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Abstract

This work d~scribes the technology and techniques. required forthe fabrication of

'micro/nanopores' ofvaried shapes and sizes on a thin membrane resting on an ultra-deep

silicon well (330J.Lm). These micro/nanopores will become part of a unique planar

'nanopipette' for the study ofsingle ion channels in biological cells. In the future, on-chip

electronics will also be provided to amplify the low-level ion-channel signals in a greatly

reduced noise environment. Although this 'Biochip' has applications in pharmacology,

the same structure can be used for the rapid electronic sequencing of the individual bases

in single-stranded DNA molecules by measuring ionic current changes as each nucleotide

passes through a nanopore.

The fabrication of this interesting structure ,on silicon requires precise control of

the different processing steps involved. illtra-deep etching of silicon should give a well

(-330J.Lm deep) with smooth sidewalls and a thin nitride membrane (-800AO) resting on

it. The membrane should not collapse during the process of drilling the pores in it or

during the fluid-handling process. In the future, processing would involve not only the

device fabrication but also the circuits and sensors fabrication on the same chip. In this

work, the conditions and factors related to the fabrication of such a device are discussed

with proper illustrations. The pores were drilled in the membrane using a Focused Ion

Beam System. The results obtained from the experiments are very encouraging for future

work on this project.



Chapterl

Introduction

1.1 Motivation and Objectives

In addition to biological research, the study of cellular functions in vitro is basic

to other fields such as clinical diagnostics, therapy, pharmacological drug screening and

environmental monitoring. In this project, Biotechnology, Silicon Micromachining,

Microelectronics and Circuit Analysis/Simulation m:e all merged to realize a test chamber

for the examination of ion channels in biological cells. At present, the experimental

testing and evaluation of the effect of drugs on ion channels is done using a unique glass

micropipette and a measurement setup designed by Axon Instruments. It turns out that

such an experimental setup becomes very noisy while recording very low currents (-pA).

This might not pose a problem during 'whole-cell' recording when the current levels are

pretty high (-nA) but is certainly not so satisfactory for measuring 'single-channel'

currents. The commercial 'patch-clamp' amplifiers available today for amplifying the

recorded low-level currents have adopted different designs to achieve higher bandwidth

of operation and lower noise-level in the system. One·such design is based upon an

integrating front-end amplifier or 'headstage' where the noise is significantly lower and
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the linearity is greatly improved. Even after adopting this integration-differentiation

approach, these amplifiers are limited by'several issues. The first issue is the long lead

length between the ion-channel and the amplifier, which contributes to noise pickup. The

second issue is the susceptibility of the head amplifier in present-day design to table

vibrations, which leads to displacement currents in the output signal. The use of the glass

, micropipette limits the time resolution of the system, which is dependent on the pipette

series resistance and the cell membrane capacitance. The micropipette has a series

resistance as high as lOMn and so an extra series resistance compensation circuit is

added in present-day measurement circuits.

In this project, we plan to build a device structure in silicon, which would

basically perform the same function as the micropipette in the conventional cell-

.recording setup. The device would consist of a thin membrane resting on a well etched in

sili~on. A micro/nanopore would have to be drilled in the membrane and fluid chambers

built on either side ofthe 'membrane. The electronics can be built on-chip next to the fluid

I chambers as well. Efficient circuit design for recording low-level currents cansolve

many problems associated with the conventional measurement technique. Because the

device structure is planar, the series resistance is greatly reduced as compared to that of a

glass micropipette. Integrating the electronics with the fluid chambers would provide a

low-noise system, which is stable against mechanical vibrations. An added advantage

would be the ease ofbulk processing ofsuch structures, which would now be cheaper,

faster and far less noisy. Low-level signal recording is very challenging because ofthe
\ 0

contribution ofnoise from almost every component in the setup. In such cases, this
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approach like ours that reduces noise, time constant and cost all at the same time is

certainly very promising.

1.2 Thesis Outline

In this thesis we discuss the technology and techniques to fabricate a

micro/nanopore in a thin membrane resting on a deep well etched in silicon. This will the .

first step towards making a Biochip, which has several advantages as compared to· the

present-day methods ofcell measurements.

In Chapter 1, we discuss the motivation and objectives of this work, emphasizing

the usefulness ofbuilding a planar micropipette in silicon.

In Chapter 2, we talk briefly about the history of the field of electrophysiology.

ThIs is followed by an introduction to electrophysiology with some cellular definitions

and methods ofcellular measurements. -../

In Chapter 3, we talk about the different processing steps involved in the

fabrication ofthe proposed device in silicon.

In Chapter 4, the photomasks used for photolithography are shown.

In Chapter 5, we talk about the Focused Ion Beam System and the usefulness of

this system for making our micro/nanopores.

In Chapter 6, the factors affecting ultra-deep anisotropic etching of silicon in

aqueous KOH solution is discussed. Pictures are also shown for all the experiments

conducted during the fabrication process.

