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CHAPTER I
INTRODUCTION
Nanoscience and Nanotechnology: Shaping Biomedical Research
“The impact of nanotechnology on health, wealth and lives of people will be at
least the equivalent of the combined influences of microelectronics, medical imaging,
computer aided engineering, and man-made polymers developed in this century[1].”
Nanotechnology has begun a revolution in science, engineering and technology,
as the Bioengineering Consortium/National Institutes of Health (BECON/NIH)
directorate has pointed out in a recent symposium. Scientists are beginning to design and
implement approaches at the molecular level, achieving sensitivity at levels not thought
possible before. The National Science and Technology Council defined nanotechnology
as involving research and technology development at the atomic, molecular, or
macromolecular levels in the dimension range of approximately 1-100 nanometers to
provide fundamental understanding of phenomena and materials at the nanoscale and to
create and use structures, devices, and systems that have novel properties and functions
because of their small and/or intermediate size [2].
Biosensing systems incorporate a variety of means, electric, electronic and
photonic devices, materials such as enzymes, nucleic acids, proteins and tissue and
chemical analysis, biomolecular interaction mechanisms to produce detectable signals for
the detection, identification and identification of biological phenomena [3]. Biosensing is
rapidly finding applications in health care, medical diagnostic systems, food production
and processing, detection and decontamination of biological and chemical toxins in
warfare and harmful pollutants in environment. Biosensing systems are increasingly
incorporating the fabrication methodologies of nanotechnology to miniaturize the
analytical systems, improve sensitivity and performance. Consequently, a whole new
world of nanobiotechnology and nanobiomedicine is evolving at a fast pace.
As pointed in the World Technology Evaluation Center (WTEC) Panel Report [3]
on the international research and development in biosensing, a number of factors have
been driving interest and investment in biosensing systems, the primary being the
1
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demand for healthcare aides such as those that assist diabetics cope with their disease,
blood glucose and cholesterol testing devices, and the need to find means for early
detection and treatment for cancer. The other important factors are monitoring and
controlling environment and most recently the need for security and surveillance systems
that can sense biological and chemical warfare.
DNA nanoparticles are being studied for their application as nonviral vehicles for
gene therapy. Viral vectors although are excellent vehicles to transport oligonucleotides
across the cell membrane, pose a threat to the immune system as they trigger the
generation of antibodies and proteins which result in serious side effects. Formation of
DNA nanoparticles involves the interaction of negatively charged DNA with positively
charged groups resulting in DNA condensation in nanoparticles. The positively charged
nanoparticles easily adhere to the surface of the cell membrane and are taken up by the
cells [4]. Functionalized nanoparticles find applications in cancer treatment by facilitating
targeted drug delivery. Current treatments of cancer serve only to prolong the life of the
patient but not cure the disease. Chemotherapy doses to treat patients cannot be increased
due to their high toxicity, low specificity and the possibility of relapse and acquired
resistance to the drug. Functionalized nanoparticles are very promising in the treatment of
cancer as they deliver the drug at the required concentration, facilitate controlled release
of drug, overcome multidrug resistance, prevent side-effects by localizing the drug
delivery, and exhibit high specificity in attacking in malignant cells. Nanoparticles either
act as drug reservoirs where the core carries the drug or as nanospheres in which the drug
is dispensed [4]. New approaches in small scale systems for in vivo drug delivery include
on-demand activation of molecular interactions, novel diffusion-controlled delivery
devices, nanostructured smart materials and surfaces and future prospects for coupling
drug delivery with sensors to localize and regulate the release of drug and increase its
efficacy while reducing the side-effects [5].
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Introduction to Nanosensors
There has been a growing interest in the field of electro-based sensors for
detecting biological and chemical species. These sensors are based on the principle that
the conformational/physical changes in the biomolecules following a recognition event
change the electrical properties of the contacting material. These sensors offer high
sensitivity and specificity. Recently, a number of research groups have reported
successful detection of biological and chemical species electronically [6-11]. Scheible
and Blick [12] demonstrated the operation of a vertical electromechanical single-electron
transistor. Their device was fabricated from silicon forming a nanopillar situated between
source and drain contacts. It has advantages of straightforward manufacturing. Their
device operated at room temperature and at frequencies in the range of 350–400 MHz. A
theoretical model of the operation of this device is given, explaining qualitatively the
obtained experimental data. Cui et al., [8] have developed nanowire nanosensors with a
single silicon nanowire as the gate in a transistor. The biotin modified silicon nanowires
were used to detect Streptavidin down to the picomolar concentration range. These
devices showed an increase in conductivity after the streptavidin bound to the biotin
modified gate surface. Star et al., [13] have developed field effect transistors with a
carbon nanotube as the conducting channel to detect specific protein binding. A polymer
coating was employed to avoid nonspecific binding. The change in the device
characteristic demonstrated the binding of streptavidin to the biotin.
The Biotin-Streptavidin Complex
Biotin (Vitamin H) is a small ligand molecule that has great affinity for the
protein Streptavidin. Biotin (C10H16N2O3S1) has a molecular weight of 224.31 g/mol.
Figure 1.1 shows the structure of biotin. Streptavidin, a protein derived from the
bacterium Streptomyces avidinii binds 4 moles of biotin per mole of protein [14, 15]. The
biotin-streptavidin system is the strongest noncovalent biological interaction known,
having a dissociation constant, Kd, in the order of 1015 M-1. Figure 1.2 shows the binding
mechanism of streptavidin to a biotinylated surface. Streptavidin has become widely used
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as a label as compared to its cousin avidin with similar binding affinity to biotin because
of its lower non-specific binding to nucleic acids and negatively charged cell membranes.

Figure 1.1: Chemical Structure of Biotin [14].
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Figure 1.2: Binding Mechanism of Streptavidin to a Biotinylated Surface
The strength and specificity of the biotin-streptavidin interaction has led it to be
one of the most widely used affinity pairs in molecular, immunological, and cellular
assays. The biotin-streptavidin complex is a well characterized system and is of great use
4
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in drug and pharmaceutical diagnostics where the interactions of small molecules with
the ‘target’ proteins are studied. Also, the high binding affinity of the system makes it
possible to immobilize biotinylated DNA strands on a substrate and to detect the
complementary DNA attached to streptavidin in the analyte solutions. This is a direct and
straightforward method for molecular recognition.
Thesis Outline
The objective of this work is to fabricate a biosensor consisting of a boron doped
silicon nanopillar array whose surface when modified with biotin exhibits a three
dimensional modulation in conductivity upon the addition of streptavidin. For this
purpose, direct write e-beam lithography technique is used to print a dot array on 950k
PMMA C7 resist and the nickel dots obtained after lift-off are used as an etch mask to
etch into silicon to realize the nanopillar array. A number of experiments are conducted
to optimize the exposure dose for the dot array pattern and understand the effect of
various parameters of the beam substrate and pattern on the dose required. A 25 X 25
silicon pillar array consisting of pillars with diameters 150-200nm and a spacing 1µm
between the pillars is fabricated. Surface modification experiments are done to
immobilize streptavidin on biotinylated silicon surface. An approach to the fabrication of
the top electrode has been suggested. A theoretical model is developed to explain the
conductivity modulation.
The thesis is organized as follows: Chapter II describes the status of and current
work being done in nanosensors incorporating nanostuctures and the rationale behind the
present work. Chapter III gives an overview of present day e-beam lithography systems
and the system used in the present work. Chapter IV gives a detailed description of the
procedures and processes followed in the fabrication of the pillar array and the results
thereof. Chapter V discusses the fabrication process flow to incorporate a top electrode
on the silicon pillars to facilitate electrical characterization. Also discussed in this chapter
is the theoretical modeling of the conductivity modulation.
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CHAPTER II
STATEMENT OF THE PURPOSE OF THE PROJECT
Electro-based Sensing Mechanisms
Biomolecule

recognition

has

for

long

been

based

on

fluorescence,

immunoradiological and mass spectrometry methods. However, owing to the complexity
in the detection system, use of expensive chemical and radiological labels, multiple
reagent steps and large analyte samples required in the methods, there has been a growing
interest in exploring other means of detecting the biological and chemical species.
Electronic detection is being studied extensively as an alternative approach to achieve
better sensitivity and specificity levels while addressing the difficulties involved in the
above mentioned detection schemes. Electro-based sensing is based on the principle that
the recognition event occurs at an interface and the physical changes occurring as a result
of the recognition event change the electrical properties of the contacting material
directly [3]. The localization of the binding event at the interface makes it more specific
even in the presence of background analytes. The sensitivity with which the changes in
electric currents and potentials can be measured makes electro-based sensors very
attractive. They offer the advantage of extension to form arrays and integration into
microelectronic chips thus facilitating batch fabrication and lower costs.
Various groups have demonstrated direct detection of DNA hybridization on
modified

silicon

surfaces

using

electrochemical

impedance

and

capacitance

measurements [16,17,18]. The capacitance and impedance of the heterostructure
consisting of the silicon substrate, dielectric and the analyte film was analyzed and the
corresponding measurements made identified and monitored DNA hybridization.
Recently, other groups have employed silicon nanowires and carbon nanotubes in fieldeffect transistors to design novel nanosensors for biomolecular and chemical detection.
The nanosensors fabricated by Cui et al. incorporated a boron doped silicon nanowire in
an FET [8]. The nanowire surface was modified with biotin and when the protein
streptavidin at the appropriate pH was introduced onto the devices they exhibited an
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increase in conductance. The net negative charge on the streptavidin at the pH of these
experiments causes accumulation of carriers in the p-type material thus increasing the
conductance. Figure 2.1 shows the schematic of their device.

