contact = Vapplied/Itotal

where Vapplied = 0.25V and Itotal is the current between the outer legs of the device, obtained from the
instrument output. Contact resistance (R1contact and R4contact) and device resistance (R1device and R4device)
are included in this measurement and cannot be resolved without additional information.

With the addition of voltage data from the inner legs, four-point resistance (R23sample) can be calculated
from the equation,

(2) R23sample = Vsense/Itotal

where Vsense is the voltage drop between the two inner legs of the device, and Itotal is current flowing
across the system as determined in the two-point measurement above. The solution resistivity, ρ, can
then be gotten from Rsample = ρ*L/A. The assumption of a uniform current flow across a uniform crosssection is made here to convert the data into resistance. The current flow may not be uniform as shown
by the stream lines in Figure 1-1, and the cross-section carrying the flow may be distorted around the
contact regions at probes 2 and 3 due to the double layers there.

4.3.3.2 Data and Calculations
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Current and voltage were recorded from all four probes as stated in section 3.1.2.2 to totally
remove any interference from metal/solution and spreading resistance effects; i.e. this four probe
approach allowed for the measurement of the true solution resistivity. As argued in previous sections,
this approach allows accurate solution measurements when the probe and solution resistances are
comparable, when the probe resistance is larger than the solution resistance, and even when the probe
resistances (device and contact) are small compared to the solution resistance. The two-probe method
only gives meaningful results in the last case. Four-point resistance was calculated for each test solution
according to equation (2) which yields the sample solution resistance. The recorded signal was shown to
take roughly 50 seconds to stabilize after voltage was applied (Figure 3-3). As such, all results shown in
this section were calculated using the average (mean) values captured from t=50 seconds through t=100
seconds. Twelve (12) test solutions of varying sodium chloride concentration were tested. Four-point
and two-point resistances for each of these solutions are shown in Figure 3-4 and 3-5, respectively. As
noted earlier, the areas of the probes were less than 1 x 10-12m2. Probe spacing was 100µm for electrical
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Figure 3-3: Four-Point Resistance versus Time – Readings took nearly one minute to stabilize after voltage (0.25V DC) was
applied. Representative data from two concentrations are shown. Probe spacing is 100µm
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Figure 3-4: Four-Point Resistance versus NaCl Concentration – Values represent the average (mean) of data obtained from
t=50 seconds to t=100 seconds after voltage was applied. Probe spacing is 100µm