4



Chapter 2

Electrophysiology

2.1 Brief Historical Note

By the end ofthe eighteenth century the notion that animal tissue both generated

and responded to electricity was reasonably well established [1]. By the end of the

nineteenth century, the Spanish histologist Ramon Cajal had demonstrated that the

nervous system also consisted of individual cells called neurons [1]. Thus, the

interpretation of the electrical properties of living .tissues began to focus on the

electrical properties of living cells. It was postulated that a cell consists of a

semipermeable membrane surrounding an electrolYtic interior. When the cell is at rest,

an electric potential difference exists across the membrane, and the electrical activity

recordable from such a cell consists of a change in this potential difference resulting

from changes in membrane permeability. Techniques for extracellular recording of
,

~

the activity of single cells led to the recognition that nerve fibers transmit information

coded in the form of a temporal sequence of identical pulses called action potentials

[1]. In the decade from 1940-1950, techniques were developed to record

iIitracellularly, and it became possible to measure and/or control the potential across

cellular membranes [1]. Since 1950, microelectrode-recording techniques have been

greatly refmed to enable intracellular recording from smaller cells [1]. A focus has

been on eJetermining the membrane mechanisms responsible for the generation
5



of electric potentials and on determining the effects. of these potentials on other

. cellular processes. In the three decades· beginning in 1960, microanatomical

techniques, especially the development and routine use of the electron microscope,

have enabled visualization of cellular·and sub-cellular structure with much higher

resolution [1]. Microchemical techniques have revealed information about the

molecular constituents of cells [1]. Genetic engineering has enabled investigations of

the relation between molecular constituents of parts of simple organisms and the

behavior of whole organisms [2]. Microelectrophysiological techniques have been

developed to measure the currents flowing through individual ionic channels [2].

Finally, the advent of the digital computer has greatly extended the ability of

experimenters to quantify both anatomical and physiological measurements, and for

theoreticians to develop conceptualizations of cellular .systems. The aims of

electrophysiology remain the same: to explain the-electrical phenomena of living cells

in molecular terms, and to explain the behavior of organisms in terms of the

underlying cellular electrical processes [1].

2.2 Cellular terms

There is a difference of electric potential, maintained across the

membrane ofa living cell by the diffusion of ions across the.cellular membrane, called

the resting potential. This membrane potential changes in response to changes in

numerous physiochemical variables, e.g. temperature, pH, extracellular concentration

of ions, extrinsic electric current, etc. Electric potential changes are involved inmany
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cellular processes. However, electric potential changes have an additional important

function. For neurons, electric potential changes are used to code information into the

nervous system. In the nervous system, information comes in through the sensory

organs that transduce the incoming mechanical, electrical, optic, or chemical signals

into electric potential changes that are then processed to produce outputs that are

primarily motor, but also secretary, photic or electrical. Electric potential changes

function as a common currency for representation of information [1].

Ion channels consist ofintrinsic membrane proteins that control the flow

of specific ions across the hydrophobic barrier of a cellular membrane. They utilize

the energy stored in chemical concentration gradients to produce small electrical

signals during the movement of charged ions.· Cells utilize this signaling for a wide

variety of functions. Thus, ion channels are the molecular elements of excitability in

nerve, heart and skeletal muscles and they regulate functions .. in ·numeroils non

excitable cells as well. Our knowledge of the function of voltage-gated ion channels

has expanded significantly through biophysical.experiments carried out in the past few

decades. Patch clamp methods have permitted analysis of individual ion channels in

very small cells, which was not possible earlier [2]. Ion channels are named and

classified primarily by their ion selectivity. Thus, potassium channels selectively allow

passage ofpotassium ions to the exclusion of sodium,·calcium and chloride etc.

2.3 New Electrical Recording Techniques

Prior to 1970s, intracellular electrical recording from single cells was,

7
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accomplished either via capillary electrodes inserted longitudinally into very .large

cells such as a giant axon of a squid or via micropipette electrodes used to penetrate

cells transversely by puncturing the membranes. The penetrating micropipettes were

widely used, but clearly had deleterious effects on small cells. During the 1970s and

1980s, new techniques were developed for recording from single cells and from

isolated patches of cellular membrane that contained individual ion channels [2]. In

the new technique, a micropipette, called a patch pipette, consists of a smooth (fire-

polished) tip with a diameter of about Illm placed in contact with a cell membrane as

shown in Figure 2.1 below:

Figure 2.1: Dlustration ofthe method for recording from cells and membrane patches.

Ifa slight suction is applied to the pipette, the glass seals to the cell with a very

high-resistance seal (typically in the 10-100 GO range) so that current flow through

the micropipette isconfmed to the patch of membrane in the tip of the pipette.