Figure 2.1: Schematic of silicon nanowire based FET.
Star et al.[13] have incorporated a carbon nanotube as a conducting channel in
their FET to detect specific protein binding. A PEI/PEG polymer coating was used on
the nanotube surface to avoid non specific binding. A change in the device characteristic
was observed upon addition of streptavidin to the biotinylated channel surface. The
change in the source to drain current was measured for different gate voltages after
addition of the protein.
These channel surface functionalized field effect transistors incorporating either
semiconductor nanowires or carbon nanotubes as the channel in them have very high
sensitivity due to the variation in the charge density distribution within the ‘bulk’ of the
nanometer structure. As a result, the analyte sample size required is very small and the
limits of sensitivity can be pushed to single molecule detection levels. However, in both
cases, the biotin modified channel surface area available is limited by the length and
width of the nanostructure. The charge carriers within the ‘bulk’ of the nanostructure are
affected by the surface charges that are limited in number by the channel surface area
available.

7
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The Proposed Biosensor Model
The prototype protein biosensor entails fabricating a dense array of silicon pillars
whose surface when modified by biotin demonstrates three dimensional conductivity
modulation upon binding of the streptavidin. The advantages of such a model include:
the flexibility to vary the surface area to volume ratio over a wide range; match the
carrier concentration within the pillar to the surface charge concentration achievable; and
by modifying the roughness of the pillar walls vary the mean free path of the charge
carriers. The fully functional biosensor system allows working with nanoliter sample
sizes. The heart of the system is an array of silicon nanopillars that have biologically
functionalized outer coatings and can be integrated into an electronic detection scheme.
The extensive resources and data available for the modification of silicon/glass surface
can be taken advantage while modifying the surface of these pillars with biotin and
streptavidin. This biosensor integrates nanotechnology, microsystem technology, and
molecular biology. The assay is based on detection through electronic signal fluctuations,
quantifiable, and may accept crude extracts as samples. These improvements yield a
consistent and quantifiable signal that is sensitive and reproducible with a significantly
improved signal-to-noise ratio over conventional fluorescent systems.
When the surface of a boron-doped silicon pillar-like nanostructure is biotinylated
and treated with Streptavidin at a pH greater than the isoelectric pH which is between 5
and 6[19] , the negatively charged streptavidin attaches to the surface of the pillars. The
field from the negatively charged streptavidin alters the distribution of the excess charge
carriers in the pillar. These excess charge carriers drift toward the walls of the pillar. As
they encounter the rough walls of the nanopillars their mobility decreases due to
increased scattering. Consequently, the electrical conductivity of the nanostructure
decreases. By tracking the changes in the conductivity of the array of silicon (Si) pillars,
it is possible to detect the presence of the protein streptavidin.
In order to make the silicon nanopillar array, an array of Nickel nanodots will be
printed on a boron doped silicon substrate using direct write e-beam lithography
technique and a subsequent plasma etch of silicon with the nickel dot array as the mask
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defines the pillars. A 25 X 25 nanodot array with dot diameter150nm and dot spacing
1micron will be printed. The dots will be used as an etch mask to etch 1 micron deep into
silicon to obtain pillars 1 micron tall.
Immobilization of Streptavidin on Silicon Surface
Preliminary surface modification studies have been done on a silicon wafer. The
wafers were pretreated in RCA clean to remove the organic residues and other
contamination. RCA solution was prepared by mixing H2O, 30 % H2O2 and NH4OH in
the ratio 5:1:1 and the wafers were immersed in it. The advantage of using the RCA clean
is not only to remove the organic contaminants but also make the surface of the wafer
hydrophilic. When the wafers are wetted in water, they form silane (≡Si-OH) bonds on
the surface which facilitate the binding of BSA biotin to the wafer surface. They were
then rinsed in 2M ammonia followed by a rinse in double distilled water [20]. The
ammonia, water rinses were repeated three times and a few 5uL drops of biotin BSA
were deposited onto the wafer and incubated at room temperature for about 4- 6hrs. The
wafer was then rinsed in double distilled water to remove the unbound BSA biotin. A
1ml/uL drop each of streptavidin coated polystyrene beads (6.7um in dia, Spherotech®)
was deposited on the biotin bound areas of the wafer and incubated for an hour. The
wafer was then rinsed multiple times in double distilled water to remove the unbound
Streptavidin and dried. The wafer was then studied under the SEM. Streptavidin coated
polystyrene beads were observed to be bound to the surface. Figures 2.2 (a) and (b) show
the attachment of streptavidin to a biotin modified silicon substrate.
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50µm

(a)

(b)
Figure 2.2(a) & (b): SEM Image showing streptavidin attached to a silicon substrate
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These initial surface modification studies show that streptavidin binds to the
biotinylated silicon surface specifically and that similar immobilization techniques can be
adopted for modifying the surface of the silicon pillar array.
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CHAPTER III
ELECTRON BEAM LITHOGRAPHY SYSTEM
Electron Beam Lithography Overview
Electron Beam Lithography is a non optical lithography technique where the
resist is exposed to a beam of electrons. The computer aided design pattern is transferred
onto an electron beam resist applied on a substrate and the patterned resist layer serves as
a subsequent mask for pattern transfer onto the substrate itself. The main advantages that
e-beam lithography offers are a very high resolution and flexibility of pattern change
which only involves a change in the computer aided design pattern file. Electron beams
typically have effective wavelengths much smaller than the minimum feature size even in
high resolution patterning, and are therefore not diffraction limited. This offers a
significant edge over the optical lithography techniques where the minimum resolution is
comparable to the source wavelength. However, e-beam lithography is primarily a serial
process and at present, not the best lithography technique in high-throughput tasks such
as dynamic random access memory fabrication.
Currently, the two most important applications of e-beam lithography are the
fabrication of high resolution masks used in projection optical lithography and lowvolume prototyping and fabrication of ultra small features in research and development
for futuristic applications. By large, there are two widely used schemes of e-beam
lithography, projection printing and direct writing. In the projection printing, electron
beam passes through a mask and hits the resist-coated substrate while in direct writing a
focused spot of electrons writes the pattern directly on the resist.
Two significant developments came in the projection printing with the invention
of Scattering with angular limitation in projection electron beam lithography (SCALPEL)
by the BELL Laboratories [21] and the projection reduction exposure with variable axis
immersion lenses (PREVAIL) by the IBM [22,23]. The SCALPEL technique uses a
specially designed mask consisting of a low-atomic number material membrane on top of
which the pattern in a high atomic number material such as tungsten is coated. The
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electrons scattered off at higher angles from the pattern material are blocked using
suitable optics while the electrons passing through the membrane hit the resist-coated
substrate and form a high contrast image. Mask heating and subsequent thermal distortion
are reduced as the fast moving electrons are blocked and thus do not deposit incident
energy in the mask.
The most salient feature of the PREVAIL technique is the variable-axis lens
system to eliminate off-axis aberrations. The lens system shifts electron optical axis along
a preset curvature and precisely deflects the electron beam to follow the variable axis
curvature. The pattern field in both the above techniques still remains much smaller than
a 300mm wafer imposing strict constraints on the mechanical positioning of the mask and
wafer to enable field stitching. The wafer positioning is limited by slow acceleration and
stage speed lowering the throughput significantly.
Direct writing is the most commonly used technique for writing very fine patterns
and does not involve expensive optics and masks. A finely focused Gaussian beam of
electrons writes the pattern onto the resist as the wafer moves. Although it suffers the
handicap of very low throughput as the beam writes one pixel at a time, this method is
still the most suitable for future nanofabrication and research and development.
Components of an E-beam Lithography System
An e-beam lithography instrument is very close in its architecture to a scanning
electron microscope. While the electron beam is used to read the image of the specimen
in case of scanning electron microscopy, it is used for writing a pattern onto a substrate in
e-beam lithography. Hence, the electron gun, vacuum system and the control mechanism
for manipulating the beam form the heart of the e-beam lithography system.
The electrons generated in the electron gun pass through different sets of
electromagnetic lenses, apertures and beam deflectors and form either a highly collimated
beam or a finely focused spot before writing the pattern onto the substrate. A very precise
control mechanism manipulates the stage position and substrate translation, electron
optics, beam blanking, timing and data handling. A very efficient high vacuum system is
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required for the generation and unrestricted propagation of the electron beam through the
chamber to the substrate.