Two-point resistance was calculated using equation (1). Note: this measurement had three times the
path length as the four-point measurement (Figure 1-1) and the resultant value must be divided by
three to appropriately compare it to the four-point values. In addition, the stream lines may be
disturbed by the double layers around contacts 2 and 3, introducing some error into the measurement.
These double-layers are present even though these contacts are not active in the two-probe
measurement. One must also note that it contains the outer probe material/solution interface
resistances as well as the spreading resistances at the outer probes.
Figure 3-5 shows a graph of both two- and four-point resistances obtained from the same data
set. As seen in this figure, the two-probe measurement gave a resistance of roughly one order of
magnitude larger than the four-probe measurement. It can be concluded that the two-point
measurement is dominated by probe/solution resistance. Without using the concept of resistance, one
can see from Figure 3-5 that the constant voltage (0.25V) applied between probes 1 and 4 gives a
current flowing between probes 1 and 4 which decreases with increasing low levels of NaCl
concentration and then essentially saturates at about 5% w/w. This saturated current is approximately
50% below the lowest concentration current. The decrease in the current flowing for V=0.25V between
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probes 1 and 4 with increasing low concentration values is due to contact barriers to current flow
growing at probes 1 and 4 and becoming more of an impediment with increasing concentration, i.e. the
measurement is responding to probe 1 and 4 contacts only and is not giving information on the actual
solution. As seen from the data, these barriers become fully developed about 5% w/w causing the
current to saturate. Again, without using the concept of resistance, one can understand the four-probe
plot seen in Figure 3-5 by looking at the plot for the “raw” data, i.e. voltage V23 as a function of
concentration given in Figure 3-6. This plot shows that this same constant voltage (0.25V) applied
between probes 1 and 4, which is giving the just-describe current flow behavior with concentration
between probes 1 and 4, is simultaneously giving a voltage V23 between probes 2 and 3 which at low
concentrations drops with increased NaCl concentration. Since V23 must be proportional to the product
of the current between probes 1 and 4 and the solution resistivity, it follows that V23 in the low
concentration region is the result of decreasing current and decreasing resistivity. For concentrations
greater than 5% w/w, the two-point data of Figure 3-5 show that the current becomes essentially
constant. This implies that the concentration in the >5% w/w regime is not affecting the solution
resistivity.
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Figure 3-5: Four- and two-point resistance versus NaCl concentration – Values represent the average (mean) values obtained
from t=50 seconds to t=100 seconds after voltage was applied. The difference between two- and four-point values is due to
contact/spreading resistance at the probe/solution interface. Probe spacing is 100µm. Note: Two-point data is calculated
from R=V14/I * 1/3 to account for the 3x path length as compared to the four-point measurement.
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Figure 3-6: Voltage drop between inner probes, 2 and 3, versus NaCl concentration. Constant voltage (0.25V) was applied to
outer probes, 1 and 4. Values represent the average (mean) values obtained from t=50 seconds to t=100 seconds after
voltage was applied.
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Chapter 4
Discussion and Conclusion
4.1 Summary of Results
Results show that the design of the nanowire has the mechanical strength to pierce a cellular
membrane. The size and shape of the nanowires allowed the structure to pass through the cell
membrane with little resistance.
The definition of nanoscale is often stated as having features with at least one dimension of less
than 100nm. In this research, the original sensor design had a cross section of 50x90nm (without 10nm
passivation layer), a true nanoscale probe. However, this design proved to be structurally unsound,
failing during the cantilevering stage. Final dimensions of the successful design were approximately
600x200nm (without 10nm passivation layer), submicron-scale but not nanoscale by the standard
definition.
Electrical results in this research indicate that contact resistance is an increasing large problem
at such small scales. As shown in Figure 3-5, two-point resistance was roughly one order of magnitude
larger than four-point resistance measurement. At lower salt concentrations, the two- and four-point
resistance measurements were closer to each other. These results show that a two-point resistance
measurement at such small scale was incapable of precision; the effects of probe/solution interface
interactions are far too large. Device resistance was calculated to ensure that it did not significantly
impact the total resistance shown in the two-probe measurement. Calculations show that the device
itself, consisting of nanowires and circuitry, had a resistance of approximately 1400 Ω, far too low to
have any significant effect on the resultant signal.
At concentrations of less than 1% sodium chloride in phosphate buffer solution, the four-point
probe was capable of resolving a difference of 0.1% sodium chloride. Biological systems commonly have
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sodium chloride concentrations of less than 1%, making this sensor applicable to the environment
typically encountered in living systems.
Since V=IR, the results of Figures 3-4 and 3-5 show that two-probe measurements should be
done in the constant V14 mode, as was done. All variations in the probe 1 to probe 4 current (I) are
therefore due to changes in R, which may have contact origins, as has been shown. These results and
the discussion in Chapter 3 also show that the corresponding four-probe measurement should be done
in the probe 1 to probe 4 constant current mode. In that case all changes in V23 are due to changes in
solution resistivity. If this is not done, then two-probe and four-probe measurements must both be
used to deduce what is happening in the solution, as was done in this work.
Figure 3-4 shows resistance dropping with increasing electrolyte concentrations up to
approximately 5% sodium chloride by weight. Above this concentration, the four-probe resistance
values begin to be roughly constant or increase with increasing electrolyte concentrations. Since we
have deduced that the probe 1 to probe 4 current is roughly constant in this regime, it follows that the
solution conductivity is not changing significantly for NaCl concentrations greater than 5% by weight.
This behavior is counterintuitive. One would normally expect resistance to drop as the number of
charge-carriers increase, and one would expect the number of charge-carriers to increase with
increasing electrolyte concentration. However, this may not, in fact, be the case. Kohlrausch’s Law
states that the electrical conductivity of an infinitely dilute solution is directly related to the sum of its
ionic components, but at higher concentrations the equivalent molar conductivity of an electrolyte
solution drops in proportion to the degree of association of the electrolyte. In other words, an
electrolyte which does not fully dissociate, i.e. a weak electrolyte, will provide less charge carriers per
mole of the compound at high concentrations than it would at dilute concentrations. This is the case for
sodium phosphate, a weak electrolyte. While Kohlrausch’s Law can explain the conductivity being
roughly constant in the higher concentration range of Figure 3-5, it cannot alone explain a decrease in
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conductivity with increasing electrolyte concentration; it only states that higher concentrations may not
yield an increase in conductivity. Given the “noise” in the data of Figure 3-5 due to its being the
quotient of two measure quantities, it can only be said that the conductivity is roughly constant or
perhaps decreasing. These data could have been made more accurate by using the constant probe 1 to
probe 4 current mode as previously noted.
Because the conductivity may be decreasing in this higher concentration regime, other factors
must be considered in explaining the effects seen in the collected data. In the experimental setup, the
sodium chloride concentrations were varied, while the phosphate concentration remains constant in all
test solutions. Sodium chloride is a strong electrolyte, dissociating completely in solution regardless of
concentration. Solutions of sodium chloride show a linear increase in conductivity with increasing
concentrations. Its concentration alone cannot be responsible for the trends seen in this experiment. If
a decrease in conductivity is occurring, this must be due to the effects of increasing sodium chloride
concentration on the phosphate ion.
The phosphate ion, PO4-3, has varying degrees of association with sodium (Na+) and protons (H+)
in solution. The amount of association with these two positive ions depends on a variety of factors,
including electrolyte concentration, pH (proton concentration), and temperature. Consequently, the
PO4 complex may exist in a variety of states in solution, including PO4-3, HPO4-2, H2PO4-, and H3PO4. Each
of these states will have differing mobility in solution, due to both differences in charge and differences
in mass. With the addition of sodium, the PO4 complex may include all varieties mentioned above plus
substitutions of Na+ for H+ and resultant combinations. One could postulate that increasing the sodium
concentration would lead to a decrease in the mobility of the PO4 complex for two reasons: (1) a
significant increase in the complex’s mass and (2) charge shielding, both caused by association of PO4
(and its protonated states) with sodium. Literature confirms the existence of such phenomenon,
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whereby an increase in ionic concentration leads to increased Coulomb interaction between ions and a
decrease in the dielectric constant of the solvent, resulting in decreased conductivity [28].