8



Electrical properties of this configuration, called the cell-attached configuration, have

been recorded, but more useful results are obtained by further manipulations of the

cell-attached configuration. The solution within the patch pipette exchanges fairly

quickly with that ofthe cell; hence, the composition ofthe cytoplasm ofthe cell can be

changed. Theextemal concentration can be controlled by placing the cell in a bath of

known composition. In this way, it is possible to study the membranes of relatively

small cells and to approach the type of control of membrane electrical variables and

solution compositions that was previously possible for very large cells. The tight seal

between the patch pipette and the me~brane reduces the incidence of large shunt

leakage paths between the inside and the outside of the cell that are an important

limitation of measurements with penetrating micropipettes. If the patch of membrane

is separated from the cell, the resulting recording method is called the patch·recording.

In this method, a small patch of membrane, in one of two configurations - outside out

or inside out - is lodged in the tip ofthe pipette. In an outside-out patch, the external

surface of the membrane faces the outside of the pipette; in an inside-out patch, the
. I

cytoplasmic surface of the membrane faces the outside ofthe pipette. With either

configuration, it is possible to control the concentration of the solution in the pipette

and in the bath as well as the potential across the membrane in the tip of the pipette

(Figure 2.2). The current through a single ionic channel in the patch can be measured

under voltage clamp. This technique is called the patch-clamp technique [2-4].

9
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Figure 2.2: lllustration ofthe configuration ofa pipette and a membrane patch.

Another experimental method to investigate ion channel function is known as

the planar bilayer method. This is also a voltage-clamp method, but rather than

employing glass electrodes to isolate· and record channel behavior, a lipid bilayer

membrane is incorporated onto apartition with a tiny hole. Ion channel proteins can be

introduced into this bilayer, which effectively reconstitutes, in part, their membrane

environment. In this method, electrodes placed in the fluid fJ1led compartments on

either side of the membrane are used to control the transmembrane electrical

10



potential and to monitor ion currents through the channels.

2.4 Macroscopic Ionic Currents

In the past· it was recognized that the study of the meinbf~e ionic·

current components under voltage-clamp conditions yielded important information

about membrane mechanisms. Thus these voltage-clamp studies were refmed and

generalized in several distinct directions. We call these currents macroscopic currents

. to distinguish them from the single-channel currents that flow through single ion

channels.

2.4.1 Selective Blocking of Channels by Pharmacological Agents

Pharmacological agents, often natural toxins known to affect electrically

excitable cells, were applied to cells to determine which components of the membrane

current were affected. Tetrodotoxin (TTX) [ref] and tetraethylammonim (TEA) [2]

selectively block sodium and potassium currents, respectively. These agents have

enabled investigators to block either the sodium current or the potassium current

thropgh the membrane in a reversible manner. Therefore, it has been possible to study

the individual ionic currents more conveniently and selectively. More importantly,

these studies indicated that not only are the mechanisms that give rise to the sodium

and potassium conductances kinetically distinct, but they are also pharmacologically

distinct. It was thus assumed that these conductances resulted from distinct structures

in membranes, which came to be called channels.

11



2.4.2 Selectivity of Channels

It is important to know which ions permeate through each channel. It became

clear that channels, though selectively permeable, could pass many ionic species.

Thus, the sodium channel is a channel through which sodium normally permeates the

membrane. Other ions also permeate through the same ion channel; however, there is

a selectivity sequence. This selectivity is a characteristic property ofa channel.

2.5 Single-Channel Currents

In the 1970s, Neher and Sakmann developed a method of recording

currents through single ionic· membrane channels [2-6]. This development

revolutionized the study of ionic transport through membranes, and Neher and

Sakmann were awarded the Nobel Prize for this development in 1991. With the single

channel recording method, it is possible to identify even those channels that are

present at low density or that pass only low currents. Channels are categorized

according to the identity of the physical varia.ble, called the gating variable, that opens

the channel, as well as by the ionic species that normally flows through an open

. channel. So, for example, channels that are opened by a change in the membrane

potential are called voltage-gated channels, whereas channels that are opened by the

binding of a ligand on the surface of the membrane are called ligand-gated channels,

and so on. Thus, the voltage-gated sodium channel refers to a channel that is gated by

a change in membrane potential and one that normally allows transport ofsodium.

A principal fmding is that single-channels have a discrete number of

12



states· of. conduction - often only one - when the channel· is open and conducts

transmembrane ionic current [2]. Channels have multiple closed or nonconducting

states. A channel switches randomly between its open and closed states, with the

probability of being in one state or another dependent. upon the gating variable. A

channel is formed by an integral membrane.macromolecule that spans the membrane..

The.voltage-current characteristics of the channel are determined both by a gate that

determines the extent to which the· channel is opened or closed and by a selectivity

filter that largely determines the current-voltage relation of an open channel (Figure

2.3). The average distance between channels can vary from lOnm to l/lm.