Figure 3.1: Components of an e-beam lithography system [24]
1. Electron Optical System: The components of the electron-optical system are
lined up in the length of the high vacuum emission chamber. Electrons are
generated at the emission gun and travel through sets of electromagnetic lenses,
beam shaping apertures, deflector and stigmator coils after the cross-over point
and reach the surface of the workpiece. The electron guns are classified into
thermionic and field emission types. Thermionic guns typically use either a
tungsten or a lanthanum hexaboride wire bent in the shape of a hairpin which
when heated to very high temperatures using a DC supply boils off emitting
electrons. The field emission gun system has a tungsten wire with a very sharp tip
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which acts as the cathode and a flat disk anode that is located in front of the tip.
The cathode is applied a negative bias of 30 -100KV as compared to the grounded
anode and the high electric fields generated help electrons in the tungsten wire tip
to tunnel past the work function of the metal and travel towards the anode. The
vacuum requirements for the field emission guns microscopes are more stringent
compared to the ones that have a thermionic gun.
Lenses are critical components performing various functions such as
demagnifying the beam, shaping it and providing a more uniform distribution of
current density within the cross-section of the beam. The focal length and other
properties of these lenses are modified by varying the strength of the
electromagnetic fields. There are a number of apertures at various positions
throughout the length of the column to shape and size the beam. They reduce the
solid angle of the beam when it passes through and filter out the off-axis beam
components that cause the largest aberrations. The beam blanking system turns
the beam on and off as required while exposing the noncontiguous areas of the
pattern on the resist. The system consists of a set of electrostatic deflector plates
which are suitably biased so as to deflect the beam off the axis when the beam
needs to be switched off.
2. The Vacuum System: The vacuum system maintains the different parts of the
chamber at the required vacuum levels. It is designed in a way to facilitate the
sample exchange at atmospheric pressure without changing the gun vacuum. Field
emission microscopes have more stringent vacuum requirements with gun
vacuum levels up to the order of 10-12Torr.
3. The Master Control System: The system control computer coordinates the
functioning of the different components of the system, maintains the appropriate
vacuum levels at different points of the system, configures and establishes the
beam parameters, adjusts deflections and alignments, regulates the stage
movements, monitors the flow of data from the pattern file to the hardware,
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deflection and blanking systems, and initiates safe startup, sample exchange and
shut down procedures.
Interaction of the Electron Beam with the Resist Material
The physics of the electron beam exposure is guided by the electron-solid
interactions which are in turn governed by the electron beam energy, resist and substrate
materials and the resist thickness. When the electron beam hits the resist, two kinds of
electron scattering events, forward and backward scattering occur. Forward scattering is
characterized by small-angle deflection of the electrons resulting in the broadening of the
beam as it passes through the substrate. Backward scattering is characterized by largeangle deflections, almost 180º from the direction of the primary electron beam. These
scattered electrons cause more scattering in the resist depositing energy in it away from
the primary beam, leading to pattern distortions. This undesirable, additional exposure of
the resist causing pattern distortions is termed as Proximity effect.
To minimize exposure of the resist due to electron scattering, high energy beams
may be used as they penetrate deeply into the substrate and the beam broadening is
minimal. Alternatively, low energy beams with sufficiently low energies may be used so
the electron range is smaller than the minimum feature size and proximity effect is
eliminated. Use of an intermediate layer with atomic number less than the substrate
between the imaging layer and the substrate can reduce the backscattering of electrons
into the imaging layer. Also, the thickness of the imaging layer can be reduced to
minimize forward scattering. The introduction of the intermediate layer however may
increase the number of processing steps. Another proximity effect correction technique is
to vary the exposure dose within a pattern to compensate for the over/under exposure of
different pattern elements because of interproximity and intraproximity effects. This
approach requires additional functionalities in the CAD software that can analyze pattern
data and vary exposure dose for various pattern regions.
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Types of Electron Beam Resists
The electron beam resist is usually a high molecular weight polymer coated on the
substrate to record the latent image of the exposed pattern. At the end of the e-beam
lithography process, a relief structure of the exposed pattern is formed in the resist layer.
The electron beam when impinges on the resist layer, deposits radiation energy which
alters the strength of the links in the main and side chains of the resist polymer.
Depending on whether the links are weakened or strengthened upon exposure to the
electron radiation, resists are divided into two types, positive tone and negative tone. In
case of positive e-beam resists, during the development process, when the exposed resist
is immersed in a suitable solvent, the weakened links are broken and get washed away in
the solvent. In case of a negative tone resist, the cross-links in the polymer are
strengthened and become less soluble in the developer. Most resists are in a liquid form
cast in a solvent.
The most common positive resist used in e-beam lithography is the Polymethyl
methacrylate (PMMA). It has a very high resolution and does not suffer from swelling. It
is cast either in chlorobenzene or the safer solvent anisole. The exposure mechanism for
the PMMA resist is the scission of the exposed polymer chain but at a dose of one order
higher magnitude, it is known to exhibit negative tone. The most common developer is
1:3 methyl isobutyl ketone and isopropanol. The drawbacks of PMMA are its poor
sensitivity and poor dry etch resistance. The copolymer P (MMA-MMA) improves the
sensitivity by about four-fold and develops in the same solvent as PMMA.
The Shipley Advanced Lithography (SAL) product line is the most popular
negative tone resist being used in e-beam lithography. The resist consists of a novolak
resin, cross linker and a photo-acid generator. Upon exposure, the photo-acid generator
produces an acid which catalyses a reaction with the cross linker during post exposure
bake resulting in a negative tone. COP, an epoxy copolymer of glycidyl methacrylate and
ethylacrylate and CMS, chloromethylated polystyrene are two resists from the SAL
product line.
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The Leo Supra 35 FESEM and the Nanometer Pattern Generation System
In the present work, the Leo Supra 35 field emission scanning electron
microscope has been used in conjunction with the Nanometer Pattern Generation System
to carry out the e-beam lithography process. Nano dot arrays were printed on to the ebeam resist using direct writing technique and the pattern was subsequently transferred to
the substrate using the lift-off technique. Leo Supra is a fully computer controlled system
and all operations, settings and functions for handling the microscope can be done using a
keyboard and a mouse. Stage control in all the axes is done using a joystick [25].
The Nanometer Pattern Generation System (NPGS) is an SEM based lithography
system and is a powerful research tool. Patterns of sizes from nanometer scale to the
maximum field of view of the microscope, which can be as large as 10mm, can be
written. The lithography process involves three steps, Pattern Generation, Run File
parameter creation and Pattern Writing. The pattern generation is done using DesignCAD
which is a commercially available computer aided design program. The exposure
conditions which are resist and pattern specific are set in the Run File using the Run File
Editor and finally the pattern is written using the program NPGS[26].
The rationale for choosing direct writing e-beam lithography technique for
fabricating the dot arrays is that the diameter of the nanodots is about 150-200nm and
feature sizes in this scale are possible in the Maddox research lab only using e-beam
lithography. Also, direct e-beam writing offers the flexibility of changing the dot array
parameters such as the dot diameter and spacing very easily by simply altering the
DesignCAD pattern file. Thus, the array size and density are easily manipulated as the
need arises. Another advantage of using the direct writing technique is that the metal
layer (in this case, Nickel) deposited for the lift-off process acts an etch mask for
subsequent plasma etching step to realize pillars in the silicon substrate.
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CHAPTER IV
FABRICATION OF THE SILICON NANOPILLAR ARRAY
A design for the basic process flow to fabricate the silicon nanopillar array has
been developed. Most of the processing steps involved in the fabrication of this biosensor
are regularly employed in microelectronics industry and thus are compatible with the IC
industry technologies. This offers advantages such as monolithic integration, use of the
existing vast knowledge of these processing steps to optimize the fabrication process of
the biosensor, and potential for batch production which makes these devices inexpensive
and disposable.
Process Flow Design for Fabrication of the Silicon Nanopillar Array
The basic steps involved in the fabrication of the nanopillar array are a) direct ebeam writing of the pattern on the resist, b) pattern transfer onto the substrate and
c) plasma etch to realize pillars in the substrate.
a. The e-beam lithography process consists of making the pattern file in
DesignCAD, preparing the substrate, setting the optimum exposure parameters
using Run File Editor and Pattern Writing.
b. The pattern transfer onto the substrate involves development of the latent image in
the resist, metal deposition, and lift-off using the appropriate solvent.
c. The final result of the pattern transfer process is a substrate with a nickel dot array
on it. The Ni metal dots are used as dry etch mask to etch into silicon to make the
silicon nanopillars. Each of these steps is discussed in detail in the following
sections.
Figure 4.1 shows a schematic of the design process flow steps for fabricating the
silicon pillar array. Each of these steps in the process flow is explained in detail in the
following sections.
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Figure 4.1: Schematic of Design Process Flow
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Pattern File Design Using DesignCAD
The greatest advantage offered by the direct write e-beam lithography is the
ability to achieve sub-nanometer geometries without X-ray optics. The pattern is
designed using a computer aided design program and can be modified just by a change in
the pattern file. The pattern files in NPGS, the SEM based lithography system used in the
present work, are created using DesignCAD LT 2000. The NPGS menu (Figure 4.2) is
the main window through which all of the NPGS files and functions can be accessed. In
order to create a DesignCAD pattern file, the DesignCAD program has to be accessed
from the NPGS menu.

Figure 4.2: The NPGS Main Menu
DesignCAD has powerful drawing and editing features and allows one to draw
most elements such as points, lines, arcs, circles and filled polygons with up to 999
vertices. Text in various fonts can be included in a pattern. The pattern units in inches in
DesignCAD are interpreted as microns by NPGS. DesignCAD has an NPGS command
menu that contains most of the custom commands one would need while designing
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patterns. One of the commands ‘NPGS-MaxMag’ checks the size and centering of the
pattern. It checks if the magnification of the pattern is less than the maximum
magnification of the microscope at which this pattern can be written. This ensures that
the pattern area is less than the size of the writing field and fits in it. Pattern elements that
require different exposure dose can be drawn in different layers and in different colors.
This feature is of great use, particularly, when one is optimizing the dose for a pattern.
A pattern file was created to print a 25 X 25 array of dots with dot diameters
ranging from 150-200 nm for dot spacing 1.0µm. Figure 4.3 shows the snapshot of the
pattern file. The pattern file is attached in the appendix with the name Dots_4X4.dc2.