4.2 Implications
As sensor designs continue to decrease in size, contact resistance becomes increasingly
significant. This phenomenon is especially problematic for probes of small cross-sectional area in
electrolyte solution, evidenced by the difference in resistance recorded from two- and four-point
measurements in this experiment. Two-point resistances were an order of magnitude larger than values
found by four-point measurements and calculations. The differences were far too large to be explained
away by measurement error. At the submicron scale the effects of contact resistance are large enough
to make data gathered via two-probe measurements invalid. Steps must be taken to reduce or
eliminate the effects of such impedance. This can be done conclusively with the use of four-point
measurements.
While this study has established that the use of four-probe measurements in the constant
current mode straightforwardly yields solution resistivity, it has also demonstrated the two-probe and
four-probe methodologies, when used together, give insight into contact-solution behavior which in
itself is very important in studying biomedical systems.

4.3 Future work
4.3.1 Sensor Design Improvements
While the design has shown itself to be worthy of its intended use, it could benefit from
modification, notably in material composition. Titanium is far too reactive to use in an electrochemical
sensor. Because it is easily oxidized, titanium may have been responsible for some of the erratic signals
seen in experimentation. The data shown above are the result of measurements taken from an input of
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0.25V. At higher voltages, the signals produced were extremely erratic. A likely explanation is that side
reactions were taking place at the electrodes, causing electrical fluctuations. Redox reactions involving
titanium and its oxides were very likely occurring, increasing with increasing voltage (Table 4-1). As the
voltage was lowered, the readings became more consistent. However, a minimum voltage was required
to generate a signal. At voltages below 0.1V, the signal deteriorated such that changes in concentration
could no longer be resolved.
Titanium was used as both an adhesion layer in processing, but also as a structural component
of the nanowires themselves, necessary to stiffen the relatively soft gold component. For future
designs, another inert metal such as platinum may serve as a suitable complement or replacement for
gold in this design.
Table 4-1: Standard reduction potentials for titanium relative to the standard hydrogen electrode [29]