Figure 2.3: Schematic drawing ofa hypothetical membrane ionic channel.
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2.5.1 Ionic Currents in Single Channels

The single-channel current is not simply a scaled replica of the

macroscopic current. In fact, single-channel.currents exhibit rapid transitions between

discrete conducting states. Most channels have one conducting or open state and

multiple closed states. In the open state, current flows through the channel, and in the

closed state it does not. The tnmsitions between open and closed states are. not only

rapid, but they occur at random time intervals. The rates of transition among states

depend upon the gating variable. So, for example, the voltage-gated sodium channel

shows a larger probability of opening immediately after a depolarization and a larger

probability of remaining open immediately after a depolarization. A change in the

membrane potential across a single channel affects the single channel open-current

magnitude for all single channels, whether they are voltage gated or not. For example,

the magnitude of the current when the channel is open increases as the magnitude of

the potential increases for the ligand-gated channels (Figure 2.4). However, the rate of

the opening or closing of the channel does not change appreciably. For voltage-gated

channels, the probability ~he channelis open also increases markedly as the magnitude

ofthe membrane po~ential is increased (Figure 2.4).
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Figure 2.4: Measurements of currents through voltage-clamped patches of membrane
in two different cell types of single channels.
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Figure 2.5: lllustration of the voltage-clamp technique, where the method on the right
is called the 'whole-cell method (the entire cell surface is investigated). In contrast, on
the left, a micropipette isolates a single channel in an excised membrane patch.
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2.6 DNA sequencing using a Biochip

The Deoxyribonucleic acid (DNA) molecule contains all the instructions to

make and sustain living organisms. DNA consists of two polynucleotide chains

(strands) composed of four types of nuc1eotides subunits (bases). These strands are

held together by hydrogen bonds to form a double helix.. We can obtain all of the

information requir~d to determine· the structure and function of an organism by

reading the sequence of bases in a DNA strand. This is the driving force behind the

considerable effort to sequence the genomes of various organisms, most notably that

of humans. Researchers at Harvard and National Institute of Science and Technology

(NIST) have suggested a method to rapidly sequence ~ndividual bases in a single

stranded DNA molecule· by measuring the ionic current changes as each strand passes

through a nanopore, which is sized to admit only a single strand [7,8]. Protein

. molecules span the lipid bilayer and act as ion channels (through a charge-controlled

gating mechanism) to allow or block the flow of ions through the bilayer. A negatively

charged, single-strand, DNA was drawn through these channels into a positively filled

chamber. In the process, researchers suggested a 'stepped' ion current, corresponding

to the passage of base diameters, may be measured in a detectable manner [7-11]. In

order to accomplish the resolution required to measure these changes in ion current,

we are working ona BioChip with integrated nanoscaled chambers, voltage amplifiers

and sensors to resolve the current pulses in a low-noise environment [12,13].
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Figure 2.7 (on the left) shows the basic principle of passing a DNA strand through a
nanopore. The DNA strand is· negatively charged and it can be pulled through the
nanopore by applying a positive voltage at the other side ofthe nanopore [12].r .
Figure 2.8 (on the right) shows the ion currents recorded when the DNA strand passes
through the nanopore [12]. The conceptual illustration ofthe passage ofa nucleotide is
shown inthe last figure.
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Chapter 3

Silicon Processing
3.1 ProcessingSteps:

• Wet, thermal Oxidation at lOOO°C for 60 minutes (1200AO of oxide)

• LPCVD Silicon Nitride Deposition at 800°C for 65 minutes (1200AO ofnitride)

• Plasma Etching of the. Silicon Nitride for 300 seconds, which takes away all the

nitride at the backside and approximately 200Ao from the front side.
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• BufferedHF dip of the wafer for 5 minutes to remove the oxide from the·

backside. The silicon nitride on the front side is· relatively unaffected by the

buffered HF solution.

• Silicon etching in 20% KOH at 80aCfor 6 hours.

• Buffered HF dip ofthe wafer (5minutes) to remove the oxide below the nitride.
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• MicrolNanopores drilled through the nitride membrane using Fill.

• LPCVD Silicon Oxide Deposition at 800°C for 30 minutes. (300A° of oxide)

• Metallization at the backside to give the back electrode.
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• \;liuo "ianopores drilled through the nitride membrane using FIB.

• LPCVD Silielm Chide Depositi,m at 800 0 e for 30 minutes. (300A' ofo:\iJe)

• \;kt:dlization at the backside to give the back electrode.
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. .
• SU-8 deposition to form the fluid chambers.

• Metallization at the front side to give the front electrode.
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Chapter 4

Design of Photomasks

4.1 Photomasks

The masks for the processing were designed using MAGIC software available in

the Display Research Laboratory of the SherrnanFairchild Laboratory. I designed two

photomasks: one for the wells to be etched in the silicon and the other for the

micropores to be etched in the nitride membrane. Actually,.there are a total number of

five masks required for the entire process:

• .One for the wells in silicon.

• One for the back electrode metallization.

• One for the SU-8deposition on the backside ofthe wafer.

• One for the front side deposition of SU-8.

• One for the front electrode metallization.