Figure 4.3: DesignCAD Pattern File for the Dot Array
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The pattern was created using the ‘PolyFill’ function. A square of the desired
area, with side 25 µm was drawn by specifying the coordinates of the vertices of the
square. By specifying the desired center-to-center and line spacing in the Run File Editor,
the desired number of dots can be printed. In order to understand the effect of center-tocenter and line spacing on the exposure dose, three more copies of this square have been
made in different layers but in same color using the ‘MakeArray’ function. The pattern
now has four squares. A 2 X 2 array of this pattern has been created in the same layer but
in different color. This enables specifying different dot spacing and exposure dose for
each of these squares in the Run File Editor. The origin of the pattern is set at the center
of the entire pattern. The pattern is saved using the NPGS-save command.
Substrate Preparation
The electron beam resist used in the current fabrication process is the 950k
PMMA C7 (supplied by Microchem) [27]. PMMA is a high resolution positive e-beam
resist and is formulated by Microchem in 495,000 and 950,000 molecular weight resins.
The polymer is cast in either chlorobenzene or the safer solvent anisole. The naming
convention 950 PMMA C7 indicates that the molecular weight of the polymer is 950,000
and the solvent is solids 7 % chlorobenzene.
The reason for this particular choice of resist is that a layer of thickness 1µm can
easily be obtained as compared to the much lesser resist thicknesses in case of PMMA in
anisole. The 1µm thick resist layer allows deposition of 100nm thick metal layer for the
lift-off process, which later serves as a dry etch mask without suffering sputtering.
The silicon substrate is cleaned in acetone and methanol and blown dry. Wafer
cleaning procedures such as RCA clean or an oxygen plasma treatment are employed as
necessary. The substrate is then baked in oven at 185ºC for 2 minutes. The spin speed
curves for 950k PMMA C resists are shown below.
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Figure 4.4: Spin Speed Curves for the 950k PMMA C Resists [27]
A couple of drops of the resist are dispensed on the substrate using a dispenser
and spun at 4000rpm for 30 seconds. This leaves behind a resist layer of uniform
thickness 1µm. The substrate is then baked at 185ºC for 2 minutes. The substrate is now
ready for the electron beam exposure.
The Exposure Conditions and Parameters of the Run File
Once the pattern file has been created, the exposure conditions for the pattern are
set in the Run File using the Run File Editor. The advantage of having a pattern file
separated from the corresponding run file is that only the run file parameters need be
changed to change the exposure recipe. The run file is basically a series of steps for the
NPGS.exe file to read and perform while writing the pattern. A run file may contain
entities such as individual patterns, fracture patterns, alignment patterns, stage movement
commands or even comments. Each run file may be used to define up to 5000 entities.
The run file is created from the NPGS menu by clicking on Run File Editor command.
The run file window (Figure 4.5) is divided into two halves where the entities to be
processed are specified on the left half side of the window while the parameters of
exposure for each of the entities are defined on the right half of the window.
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Figure 4.5: The Run File Editor Window
On the left half of the window, the entity type is selected. When a pattern is
selected for entity type, the name of the corresponding DesignCAD file for this pattern is
entered in the pattern name field. The number of times the pattern is to be written and the
relative distance to move in the X and Y directions from the center of the previous pattern
to the center of the present pattern to be written are entered in the next two fields. When a
pattern is highlighted by clicking on the pattern name field, a list of the various exposure
conditions are brought up in the right half of the window. The parameters displayed are
the default values read from the system files and must be specified to optimize the
exposure of the particular pattern. The set of exposure parameters is listed for every layer
within a pattern. The origin of a layer can be set different from the origin of the pattern
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by setting the origin offset parameter. The magnification at which the pattern is to be
written is set in the magnification field. This value has to be lesser than the maximum
magnification value which is adjusted so that the pattern is within the writing field of
view of the microscope. The center-to-center spacing is the distance between adjacent
exposure points as the beam writes a line. Similarly, the line spacing is the distance
between adjacent lines as the beam fills an area while exposing a filled polygon. For the
dot array pattern, the center-to-center and line spacing correspond to the column and row
spacing. Each point on the resist that is exposed to the e-beam also gets energy from the
exposure of neighboring points. The denser the pattern the lower the dose required. Thus
the lower the center-to-center and line spacing, the denser the pattern and the lower the
exposure dose required. The beam current measured using the picoammeter is entered in
the measured beam current field. Depending on this value, if the exposure dose is
specified, the dwell or the time for which the beam rests at a point on the pattern is
calculated and vice versa. The exposure dose can be a point, line or an area dose. Also,
within a layer, the dose for various elements of the pattern in different color can be
specified to vary linear, exponential or polynomial fashion.
The exposure conditions need to be optimized for both the resist type and also the
pattern. In order to determine the exposure dose to see a developed pattern on the 950k
PMMA C7, a couple of other patterns such as the Stars and Wheels patterns have been
included in the run file. The DesignCAD files for these patterns are attached in the
appendix. These sample patterns are recommended by the suppliers of the NPGS to
optimize the dose for a resist initially and optimize the microscope settings for e-beam
lithography. The stars pattern develops well for a wide range of exposure doses even with
less than ideal focus and stigmation. The wheels pattern on the other hand clearly shows
any underdeveloped regions, focus or stigmation problems. This helps the user to
optimize the microscope settings better and vary the exposure dose as needed. All the
DesignCAD files used in a run file must be available in the current project where the run
file is created.
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In order to optimize an exposure recipe, one has to have a good understanding of
a number of factors that affect the latent image formed such as the electron beam
characteristics, the resist and substrate materials, the pattern itself and the microscope
settings. Figure 4.6 summarizes the various factors that need to be considered while
setting the correct dose, each of which are described in the rest of this section.

Substrate type

Material

Resist Type

Latent Image

Resist Thickness
Accelerating Voltage

Electron Beam

Beam Current

Exposure Recipe
For
E-beam
Lithography

Linewidth
obtained

Pattern Linewidth

Pattern

Pattern Density

Optimum
Microscope
Settings
Figure 4.6: Parameters Affecting the Exposure Dose
As discussed in a previous section on the interaction of the beam with the resist
and substrate materials, two types of scattering events occur when the beam hits the
sample. There is broadening of the beam as it moves through the resist into the substrate
due to forward scattering of electrons at small angles. These electrons deflections being at
smaller angles do not have significant interactions with the resist. The beam broadening
due to forward scattering reduces with decreasing resist thickness and atomic number.
Most of the energy from the primary beam is deposited in the substrate. A high atomic
number substrate material generates more secondary electrons at the surface that are
scattered at large angles. These back-scattered electrons reach the resist and deposit their
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energy a few tens of nanometers away in the resist causing undesired exposure of the
resist. This effect, termed as proximity effect is more pronounced for a GaAs substrate
than for a silicon substrate. Thus, a substrate with lower atomic number would need a
lower primary dose.
The higher the acceleration voltage, the deeper the beam penetrates into the
substrate and the lesser the number of secondary electrons at the surface to expose the
resist. Higher energy beams produce finer features due to reduced beam broadening. The
beam current affects the spot size, with higher beam currents increasing the spot size.
Smaller spot sizes have better resolution resulting in finer lines. The smallest spot size is
obtained at the highest accelerating voltage and lowest beam current. A low beam current
is desired when printing very fine features.
The optimum exposure dose for a certain pattern is dependent on pattern
parameters such as pattern linewidth and pattern density. Every point in a pattern receives
energy from the primary dose as well as energy from backscattered electrons. The center
point of a square pattern will receive energy from the primary dose combined with energy
from backscattered from all four quadrants around it as compared to the point at the
corner of the square which receives the same amount of energy from the primary dose but
energy from the backscattered electrons from only one quadrant. This leads to rounding
of the square corners after development. A single dot of a certain diameter requires more
dose than an array of dots of the same diameter. Hence, the deposited energy at a point on
the resist is a function of the pattern dependent parameters such as pattern density and
shape.
The optimization of exposure recipe requires a thorough understanding of all the
parameters that effect the formation of the latent image coupled with an understanding of
the working of the microscope and practice for optimizing its settings and obtaining a
good focus and stigmation. The sample has to be positioned flat without any tilt in its
position to avoid variation in exposure dose across the pattern.
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Pattern Writing
The pattern writing process involves sample preparation, sample mounting,
optimizing the microscope settings for obtaining good focus and correcting astigmatism,
positioning the sample under the beam and invoking the NPGS.exe program which writes
the pattern on the resist.
The silicon substrate with the 950k PMMA C7 resist is cleaved using a diamond
scribe to obtain square pieces of size 1cm X 1cm. A square sample is taken and blown
dry to remove any dust left on surface due to cleaving. A clean edge of the sample is
chosen and five equidistant scratches each 1mm in length are made along this edge using
a diamond scribe. The opposite edge is noted and used for subsequent handling of the
sample. The sample is mounted on a sample holder and fixed firmly using a spring clip.
Care is taken to rest the spring clip at the center of the sample so the sample is not tilted.
The sample holder also has a faraday cup and a gold standard mounted on it and needs
careful handling to avoid scratches on the gold standard.
The SEM interface program is invoked in the computer connected to the scanning
electron microscope. The sample is loaded into the SEM chamber following standard
sample loading procedures. At this point the RemCom32 program is started to interface
the microscope with the NPGS system. The gold standard is brought under the lens and
the microscope is operated and optimized at the settings as shown in Table 4.1.
Table 4.1: Microscope Settings used for E-beam Lithography
Accelerating Voltage

30kV

Working Distance

6mm

Aperture

30µm

Detector

Secondary Electron (SE II)