Ti2+ + 2 e− Ti(s)
Ti3+ + 3 e− Ti(s)
TiO(s) + 2 H+ + 2 e− Ti(s) + H2O
Ti2O3(s) + 2 H+ + 2 e− 2 TiO(s) + H2O
TiO2+ + 2 H+ + 4 e− Ti(s) + H2O
2 TiO2(s) + 2 H+ + 2 e− Ti2O3(s) + H2O
TiO2+ + 2 H+ + e− Ti3+ + H2O

-1.63V
-1.37V
-1.31V
-1.23V
-0.86V
-0.56V
+0.19V

4.3.2 Alternate Experimental Design
As shown in Figure 3-3, the measured current took nearly one (1) minute to stabilize after
voltage was applied. Electrical testing was conducted using DC current, and it is likely that the
unidirectional flow resulted in charge buildup on the electrodes. This charge buildup forms an electrical
double-layer which behaves like a parallel-plate capacitor [15]. Figure 4-1 shows a simple circuit
representation of probe/liquid interface impedance. This impedance behaves as a parallel plate
capacitor and resistor connected in parallel. As voltage is first applied, ions flow freely through the top
half of the circuit, the capacitor C(dl). During this stage, the electrical double-layer is forming on the
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electrodes, and total resistive force is growing steadily from nearly zero to some steady value. This
phenomenon can be during the first 50 seconds of recording in Figure 3-3. After the double-layer has
formed (i.e. the represented capacitor is saturated), ions continue to leak due to electrochemical
reactions at the interface and also through diffusion. Leakage is inhibited by charge transfer resistance
R(ct), and diffusion is subject to “Warburg” impedance Z(w). Resistance calculations in this experiment
were based on data obtained after the signal stabilized, i.e. after the electrical double-layer was formed,
and modifying with concentration, at the probes. Consequently, it can be concluded that the probe
resistance measured was actually the sum of transfer resistance R(ct) and Warburg impedance Z(w).
These properties are probe/solution interface phenomena, and, as was shown, dominated any resistive
characteristics of the bulk solution. Had AC current been used instead of DC current, measurements
would have measured flow which was uninhibited by double-layer formation. At sufficiently high AC
frequency, C(dl) drops to zero, allowing for measurement of resistance in the bulk solution instead of
probe/solution interface properties. In other words, at sufficiently high frequency and with enough
measurements, the probe issues seen in the two-probe measurements can be shunted by the equivalent
circuit capacitor in Figure 4-1. Assuming that the high frequency solution resistivity measured in this
way is not dependent on frequency gives the solution resistivity.

Figure 4-1: Theoretical equivalent circuit model of liquid/probe interference impedance (adapted from E.T. McAdams et al.
[15])

4.3.3 Alternate Applications
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The nanowires in this experiment were arranged in a manner specifically for use as four-point
sensors. However, the design and fabrication of the nanowires themselves could be adapted to other
applications with very little modification. The nanowires are already set up as a linear array and could
be used for sensing neural electrical impulses. By sandwiching multiple chips together, multiple linear
arrays could be converted into a two-dimensional array.