In the design of the photomasks, I planned preliminary experiments of silicon etching

couple with the use of a Focused Ion Beam (FIB) to drill micro/nanopores in the

nitride membrane. In the experiments to follow, I plan to design and use all the five

photomasks mentioned above. However, this thesis will describe experiments using

only two of the five photomasks. The structures fabricated in this thesis do not have

SU-8 depositions or electrode metallizations, but they do show the feasibility of

making micro/nanopores in a nitride membrane as thin as 800Ao.
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Figure 4.1: This figure shows the design of the two photomasks used. The first
photomask is a square of size 650/lm x 650/lm. The alignment marks are shown on the
sides of the square. Inside this big square can be seen a number of dark holes of
varying sizes (4 /lm-7/lm), which is the second photomask used.
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Figure ..L}: This figure shows the design of the two photomasks used. The first
photomask is a square of size 650ilm:\ 650ilm. The alignment marks are sho\vn on the
sides of the square. Inside this big square can be seen a number of dark holes of

varying sizes (4,u.m-i,um). which is the second photomask used.
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Figure 4.2: This figure shows one die in the photomask used. There are some more
alignment marks in the.center of the die for front-to-back alignment. The size of each
die is 3000/-lm x 3000/-lm.
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Figure 4.2: This figure shows one die in the photomask used. There are some more
alignment marks in the center of the die for front-to-back alignment. The size of each
die is 3000,um:\ 3000,um.
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Figure 4.3: This figure shows the second photomask used for etching micropores of
sizes from 4~m x 4~m to 7~m x 7~m. Smaller pores (even in the nanoscale range)
were made using the FIB system.

Figure 4.4: T~s figure shows the backside ofthe wafer after etching the oxide and the
nitride from the backside to make the wells in silicon.
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Chapter 5
Focused Ion Beam System

5.1 FocusedIon Beam technology
Ions of kiloelectron volt energies incident on a solid surface produce a number

of effects: several atoms are sputtered .off, ~electrons are emitted, chemical

reactions may be induced, atoms are displaced from their equilibrium positions, and

ions implant themselves in the solid, altering its properties [14,15]. Some of these

effects, such as sputtering and implantation are widely usedinsemiconduct<?r device

fabrication and in other fields [16-18]. Thus, the capability to focus a beam ofions to

submicrometer dimensions (i.e. dimensions compatible with the most demanding

fabrication procedures), is an important development. The focused ion beam field has

been spurred by the invention of the liquid metal-ion source and by the utilization of

focusing columns With mass separation capability. This has led to the use of alloy ion

sources making available a large menu of ion species, in particular dopants of Si and

GaAs; The ability to .sputter and to also. induce deposition by.causing breakdown of an

adsorbed ftlm has produced an immediate application of focused ion beams to

photomask repair. The total number of focused ion beam fabrication systems in use

worldwide is about 35, about 25 of them in Japan [15]. In addition, there are many

simpler focused ion beam columns for specialized applications [19-21]. The interest is

growing rapidly. The following range of specifications of these systems has been

reported: accelerating potential 3 to 200kV, ion current density in focal spot up to

10A/cm2
, beam diameters from 0.05 to .1/lm, deflection accuracy of the beam
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over the surface O.IJ.l.m, and ion species available Ga, Au, Si, Be, ~, As, P etc. Some

ofthe applications, which have been demonstrated or suggested, include: mask repair,

lithography (to replace electron beam lithography), direct, patterned, implantation

doping of semiconductors, ion induced deposition for circuit repair or rewiring,

scanning ion microscopy, and scanning ion mass spectroscopy.

5.2 Focused Ion Beam Machinery

A focused ion beam system can be thought ofas composed ofthree main parts:

the source of ions, the ion optics column, and the sample displacement table. A

detailed understanding ofthese parts is too intricate for the scope of this thesis. Instead

the principles ofoperation will be discussed briefly [15].

··SEAMOEFLECTOR

TRANSLATION
··STAGE

Figure 5.1: Schematic ofa focused ion beam system.including the source, column and
the sample stage. The series of concentric electrodes between th~ source and the mass
separator and between the mass separator and the beam deflector are electrostatic lens
[15].
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5.2.1 Source

The generation, deflection, and the focusing of ions have close analogies to

optics. Thus, to illuminate a small spot with a large flux a 'bright' source of ions is

needed with one or more 'lenses'between the source and the spot. Liquid metal field

ionization sources are used to emit ions in the focused ion beam systems. In these

sources a reservoir of liquid metal is maintained at one end ofa sharp (usually tungsten)

needle. The metal wets the needle and flows down to the tip. The tip of the needle faces

an extraction aperture, a round washer like electrode concentric with the tip and some

distance below it. A voltage is applied between the tip and the aperture. The electric

field is highest at the tip and as a result the liquid metal is pulled into a sharp cone and

ions are emitted·from. the tip of this cone. The radius ofthe tip has been measured to be

less than 100 Angstroms. The liquid metal can be of any composition as long it wets the

needle, does not corrode it, and has a low vapor preSsure in the molten state. The list of

elements that have been incorporated into ion sources is quite extensive [20]. The most

commonly used ion.is gallium since it is almost liquid at room temperature and yields a

long lifetime source. The limit of the liquid metal field ionization source performance is

largely determined by the electrostatic repulsion of the ions. Even though the diameter

of the tip of the cone is about 100 Angstroms, the emission appears to be taking place

from a 'virtual source' of 500-1000 Angstroms. The origin of this increase in effective

size is due to the mutual repulsion of ions, which results in a spread Llli full width at

half-maximum in the energy of the ions (E) that fmally .arrive at the sample. This energy

spread results in chromatic aberration.
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5.2.2 Column