SEM Magnification Mode

Polaroid
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The gold standard is brought into focus at a very high magnification (field size
equal to or smaller than a micron). At this magnification the astigmatism in the beam is
corrected by changing the stigmation such that the image quality goes from bad to good
then to bad. Finally, the stigmation is set at a point where the image quality is the best. It
is very important to correct the astigmatism in the beam to ensure that all elements of the
pattern receive the specified amount of beam energy. Any astigmatism would cause lines
at different angles in the pattern to receive different amounts of dose resulting in some
lines overexposed and the lines at right angles to these underexposed. The Wheels pattern
is included in the run file to check for any astigmatism in the beam as this pattern when
developed easily reflects the effects of astigmatism. Once the astigmatism is corrected, it
is kept unchanged for the rest of the pattern writing process.
The beam current is measured by connecting a picoammeter to the microscope
and focusing the beam at the center of the faraday cup. The run file is updated with the
measured beam current value and saved. The sample edge with the scratches is brought
under the lens taking care not to expose it to the electron beam. At a very high
magnification, the end of the scratch is focused. The beam blanker is turned on and the
microscope set to be controlled by the NPGS program. The pattern writing is initiated by
clicking on the Process Run File from the NPGS menu and hitting space bar to start the
actual writing process. When the Process Run File is executed, the NPGS.exe file is read
which in turn invokes the PG.exe and the Al.exe files and carries out the instructions
specified in the run file. The patterns were written as close to the end of the scratch as
possible to keep good focus. Once the pattern is written, the beam blanker and the beam
are turned off and the sample brought out of the chamber.
Development of Latent Image
The deposition of energy in the resist by the electron beam results in the
formation of a latent image of the DesignCAD pattern on the resist layer. The subsequent
step in the design flow process, development of latent image, involves the transformation
of the resist layer into the three dimensional representation of the DesignCAD pattern.
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The 950k PMMA C7 is a positive tone resist with very high resolution. When
exposed to the electron beam, it undergoes scission of the polymer chain backbone
resulting in lowering of molecular weight. The lower molecule fragments are selectively
dissolved away in the developer methyl isobutyl ketone: isopropanol (MIBK: IPA).
MIBK is the solvent and active component and controls the solubility while IPA is the
non-solvent. As the percentage composition of MIBK increases in the developer solution,
the develop process becomes faster and more aggressive but the resolution decreases. The
developer used for the present application is 1:3 MIBK: IPA to obtain a high resolution.
The sample after the e-beam exposure is immersed in a solution of 1:3 MIBK: IPA for 30
seconds and then in isopropanol for 60 seconds. It is then blown dry in nitrogen and
examined under a light microscope for the developed pattern.
Lift– Off Process
The patterned resist layer serves as a template for pattern transfer onto the
substrate. Lift-off is an additive pattern transfer technique that involves deposition of a
metal layer on the substrate with the patterned resist. When the substrate is immersed in a
solvent capable of dissolving the resist, the metal deposited directly on the substrate
remains while that on top of the patterned resist gets lifted away as the resist dissolves.
Figure 4.7 below shows a schematic diagram of the steps in a lift-off process.
Evaporated
Metal

Solvent

(a)

(b)

(c)

Figure 4.7: Steps in a lift-off process
The metal layer is deposited using electron beam evaporation. The characteristic
feature of e-beam evaporation is its limitation in covering the side walls. However, when
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used in the lift-off process, this becomes an advantage as the discontinuity in the metal
layer helps the solvent attack the resist dissolving it away. Sputtering cannot be used to
deposit metals for lift-off because of angular deposition which covers the sidewalls as
well preventing the solvent from reaching the resist. An undercut resist profile assures a
break in the metal layer with almost zero sidewall coverage. The advantages of the liftoff process are its infinite selectivity with no undercut, absence of substrate damage and
ease of use as it requires only a wet bench with occasional ultrasonic agitation. However,
lift-off process limits the metal deposition temperatures to 200 to 300ºC where resist
begins to degrade. Another shortcoming of this process is that the metal pieces lifted off
are in the same bath and may redeposit on the substrate or contaminate it.
After the development of the resist, a 100nm nickel layer is deposited on the
sample using e-beam evaporation. The reasons for choosing nickel are that it adheres
very well to the substrate and also acts as a very good mask material for the subsequent
plasma etch step. The thickness of the metal layer is chosen as 100nm to withstand the
plasma during the reactive ion etching without sputtering away and still enabling a good
lift-off. Electron beam evaporation is a common deposition technique used to deposit
metals and sometimes dielectrics. The main components of the e-beam evaporator are the
vacuum system consisting mainly of a roughing and a cryo pump, the vacuum chamber
where samples, target are loaded and deposition proceeds, and a deposition controller
which is programmed to control the deposition rate, power and deposited layer thickness
specific to a material. The electron beam is generated by means of thermionic emission
from a tungsten filament which is heated up to a very high temperature by supplying
current. The electrons boiling off of the filament are directed and shaped into a focused
beam using electric and magnetic fields. The electron beam hits the target, a graphite
crucible consisting of a nickel pellet, heats it and evaporates the metal. The evaporated
metal reaches the sample placed directly above and deposits on it. The various steps
involved in the deposition process are described below.
1. The Chamber is vented and the upper dome is raised to open the chamber. The target
metal, nickel in a graphite crucible is placed in the appropriate slot designated for
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nickel. The sample is mounted on a wafer and placed in the sample holder to face the
crucible slot.
2. The chamber is closed and the chamber roughed to a pressure of 3 X 10-2Torr by
running the roughing pump.
3. The chamber is further pumped to a pressure of 8 X 10-9Torr by running the cryo
pump. The deposition is done at this pressure.
4. The graphite metal crucible is brought directly under the sample.
5. The output program is set in the deposition controller by selecting the desired
material to be deposited, the deposition rate and thickness of metal layer to be
deposited.
6. The voltage is turned on and the deposition process started. The deposition is done in
the auto mode where the power is adjusted to deposit at the rate set in the program.
When the output power is desired to be kept constant, the deposition is done in the
manual mode. It is important that the output power be kept at an optimum value to
minimize thermal stress in the crucible and to prevent it from cracking.
7. When the desired thickness of metal is deposited, the power ramps down and reaches
zero. The voltage is turned off and the system allowed to cool down.
8. The chamber is vented and the sample and graphite crucible are brought out. The
chamber is cleaned to remove the metal deposited around the slot for target and in the
chamber. The chamber is pumped in two steps to maintain it at a vacuum of 8X10-9
Torr.
A 100nm thick nickel layer was deposited at the rate of 1.2Aº/min. The solvent for
the PMMA resist material is acetone. The sample is immersed in an acetone bath for
about 20 minutes and subjected to ultrasonic agitation for 5 minutes to dissolve the resist
and lift-off the metal layer. The metal layer is seen to be lifted off and floats in the bath.
The sample is blown dry and inspected under a light microscope for any remnants of
resist. Remnants of resist are removed by a longer soak in the acetone bath. The pattern
from the resist layer has been transferred to the silicon substrate. The patterned substrate
is examined under the scanning electron microscope.
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Results of the E-beam Experiments
Dot arrays with different dot spacing and diameter have been printed on silicon
substrates along with other diagnostic patterns. The optimum parameters of the exposure
recipe for each of the dot arrays and diagnostic patterns were determined. The Run file in
the appendix shows the exposure dose, center-to-center spacing, line spacing, measured
beam current and magnification for each of the patterns. The exposure recipe for the
25 X 25 dot array with dot spacing 1.0µm and diameter about 140nm is shown in
Table 4.2.
Table 4.2: Optimum Exposure Recipe for the Dot Array
Type of Exposure Dose

Point

Exposure Dose

600fC

Magnification

1200

Measured Beam Current

192pA

Center-to-center spacing

1000nm

Line Spacing

1000nm

Microscope Settings

30kV, 6mm(WD), 30µm(Ap)

SEM Magnification Mode

Polaroid

Resist thickness

1 µm

Each of the patterns printed is examined in the scanning electron microscope after
the lift-off process. The microscope settings used for imaging are accelerating voltage
8kV, aperture 30µm, working distance 3-4mm and an in lens detector. It is observed that
for constant dot spacing, the dot diameter increases as the dose is increased. For a
constant dose, the dot diameter increases as the dot spacing decreases. For constant dose
and dot spacing, the dot diameter increases with increasing pattern density. These results
are seen in the following scanning electron micrographs.
1. Effect of Dose on the Dot Diameter: Figures 4.8 and 4.9 show the dot diameter
for constant dot spacing of 1000nm and two different doses 600fC and 700fC.
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168 nm

995 nm

Figure 4.8: SEM micrograph of dot array for dose 600fC with c-to-c spacing 1000nm.

196 nm

987 nm

Figure 4.9: SEM Micrograph of dot array for dose 700fC with c-to-c spacing 1000nm
As the dose was increased from 600fC to 700fC for dot spacing 1000nm,
the diameter of the dots increased from 168nm to 196nm. For a point dose, the
dose is given by the product of beam current and exposure time.
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Point Dose = Beam Current X Exposure time
Thus, the beam dwells at a point on the resist for longer time for a higher
dose resulting in deposition of more energy in the resist material. This results in
an increased diameter of the dots with higher dose. Figure 4.10 shows the increase
in dot diameter with dose from data read off of the SEM images of dot arrays
printed.

Dot Diameter as Function of Exposure Dose
200
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Figure 4.10: Variation of Dot Diameter with Exposure Dose
2. Effect of Dot Spacing on Dot Diameter: The dot arrays were created using filled
squares with side 25µm. When the center-to-center spacing and line spacing are
set equal to 1µm, the resulting dot array is a 25 X 25. Similarly, if the center-tocenter and line spacing were set to 0.5µm, the resulting dot array is a 50 X 50. As
the dot spacing decreases, the number of dots or exposure points increases. Thus,
each dot would get exposure energy not just from the primary beam but from
increased number of neighboring dots. Thus, as the dot spacing decreases, the dot
diameter increases even though the primary dose is kept constant. Figures 4.11
and 4.11 show that the dot diameter increases from 125.5nm to 166.8nm as the
center-to-center spacing is reduced from 1000nm to 800nm.
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125.5nm

977 nm

Figure 4.11: SEM Micrograph of dot array with c-to-c spacing 1000nm and dose 530fC
810 nm

167 nm

Figure 4.12: SEM Micrograph of dot array with c-to-c spacing 800nm and dose 530fC
3. Effect of Pattern Density on Dot Diameter: The effect of pattern density on dot
diameter was studied. The highlighted dot array as shown in Figure 4.13(a) was
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observed to have a higher dot diameter as compared to the highlighted dot array in
Figure 4.134(b) for the same dot spacing and exposure dose.