4.4 Conclusion
This thesis shows a novel approach to designing sub-micron probe systems. The design of the
probe proved to be mechanically sound and capable of intracellular penetration. Proof of concept
electrical testing showed that probe/liquid interface resistances are a significant. This observation
makes clear that future sub-micron cellular sensor designs must take into account such phenomena and
make appropriate modifications to ensure that probe/liquid interface resistance is accounted for. As
shown, two-probe and four-probe measurements should be used together to allow study of contact and
solution effects in biological solutions. Additionally, more research should be conducted to determine
the precise behavior of ionic flow at nano- and micro-scales. Namely, four-point probe measurements
should be conducted with alternating current at the scales described in this thesis; alternating current
may eliminate polarization effects seen in this experiment. Overall, this probe shows promise for
sensing various cellular characteristics, including electrolytic properties of cellular fluids and
electrochemical cell signaling events.
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Appendix – Depiction of Fabrication Process Flow

II. Substrate Passivation – Thermal Oxide Growth

I. Substrate

Silicon Oxide (Thermal ~750nm)
Silicon (250um)

Silicon (250um)

Silicon Oxide (Thermal ~750nm)

III. Oxide removal
b. Buffered Oxide Etch

III. Oxide removal
a. Protective Resist – Top side

SPR 3012
Silicon Oxide (Thermal ~750nm)

SPR 3012
Silicon Oxide (Thermal ~750nm)

Silicon (250um)

Silicon (250um)

Silicon Oxide (Thermal ~750nm)

IV. Nanowire Structure
a. Metal Deposition

III. Oxide removal
c. Cleanup – Solvent

Silicon Oxide (Thermal ~750nm)

Gold/Titanium(~200nm)
Silicon Oxide (Thermal ~750nm)

Silicon (250um)

Silicon (250um)
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IV. Nanowire Structure
b. Ebeam Resist

IV. Nanowire Structure
c. Exposure

NEB-31 (~110nm)
Gold/Titanium (~200nm)
Silicon Oxide (Thermal ~750nm)

NEB-31 (~110nm)
Gold/Titanium (~200nm)
Silicon Oxide (Thermal ~750nm)

Silicon (250um)

Silicon (250um)

IV. Nanowire Structure
d. Develop

IV. Nanowire Structure
e. Gold Etch – RIE

Gold/Titanium (~200nm)
Silicon Oxide (Thermal ~750nm)

Silicon Oxide (Thermal ~750nm)

Silicon (250um)

Silicon (250um)

IV. Nanowire Structure
f. Cleanup – Oxygen plasma (RIE)

V. Electrical Contacts
a. Resist

Silicon Oxide (Thermal ~750nm)

SPR 3012
Silicon Oxide (Thermal ~750nm)

Silicon (250um)

Silicon (250um)
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V. Electrical Contacts
b. Patterning and Exposure

V. Electrical Contacts
c. Develop

SPR 3012
Silicon Oxide (Thermal ~750nm)

SPR 3012
Silicon Oxide (Thermal ~750nm)

Silicon (250um)

Silicon (250um)

V. Electrical Contacts
d. Metal Deposition

V. Electrical Contacts
e. Liftoff

Ti/Ni/Au (2nm/75nm/23nm)
Silicon Oxide (Thermal ~750nm)

Silicon Oxide (Thermal ~750nm)

Silicon (250um)

Silicon (250um)

VI. Backside Etch
a. Resist

VI. Backside Etch
b. Exposure

Silicon Oxide (Thermal ~750nm)

Silicon Oxide (Thermal ~750nm)

Silicon (250um)

Silicon (250um)

SPR 220

SPR 220
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VI. Backside Etch
c. Develop

VI. Backside Etch
d. Silicon Etch - DRIE

Silicon Oxide (Thermal ~750nm)

Silicon Oxide (Thermal ~750nm)

Silicon (250um)

Silicon (250um)

SPR 220

SPR 220

VI. Backside Etch
e. Cleanup – Solvent

VII. Wire release – RIE

Silicon Oxide (Thermal ~750nm)

Silicon Oxide (~750nm)

Silicon (250um)

Silicon (250um)

VIII. Passivation – ALD (Aluminum Oxide)

IX. Guard Removal

Aluminum Oxide (20nm)
Silicon Oxide (~750nm)

Aluminum Oxide (20nm)
Silicon Oxide (~750nm)

Silicon (250um)

Silicon (250um)

Aluminum Oxide (20nm)

Aluminum Oxide (20nm)
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X. Sensor exposure – Focused Ion Beam Milling

Aluminum Oxide (20nm)
Silicon Oxide (~750nm)
Silicon (250um)
Aluminum Oxide (20nm)
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