5.2.2.1 Ion Column.

The column, which focuses ions from the source onto the sample, is very much

analogous to aseries of optical lenses, which may focus a source of light in one plane

onto another plane. In electron beam lithography machines, the lenses often use

magnetic fields to bend the path of the electrons. For ions this is not usually practical.

The higher fields needed would be difficult to generate, since the ions are more

massive and travel more slowly. Ion lenses are for most part electrostatic and consist

of two .(or more) very precisely machined washer-shaped electrodes at some higher

potential. The beam passes through the center of these concentric electrodes and is

deflected and accelerated by electric fields. The most serious practical limitation to the

performance of most present focused ion beam columns is chromatic aberration.

Spherical aberration is another effect that may increase the beam diameter.

5.2.2.2 Mass Separator

Low melting point metals like Ga,In, or Sn can be liquefied ina source as

discussed above. Other desired species such as Si, Be, B or As are incorporated jnto

alloys which can operate iIi a liquid metal ion source. However, in such instances

several species of ions are all emitted by the source. Mass separators using crossed

electric and magnetic fields (ExB) are used in such systems. The principle of operation

of the (ExB) mass fllter is shown below. Strictly speaking, it is a velocity fllter, but,

since aJl ions arriving at the fllter have been accelerated through the same potential, .
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ions of different mass or charge will have different velocities. The condition for

passing through the filter undeflected is E==vB where E is the electric field, B is the

magnetic field and v is the velocity.
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Figure 5.2: Schematic of mass separator with a beam of three species of ions
(represented as solid, open circles and triangles)[15].

5.2.2.3 Beam Blanking and Deflection

A focused ion beam which is to be used for beam writing over selected areas

need a beam blanker, i.e., means of turning the beam off. This is generally done by

having a pair of electrodes on opposite sides of the beam and applying a voltage -

Va/2 and +Va/2 to them, so that the beam is deflected sideways and is not capable of

passing through an aperture. located downstream. If the beam writing i$ to be
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done at high speeds so that the beam is switched on at a given pixel for only 10

1000ns, then the blanker must turn the beam on at an even higher rate.

5.2.2.4 Beam Profile

The ultimate. resolution of any patterning done •with focused ion beams will

depend on the beam profile. The current density in the ion beam spot focused on a

sample is thought of to have a Gaussian profile. However, detailed measurements have

shown that about 2-3 orders of magnitude below the peak the beam profile deviates

from a Gaussian and shows wider skirts.

5.2.3 Sample Stage

We have discussed the main elements, which make up an ion column. This ion

column can focus a beam down to aO.lllm spot or less and deflect this spot accurately

and rapidly over a field typically 100-500llm in width and height. If we wish to

address a larger sample (say, 5-in diameter), then a stage is needed to position the

sample precisely under the beam while maintaining it in the focal plane. This

capability has been. well developed for e-beam lithography. The central element is a

laser interferometer, which measures the position of the stage to an accuracy of

0.011lm. There are other elements included to control the movement and the speed of

the stage.
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5.3 Applications

A focused ion beam (FIB) is a very attractive tool in lithography, etching,

deposition and doping. FIB technology is now used in various device processes and

FIB etching and deposition has become indispensable in such fields as failure analysis,

mask repair and TEM sample preparation [16,17,20,21].

5.3.1 Lithography

FIB lithography provides a new means of producing electronic devices with

submicron dimensions. One advantage of this technique is that its resist exposure

sensitivity is two or more orders of magnitude higher than that of e-beam lithography.

Another advantage in submicron device fabrication is its negligible ion scattering in

the resist and low back scattering from the substrate.. Features as small as 6-8nm can

be fabricated by using a 50kV Ga+ two-lens microprobe system.

5.3.2 Etching

There are two kinds of FIB etching: physical sputter etching and chemical

assisted etching using chemical reactions between the substrate surface and gas

molecules adsorbed on the surface. Chemical assisted etching has several advantages.

over physical sputter etching: an increase in the etching rate, the absence of re

deposition, and little residual damage. The mechanisms of these etching processes are

discussed in the references mentioned.