(a)

(b)

Figure 4.13: Effect of Pattern Density on Dot Diameter
Figures 4.14 and 4.15 show the higher dot diameter for the dot array as shown in
Figure 4.13(a) as compared to the dot array shown in Figure 4.13(b) for a spacing
of 1000nm and dose of 600fC.

180nm

1.02µm

Figure 4.14: SEM micrograph of the highlighted dot array in 4.13(a)
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125.5nm

977 nm

Figure 4.15: SEM micrograph of the highlighted dot array in 4.13(b)
The dot array in 4.13(a) has more pattern elements around it and gets more dose
effectively as compared to the dot array in 4.13(b). Thus the dot diameter is larger
for the same primary dose for similar dot spacing.
It was observed from the above SEM images that there was a shadow around the
nickel dots which was due to the remnants of the resist around the dots and several other
regions after lift-off. The different experiments done to remove the resist completely
included developing the sample in 1:3 MIBK: IPA for 2 minutes instead of 30 seconds,
subjecting the sample to ultrasonic agitation for 20 minutes for proper lift-off and finally
cleaning the sample using oxygen plasma to remove the residue resist material. It was
observed that developing the samples for longer time did not yield any better results
while the ultrasonic agitation helped remove resist from some parts of the wafer surface
although not completely. The samples were subjected to an oxygen plasma environment
for 20 seconds under the plasma conditions listed in Table 4.3.
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Table 4.3: Oxygen Plasma Treatment Recipe
Pressure

250mTorr

ICP Power

300Watts

RIE Power

200Watts

Oxygen Gas Flow

25sccm

Etch Time

20 sec

Oxygen plasmas are widely employed in wafer cleaning procedures as they react
with the organic contaminants on the wafer surface forming volatile organic products
which are pumped out of the system. In the present case, the oxygen radicals (oxygen
atoms) react with the resist when they impinge on the wafer surface, form volatile
compounds such as H2O, CO or CO2 that are desorbed from the surface and removed
from the plasma. Figures 4.16 and 4.17 show the sample before and after plasma
treatment.

200nm

Figure 4.16: SEM micrographs of nickel dot array before oxygen plasma treatment.
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200nm

Figure 4.17: SEM micrographs of nickel dot array after oxygen plasma treatment.
The dot array pattern printed on the PMMA resist using direct-write e-beam
lithography technique has been successfully transferred to the silicon substrate as a nickel
dot array. The nickel dot array acts as an etch mask in the subsequent plasma etch step to
form silicon nanopillars.
Plasma Etch Basics
Plasma is a partially ionized gas consisting of positively and negatively charged
radicals and neutral species. Sometimes considered as the fourth state of matter, it is
highly conductive due to the presence of charged particles and is magnetically
controllable. Plasmas have been employed widely in the microelectronics industry in
many dry etching systems. The ability of plasmas to transfer the lithographically defined
patterns into underlying layers reliably and controllably, etch anisotropically without
requiring crystallographic orientation at low or intermediate pressures makes them very
attractive for most dry etching mechanisms.
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The basic principle involved in using plasma for dry etching is to ionize a gas to
create highly reactive positively and negatively charged species which react chemically
with the material to be etched, forming volatile compounds that can be removed. The
following steps are involved in an ion-assisted etching process such as reactive ion
etching.
1. Generation of RF plasma: When a radio frequency voltage is applied between two
electrodes, the ionization of the feed gas occurs by electron impact dissociation
generating highly reactive radicals, neutrals, electrons and photons.
2. Diffusion and Adsorption: The chemically reactive species diffuse to the surface
of the wafer and adsorb to the wafer surface.
3. Reaction and Desorption: The chemical species undergo surface diffusion and
react with the material to be etched forming volatile products. These products
possessing high vapor pressures at the substrate temperatures are volatile and are
desorbed from the surface.
4. Exhaust: The desorbed species diffuse from the etching surface into the plasma
and must be transported away from the chamber.
A reactive ion etch mechanism is also called ion-beam assisted radical etching.
Depending on the etch mechanism, plasma etch profiles can very from isotropic
to directional to vertical. The anisotropy level is controlled by the plasma
conditions.
Inductively Coupled Plasma-Reactive Ion Etching
The Trion ICP-RIE system was used in this project to etch the silicon nanopillar
array. The plasma density becomes low in a reactive ion etch system especially when it is
operated at low pressures, reducing the etch rates. A hybrid reactor such as an ICP system
heats the plasma inductively by the electric fields generated by a coil wrapped around the
discharge chamber without coupling it to the substrate [28]. This enables system powers
of several hundreds of watts resulting in much higher plasma densities. The higher
plasma density afforded by the ICP system increases etch rate, anisotropicity, selectivity,
uniformity and places less stringent requirements on operating pressures[29]. Thus the
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ICP-RIE system generates high concentration of reactive species which are accelerated
towards the substrate as in a conventional reactive etch system.
In the present work, a chlorine etch has been employed to etch 1µm into silicon
using the nickel dot array as an etch mask. Halogen and halogen-based plasmas are used
in the reactive ion etching of silicon as they have higher etch rates and form volatile
silicon halide products. Fluorine based plasmas are used for isotropic etching as they tend
to react with silicon rather quickly and cause lateral etching. Chlorine based plasmas on
the other hand do not react with silicon spontaneously. The chlorine atoms adsorb to the
surface of silicon and form a Cl monolayer. As opposed to the Fluorine atoms which
form an SiFx layer at the subsurface, chlorine atoms have to overcome a Van der Waals
energy barrier of about 10ev to form SiCl4 [30]. Thus, the Cl monolayer depends on the
impinging ions to desorb from the silicon surface as SiCl4. This makes the chlorine etch
anisotropic and hence the chlorine etch chemistry was used to etch silicon in this project.
Addition of argon gas to the chlorine based plasma increases neutral ion bombardment
and enhances etch anisotropicity.
The step-wise procedure for etching silicon in chlorine based plasma using the
Trion ICP-RIE system is elucidated below.
1. System Initial Setup: The nitrogen supply is turned on by opening the nitrogen
gas bottle and checking the pressure to be 80psi or above. The Trion system uses
a dry pump and requires a nitrogen purge. The water supply to the exhaust
scrubber is turned on. The scrubber is then turned ON. The Argon gas bottle and
the Argon gas path valve are opened. The Helium gas bottle is opened. Chamber 1
has been used to carry out the etch process in this experiment. The valve on the
bottle for etchant gas Chlorine is opened. The pressure gauge is turned till the
pressure increases to 10psi.
2. Powering the System ON: The water supply valve for chamber 1 is turned on.
Next the ICP and RIE power supplies are turned ON. The water level in the
scrubber and the etchant gas pressure are checked from time to time to make sure
they are at safe limits.
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3. Sample Loading: After logging into the Trion program, the load chamber is
vented to atmospheric pressure. The load chamber gate is opened and the wafer
placed at the center of the stage. The gate is closed and the load chamber pumped
for 20 seconds. The wafer is moved into the transport chamber by the robotic arm
by sequentially opening and closing the gates between the load and the transport
chambers. Once the wafer is in the transport chamber, this chamber is pumped
down to 270mTorr. Once again the wafer is transported to chamber 1 by the
robotic arm by sequentially opening the gates between the transport chamber and
chamber 1 where the etch process proceeds.
4. Etch Process: The etch recipe is loaded from files by going to the etch control
screen of the program. For the first experiment, the plasma conditions were set as
shown in Table 4.4. All the set parameters are checked by going to the control
window and the gases turned ON. When the values of each of the parameters that
read from the chamber are close to the set values and stabilize, the RF power is
turned ON to start the etching. The ICP and RIE are power are adjusted manually
from the console so that there is less than 10% difference in the set and read
values. The RF power and gases are turned after the etch stops and all parameters
ramp down to zero.
Table 4.4: Plasma Conditions for the silicon etch
Pressure

10mTorr

ICP Power

80Watt

RIE Power

300 Watt

Chlorine Gas Flow

10sccm

Argon gas Flow

10sccm

Etch Time

333sec

Etch Depth

1µm
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5. Sample Unloading: The vacuum in the transport chamber is to be checked and if it
is less than 270mTorr, it is pumped down to 270mTorr. Then the wafer is
transported into the transport chamber by opening the gate between chamber 1
and the transport chamber, extending the robotic arm into chamber 1, lifting the
wafer, retracting the robotic arm into transport chamber and closing the gate
between the chambers. A similar procedure is followed to move the wafer from
the transport chamber to the load chamber. The load chamber is vented and the
wafer brought out. The program is closed by logging off.
6. System Shut Down: The ICP, RIE powers, and water supply to the chamber 1 are
turned off. The etchant chamber is purged with nitrogen and the gas path valves
for the etchant gas, helium and argon gas are closed. The scrubber is shut down
and the water supply to the scrubber turned off. Finally the nitrogen supply is
stopped by closing the nitrogen gas bottle.
The sample is dismounted from the wafer and examined under the electron
microscope. The results of the etch experiment are discussed in the following section.
Results of the Plasma Etch Experiment
Chlorine plasma was used to etch about 1 µm deep into silicon using the nickel
dot array as the mask. Arrays of silicon pillars were obtained. Figure 4.18 shows the SEM
micrograph of a pillar array with pillar height 1.2µm (including the height of the Ni dot)
with inter-pillar distance 985nm. Figure 4.19 shows the variation in diameter along the
length of the pillar.
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Figure 4.18: SEM micrograph showing the silicon pillar array.