5.3.3 Deposition

There are two kinds of FIB deposition: chemical assisted deposition and direct

deposi~on. Chemical assisted deposition uses chemical reactions between the
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substrate surface and molecules adsorbed on the substrate. Direct deposition, on the

other hand, uses low-energy (SOeV) ions. FIB directdeposition has certain advantages

over assisted deposition. A great. advantage· is that the purity of the deposited film is

higher because of the high-vacuum conditions maintained during the deposition. FIB

direct deposition promises to be useful for repairing devices such as integrated circuits

and thin film transistors, and for repairing the clear defects in photo masks and x-ray

masks.

5.3.4 Doping

FlB doping characteristics are nearly the same as those of conventional ion

implantation. The throughput of FlB doping is .lower than that of conventional ion

implantation, so it is difficult to put this technique to practical use when making Si and

GaAs devices. It can, however, be used to make quantum effects devices - at least in

the research phase.

5.4 Usefulness of Fffi system to this project

5.4.1 Requirements for the Capillary Hole

• Width of 1-2 microns for cell research and 3-4nm for DNA sequencing

• Uniform pore width

• Smooth pore walls to reduce noise

• The processes of lithography and etching can provide holes in the micron or even

tenths of micron range only. FlB milling methods can easily drill holes in the

nanometer range.
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5.4.2 Advantages of using FIB to fabricate Nanopores

• The pores made from the Fill system can vary from microns to nanometers

• After drilling the hole, Fill deposition methods can be used to coat the inner

surface with some desired ions to get smoother and more controlled pore

dimensions.

• Fill can be used to sharpen, smoothen or etch some parts of the final structure

after completion ofthe processing.

• High-aspectratio trenches with almost parallel sidewalls. can be milled by Fill.

• The only disadvantage of exposing a surface to Fill (either for etching, milling or

microscopy) is that the constant bombardment with high-energy ions might

damage the surface. So, some kind of sacrificial layer should be used to protect

the layers underneath.
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Figure 5.3: This figure shows the micropores drilled in the nitride membrane using
the FIB. system (my samples). The nitride membrane is around 800Ao thick and is
resting on a well (330/lm deep) etched in silicon. It was possible to drill both square
and circular holes ofvarying sizes in the nitride membrane using the FIB system.
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Figure 5.3: This figure sho\\s the micropores drilled in the nitride membrane USIng
the FIB system (my samples). The nitride mt'mbrane is around 800A' thick and is
re'ting L'n a \\ell i330,LlJl1 deep) etched in silicon. It was possible tll drill both square
and circular lwlcs ot\arying sizes in the nitride lTIt'mbrane Llsing the FIB system



Figure S.4:Thisfigure shows some more holes drilled in the nitride membrane (my
samples). The sizes of these holes are even smaller than the ones in Figure 6.3.
Nanopores could also be drilled in a similar fashion but it's hard to see such small
holes on a screen like the one above. However, AFM / SEM could be used to see such
nanopores.
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Chapter 6
Ultra-deep Silicon Etching in Aqueous KOH

6.1 Anisotropic Etching of Crystalline Silicon

Anisotropic etchants for crystalline silicon has been used for a long time. Their

first applications included the etching of V-grooves on <100>silicon or V-grooves on

<110>silicon, in order to fabricate MOS transistors for high power and high current

densities [22,23]. Increasing attention has been paid to this etching technology, after

recognizing its unique capabilities for micromachining three-dimensional structures.

Due to the strong dependence of the etch rate on crystal direction and on dopant

concentration, a large variety of silicon structures can be fabricated in a. highly

controllable and reproducible manner [24,25]. Typical structures include thin

membranes, deep and narrow grooves, and cantilever beams with single or double

sided suspensions [26-31].

All anisotropic etchants are aqueous alkaline solutions, where the main

component can be either organic or inorganic [28]. Among the inorganic solutions,

the one most frequently used is based on KOH. Several groups popularized the use of

KOH as an anisotropic etchant for silicon [25,26]. They demonstrated unique ways of

using the anisotropy of the etchant to fabricate mechanical structures in silicon. KOH

etches the <100>surface of silicon at a rate about 400 times its etch rate on the

<111>surface. Thus as etching proceeds, a square etch mask would create a pyramidal

pit with sloped <111>sidewalls. These <111> faces intersect the wafer surface along

the <110>directions and form an angle with the surface of 54.7° .
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There are two limiting aspects of this process [22,23]. The first is that in order to

create a hole with a depth equal to the thickness of the wafer, the upper opening must

be at least 1.414 times the thickness of the wafer. One simple way to reduce the

magnitude of this problem is to etch the wafer from both sides simultaneously. This

double-sided process will reduce the minimum etch window. by half. The second

limitation is that in many applications it is essential that the sidewalls are vertical.

The etch rates of silicon by KOH not only depend on the crystal direction, the

KOH concentration, the etching temperature, the doping concentration and the shape

and. alignment of theetchmask but also on the impurities in the· etch chemicals,· the

illumination and probably the mechanical stress[24]. The latter particularly appears at

the edges of the etchmask openings.