Figure 4.19: SEM micrographs of pillar array showing variation in diameter along the
length of the pillar.
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Some diagnostic patterns such as the Stars pattern and the Wheels pattern were
also printed on the same sample to evaluate and optimize the exposure dose and
microscope settings. Figure 4.20 shows some images of these patterns after etch while
figure 4.21 shows the highlighted section of the pattern at a higher magnification.

Figure 4.20 SEM micrograph of the Stars pattern viewed at 30º from the vertical axis.

Figure 4.21: SEM micrograph of the section of the pattern highlighted in Figure 4.20
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It is observed from the SEM images of the pillars that the etch profile is not
vertical. The pillar diameter decreases gradually from the top to the center and then
increases until the base. It was noted that the pillar diameter was about 150nm at the top
and decreased to 54nm at the center. In order to make the etch profile more vertical, the
following changes in the plasma conditions are suggested.
1. Decrease Pressure: Low pressure plasmas etch more anisotropically as the plasma
particles have a longer mean free path, suffer fewer collisions and tend to impinge
on the wafer surface vertically. This facilitates a more vertical etch.
2. Increase Argon gas flow: The higher the percentage of argon gas in the plasma,
the higher the number of neutral atoms that impinge on the wafer surface. These
neutral atoms do not react with resist on the surface or the sidewalls but just serve
to bombard the surface and provide energy to desorb the products of the etch
reaction at the wafer surface making the etch profile anisotropic.
3. Increase RIE power: As the RIE power is increased, the energy with which the
ions impinge on the wafer surface increases, thus increasing the physical
sputtering effect relative to the chemical assisted component of the etch.
4. Increase ICP power: Increasing the ICP power increases the plasma density and
increases the concentration of ions that impinge on the wafer surface. This
increases the etch rate.
Approach to the Fabrication of Top Electrode
In order to make the conductivity measurements of the silicon pillar array prior to
and after the surface modification, a top contact which rests on the tips of the pillars has
to be fabricated. While the substrate acts as the bottom electrode the top contact acts as
the second electrode thus completing the design the device. Figure 4.22 shows the
process design flow for the fabrication of the top electrode. This approach is an ideal case
representation of the fabrication process flow and each of the steps may have to be
modified/optimized to accommodate for any practical issues faced.
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Figure 4.22 (a) and (b): Design process flow for fabrication of top contact.

50 50

While designing the pattern for e-beam exposure, a square of 50 micron side is
exposed one micro away from the edge of the dot array. After the plasma etch step, along
side of the silicon pillar array, a silicon pad is defined. A 100nm oxide layer is deposited
using e-beam evaporation and photoresist spun and patterned so as to etch away oxide
everywhere except from the top of the silicon pad. Photoresist is again spun and etched
back to expose the matrix of silicon pillar tips using oxygen plasma. A nickel layer is
blanket deposited on the sample. A subsequent step of patterning and etching away the
excess metal leaves the metal film just on top of the array and pad. The sacrificial
photoresist is etched away. Figure 4.23 shows the top view of the pad and silicon pillar
array after the patterning of the metal layer.

Figure 4.23: Top View of the Silicon Pad and Pillar Array.
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CHAPTER V
THEORETICAL MODELING OF THE CONDUCTIVITY
MODULATION IN SILICON PILLAR ARRAY
Conductivity Modulation Estimation
The proposed biosensor consists of an array of boron doped silicon pillars on a
silicon substrate which acts one of the electrodes. The other electrode is fabricated so as
to rest on top of the pillar array. The surface of the pillars is modified with BSA biotin
and streptavidin is introduced onto the modified surface. Each of the streptavidin
molecules has four binding sites available for biotin and attaches itself to the surface of
the pillar through the biotin. The central idea of this project is to take advantage of the
fact that streptavidin is negatively charged above the isoelectric pH which is between 5
and 6[19]. Thus the negative surface charges create an electric field which results in the
accumulation of excess charge carriers near the walls of the pillar. A theoretical model
has been developed to examine the effect of the negative surface charges on the charge
carriers in the bulk of the pillar and how the change in conductance of pillars occurs upon
the addition of streptavidin to the biotin modified pillar surface. An effort has been made
to quantify this conductivity modulation.
The 25 X 25 silicon pillar array consists of pillars 150nm in diameter and 1µm in
height. In developing the model, the effects of the following parameters have been
studied: the surface area to volume ratio of the pillars, the ratio of the negative surface
charges to the ratio of positive charge carriers in the bulk of the semiconductor, the
change in the carrier density through the volume of the pillar upon addition of
streptavidin and the effect of roughness of the silicon pillar walls on the mobility of the
charge carriers and its effect on the conductance of the pillar. Figure 5.1 shows the
schematic of the arrangement of the pillar array and the electrodes.
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Figure 5.1: Schematic showing the arrangement of the pillars and the electrodes.
The surface area to volume ratio is an important parameter in this model. A high
surface area to volume ratio is one of the key advantages offered by nano-scale
structures. The surface area (or number of atoms on the surface) being comparable to the
volume (to the number of atoms within the structure) helps us take advantage of various
surface effects. In the present model, the surface area is an indicator of the number of
negative surface charges that can bind to the pillar surface, the more the surface area, the
more the number of binding sites available for streptavidin to attach to the pillar surface.
The volume is representative of the number of positive charge carriers in the bulk of the
pillar. The greater this ratio, the more pronounced the effect of the external field created
by the surface charges is on the carriers in the bulk. This means more of the carriers
would drift toward closer to the walls of the pillar and the greater the signal to the noise
ratio in the conductivity modulation measurements. The surface area, SA available on
each pillar for the binding of the streptavidin is equal to the total surface of the pillar
(whose shape has been approximated to a cylinder) minus the area of the end caps. This
is equal to 2πrh where r is the radius of the pillar and h, the height. For a pillar of
diameter 150nm and height 1µm, the surface area is calculated to be 4.71 X 10-9cm2. The
volume V, is πr2h which is calculated to be 1.77 X 10-14cm3. The surface area to volume
ratio is calculated to be 2.66 X 105 cm-1. The SA/V ratio becomes better with smaller
diameters and smaller heights for the pillars. This ratio is 3.8 times smaller compared to
that calculated for the SiNW cited in the work of Cui et al [8].
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This model allows one to vary the carrier concentration in the pillar to suit the
surface charge concentration. The resistivity of the boron doped silicon wafer is chosen to
be 1Ωcm. Using the equation [31],

ρ=

1

σ

=

1
, where p is the hole concentration and µp the mobility of holes,
pµ p q

the carrier concentration is calculated to be 1.471 X 1016 cm-3. The number of holes in the
bulk of the pillar is the product of the volume of the pillar, calculated above as
1.77 X 10-14cm3 and the carrier density. Thus, there are about 261 holes in the bulk of the
pillar. The resistance of the pillar is calculated from R= ρL/A, where A is the crosssection area and L is the height of the pillar, as 566kΩ. The equivalent resistance of the
25 X 25 array, i.e., the 625 pillars connected in parallel is 906Ω. The resistance of the
device before addition of streptavidin would be 906 Ω.
In order to understand the effect of the electric field generated by the streptavidin
molecules on the carrier density distribution within the bulk of the pillar and consequent
degradation in mobility of the confined carriers, a description of the various scattering
mechanisms along with their effect on mobility of the carriers in the semiconductor is
presented.
Phonon scattering occurs when the carrier is scattered by a lattice vibration
resulting from temperature. Ionized impurity scattering occurs when the carriers collide
with the ionized impurities and is dominant at high doping densities. Another type of
scattering that is important especially in MOSFETs is the interface scattering where the
carriers strike a surface such as the semiconductor-oxide interface in a MOSFET. This
kind of scattering is of great relevance to the model proposed and will be explained in
detail later in this section.
In thermal equilibrium, electrons in the conduction band and holes in the valence
band are in random motion and the net current is zero. The kinetic energy of the carrier is
equal to the thermal energy

3
1
kT = mcVTh2 , where k is the Boltzmann constant.
2
2
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Therefore at 300K, VTh = 107 cm/sec.
When an electric field E is applied across the crystal, there is a net movement of
the holes in the direction of the applied field E and electrons in a direction opposite to E
superimposed on the random thermal motion of the carriers [31]. If Ex is the component
of the electric field in the x-direction, then the force experienced by each hole is qEx. The
force experienced by p holes/cm3 is pqEx. If Px is the x-component of the change in the
total momentum of the hole population, then
pqE x =

dPx
dt

field

,

The net acceleration due to this change of momentum is balanced by the
deceleration caused by the collision processes. The differential change in momentum of
the holes due to the collisions is given by

dt

dPx = − Px

τ

, where τ is the mean time between scattering

events and is called mean free time.
The rate of change of momentum due to the collisions is
dPx
dt

collisions

=−

Px

τ

For steady state, the sum of acceleration and deceleration effects should be zero.
Hence,
pqE x −

Px

τ

= 0 ⇒ Px = pqE xτ

The average momentum per hole is
Px =

Px
= qτE x
p

The net drift velocity of the holes on an average in the x–direction is given by
Vdx =

where µp=

Px
m

∗
n

=

qτ
Ex ,
mn∗

qτ
is the hole mobility in cm2/Vs and mn∗ the conductivity effective mass
∗
mn
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Mobility describes the ease with which the carriers drift in the semiconductor
material. Mobility of carriers in a crystal depends on the temperature and ionized
impurity concentration. As the temperature increases, phonon scattering increases,
decreasing the mobility. Impurity scattering on the other hand increases with a decrease
in the temperature. This is because the thermal velocity of the carriers is lower at lower
temperatures and a slow moving carrier undergoes a stronger scattering upon collision
with an ionized impurity. Also, as the dopant concentration increases, the impurity
scattering becomes more prominent. The mobilities due to two or more scattering
mechanisms add up inversely as
1

μ

=

1

μ1

+

1

μ2

+ ....

As the next step, when streptavidin labeled nanogold particles (such as NanoGold
conjugates from Molecular Probes, pH 7.4) in a buffer are introduced onto the biotin
modified pillar surface, the streptavidin molecules attach themselves to the binding sites
available on the pillar surface. Each of the nanogold particles is 1.4nm in diameter and
one streptavidin is covalently attached to the gold particle. At the pH 7.4 the streptavidin
molecules are negatively charged. The advantage of using gold labeled streptavidin is
that the modified surface with the streptavidin molecules can be imaged in an electron
microscope. The attachment of streptavidin to the biotinylated surface is a timedependent process in that it continues until the binding sites available are used up and the
process saturates. The negatively charged streptavidin molecules that are attached to the
surface cause the excess charge carriers in the bulk of the pillar to drift towards the walls
resulting in carrier accumulation just beneath the wall surface. Figure 5.2 shows a
schematic of the carrier accumulation.
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Figure 5.2: Schematic showing the charge distribution for the silicon pillar.
Plasma assisted etching has emerged as one of the most important processing steps
in the semiconductor industry owing to its uniformity, high selectivity, anisotropicity and
near vertical walls for deep trenches. However, plasma discharges result in roughening of
the silicon surfaces, the roughness parameters depending on the plasma conditions and
etch time. Several groups have investigated the surface microroughness induced in silicon
by the plasma etch process and the effect of each of the plasma conditions on the
roughness profile [32, 33]. This plasma induced damage is considered to reduce the
performance of structures especially those employed in CMOS circuits such as MOSFET
gate oxide layers and in surfaces that are meant to reflect light such as gratings.
Because of the random nature of the plasma discharge used to etch the silicon
surface, the randomness in the roughness induced in the silicon surface is best
characterized by statistical quantities. Since the roughness is a combination of peaks and
troughs of varying heights and depths, the root mean square value of the height of the
roughness gives a better description of the surface as compared to the average height of
the roughness. However, root mean square still gives information about the roughness in
the vertical direction. For a complete description of the surface, the spatial frequency of

57 57

the roughness peaks too has to be considered. The power spectral density of the surface
represents the spatial averaging of the roughness of the surface and is an important
statistical property characterizing the surface roughness. The root mean square value can
be derived from the power spectral density of the roughness.
The roughness induced in the surface of the silicon pillars with a thin native oxide
layer during the chlorine based plasma etch process is the key player in the conductivity
modulation of the pillars up on addition of streptavidin. The negative surface charges
create an electric field normal to the height of the pillar which drives the excess charge
carriers towards the walls of the pillar (interface between the silicon pillar surface and the
oxide layer) where they accumulate forming a layer of positive charges. When a voltage
is applied across the two electrodes, the excess charge carriers move from one electrode
to the other along the height of the pillar and parallel to the interface. Because of the
longitudinal field causing the carriers to drift parallel to the interface and the normal field
driving the carriers towards the interface, the scattering of the carriers with the interface
plays an important role in the reduction of mobility of the carriers near the surface. In
case of a smooth surface, the scattering would result in the charge carriers being reflected
conserving energy and momentum. This kind of a scattering event called specular
scattering results in a change only in the normal component of velocity and the
longitudinal component of the velocity along the interface remains unchanged. In case of
scattering at a rough interface, which is called diffuse scattering, the charge carrier is
tossed in a random direction after the collision and suffers a certain loss in the
longitudinal component of velocity. This results in the degradation of mobility of the
charge carriers in the accumulation layer at the interface. Thus, there is a significant
difference in the mobility of carriers in the bulk and at the surface.
The assumptions made are that the external electric field created by the negative
surface charges is considered as an effective field Eeff, that is uniform throughout the
depth of the accumulation layer and that all the carriers in the accumulation layer have an
effective mobility µeff. It is also assumed that all the excess charge carriers drift towards
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and are confined to a depth of 20nm from the walls of the pillar. Figure 5.3 shows the
schematic of the carrier distribution inside the pillar.
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Figure 5.3: Schematic of the cross-section of the silicon pillar.
Table 5.1 shows the calculated values of relevant volumes, area and volume
concentrations of carriers with respect to a single silicon pillar.
Table 5.1: Calculations relevant to the conductivity modulation model
Number of charge carriers in the accumulation region

261

Depth of accumulation region

20nm

Volume of accumulation region,Vacc

π(R2-r2)h = 8.2 X 10-15cm3

Carrier density in accumulation region, pacc

3.2 X 1016cm-3

Volume of depletion region, Vdepl

πr2h = 9.5 X 10-15cm3

Accumulation region sheet charge density , Nacc

3.0 X 1010cm-2

Depletion layer sheet charge density, Ndepl

2 X 1010cm-2
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The accumulation sheet charge density was calculated as the value at the center of
the accumulation region, i.e. 10nm away from the oxide layer. Similarly the depletion
region sheet charge density was calculated at the center of the depletion region, i.e. at a
distance of r/2, 27.5nm away from the center of the pillar.
The effective field Eeff [31] is given by

E eff =

⎡ N acc
⎤
+ N depl ⎥ ,
⎢
κ Si ε ο ⎣ 2
⎦

e

Therefore, the effective field normal to the interface is calculated as 5.362 kV/cm.
Yamakawa et al. [34] have plotted the degradation in mobility of the electrons at the
interface of a MOSFET channel and gate oxide as a function of the effective field normal
to the interface. The roughness of the interface was considered in terms of the power
spectral density of the surface topography and calculated for a correlation length of
2.2nm and rms amplitude of roughness height 0.178nm. The interface scattering rate was
calculated using the exponential covariance function in the roughness model as
md e 2 E eff2 Δ2 L2 2π
1
=
X∫
τ E (k )
2η3
0

1
(1 − cos θ )dθ
L2 q 2
1+
2

where q2= 2k2 (1− cos θ ) dθ, L= correlation length, Δ= rms amplitude of roughness
height, md = density of states effective mass of electron.
From the plot of µeff as a function of Eeff [34], the effective mobility of electrons at
this effective field is given as
µeff(electrons) = 950cm2/Vsec.
The hole mobility is calculated as

μ eff ( holes ) =

∗
melectrons
=effective

conductive

μ eff ( electrons )
m

∗
holes

mass

∗
melectrons
,

for

∗
and mholes
=conductivity mass for holes = 2.42 mo

Therefore, the hole mobility at the interface is 102cm2/Vsec.
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electrons

=

0.26mo

The mobility of the holes in the accumulation taking into consideration mobility
degradation due to thermal scattering, impurity scattering and interface scattering is given
by
1

μ acc

=

1

μ imp

1

+

μ eff ( holes )

,where μimp is the mobility in the accumulation

region at an impurity concentration of 1.471 X 1016cm-3 at a temperature of 300K =
420cm2/Vsec.
Thus the mobility of the carriers in the accumulation region is 82cm2/Vsec.
The resistivity of the outer cylinder formed by the accumulation region is given by

ρ acc = σ acc −1 = ( p acc μ acc q )−1 = 2.38Ω-cm.
The resistance of the outer cylinder formed by the accumulation region is given by

ρ acc h

Racc =

π (R 2 − r 2 )

, h being the height of the pillar.

Racc = 2.92MΩ
The resistance of the inner cylinder formed by the depletion region is given by

Rdepl =

ρ depl h
−1
−1
, where ρ depl = σ depl = [( p depl μ pdepl + ndepl μ ndepl )q ] ,
2
πr
p depl = ndepl = ni ,

μ pdepl = mobility of holes at an impurity concentration of 1.471 X 1016cm-3 at a
temperature of 300K and

μ ndepl = mobility of electrons at an impurity concentration of

1.471 X 1016cm-3 at a temperature of 300K.
Thus, ρ depl = [1025+420] X 1.5 X 1010 X 1.6 X 10-19]-1= 0.3MΩcm

Rdepl = 3.2 X 105 MΩ.
The resistance of the silicon pillar Rpillar is
R pillar

⎛ 1
1
=⎜
+
⎜R
⎝ acc Rdepl

−1

⎞
⎟ = 2. .92MΩ.
⎟
⎠
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The resistance of the 25 X 25 pillar array is 4.672kΩ. The difference between the
resistance of the silicon pillar array before and after the addition of streptavidin is 3766Ω.
Thus the resistance of the array increases by 4 times after the addition of streptavidin.
Conclusions and Recommendations
A biosensor incorporating an array of silicon pillars was fabricated. E-beam
lithography was used to print the array of dots directly on an e-beam resist. The exposure
recipe for the specific dot array was optimized for 950k PMMA C7 resist. The various
patterns and dot arrays printed were characterized using an SEM and analyzed to
understand the effect of each of the exposure parameters on the dot diameter. High aspect
ratio pillar arrays were defined in the silicon substrate by ICP-RIE etch process. An
approach to the fabrication of the top electrode has been suggested and finally a
theoretical model was developed to understand and estimate the conductivity modulation
in the silicon pillar array before and after the surface modification with biotin and
streptavidin. As part of future work, the plasma etch recipe to define pillars may be
optimized to obtain more anisotropic etch profile. Also, the design process flow
suggested for realizing top electrode may be investigated further for any modification
required to accommodate the practical issues encountered during fabrication.
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