6.1.1 Etch rates of passivation layers

Passivation layers of particular interest are silicon dioxide and silicon nitride

[24]. From measurements in the papers, the etch rate of LPCVD-Si nitride is less than

0.1 nm/h so for all practical applications it is regarded as a perfect masking material.

In contrast to silicon nitride, silicon dioxide shows a finite etch rate for any etchant

used. The etch rate of a thermal oxide grown at. 10000 C is approximately 30% lower

than the etch rate of a CVD oxide deposited at 8000 C. When the Si02 etch rate is

plotted as a function of the KOH concentration, it exhibits a maximum at

approximately 35% [22,25,26]. Below this concentration, a linear increase of the etch

rate with the KOH concentration is observed. At higher concentrations, the decrease

corresponds roughly to the square of the molar water concentration. The etch rate
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ratios between silicon and Si02 are very important for practical applications when the

oxide is .used as a masking layer during etching. The ratio depends strongly on the

composition of the etchant and the temperature. In applications where the full

thiclmess of the wafer is to be etched off, a KOH solution with a concentration of

about 20% at a iower temperature is recommended [22]. Then the attainable ratio is on

the order of about 1000, whichis satisfactory.

• In order to mask silicon wafers, thermal oxide and/or LPCVD silicon nitride

layers are commonly used. The etch rate of LPCVD-Si nitride in KOH is close

to zero. As a result of the different thermal expansion coefficients of the

masking layer and the silicon substrate, the coated silicon wafer suffer from

residual film stress [24]. In the case .of an LPCVD-Si nitride etchmask, the

intrinsic stress must be considered as the primary source of the mechanical

stress. Continuous fIlms produce only low "Stresses in the silicon substrate but

discontinuities, like masking openings,· introducing large localized stress fields.

Studies done on .the mechanical stress in LPCVD-Si nitride etchmask openings

suggest the following [24]:

• Due to the high tensile stress in the LPCVD-Si nitride etchmask, high local

mechanical stress fields appear in the silicon substrate along the etchmask edge.

The highest values are reached at convex comers.

• The thicker the nitride etchmask, the higher is the stress in the substrate.

It has been observed that convex comers with thick LPCVD-Si nitride

always show notches on their facets. For the lower thiclmess these have never

been observed. These notches are caused by cracks in the highly stressed
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LPCVD-Si nitride layer during corner undercutting. As Si02 films show

compressive stress, an intermediate Si02 film can be used to compensate for the

high tensile stress ofthe LPCVD-Si nitride etchmask. However, there is a higher

lateralunderetching and curved etch edges at chips with double-layer Si02/ShN4

etch-masks compared with the single layer LPCVD-Si nitride etchmasks. Thus,

the Si02 layer leads to a lower anisotropy ratio [24].

In this project, the fmal desired structure is to have a micro/nanopore in a thin

membrane, which is resting on the silicon substrate. To achieve this, the silicon

substrate had to be etched completely to have the wells on which the Si nitride

membrane can be resting. Because of the stress considerations in a single layer of Si

nitride (as mentioned above), it was advisable to useSi02 / ShN4 etch-masks instead

of a single layer of Si-nitride on the silicon substrate.· Also, because the thickness of

the membrane (in my case) is not so big «900A0), there were not any cracks or

notches in the membrane. The smoothness of the sidewalls of the wells formed after

etching depends on the purity of the KOH solution and the temperature [27]. As will

be· shown shortly, the surfaces formed by using the same solution over and over again

are not so smooth and they have residues (probably oxide or silicon) sitting at the

bottom. If a fresh solution is used for· the etching process each time, the wells look

neat and clean. Also, lower temperature of operation and a lower concentration of the

KOH solution give better results. During lily etching experiments, I tried three

different concentrations of solutions (12%, 20%, 40%) and three different temperature

conditions (60°C, 80°C, 95°C). The best results were obtained using 20% KOH

solutions at 80°C. At the temperature of 60°C, the etching process is slow and
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there is not a marked difference in the quality of the wells as compared to at the

temperature of 80aC. A higher concentration of the KOH solution speeds up the

etching process but gives more roughness onthe surfaces of the wells [31].

Constant. stirring the wafers in the KOH bath solution helps in the improving

the quality of the surfaces of the wells. The position the wafers are kept sitting in the

bath solution affects the quality of the wells as well. We know that when silicon is

etched in KOH, hydrogen is formed which tries to escape the solution in the form of

gas bubbles. My wafers were double-sided polished and a Si-nitride mask protected

the backside. The front side of the wafer was placed facing up so that the hydrogen

bubbles formed during the silicon etching could escape the KOH solution with ease. If

the hydrogen bubbles were not given that ease to escape, they would get 'stuck' inside

the well.for a while, leading to pit holes and additional roughness in the inside·surface

of the well [27,31]. In my wafers I never encountered such pit holes because of the

correct manner ofplacing ofmy wafers in the KOH solution.
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Figure 6.1: This picture shows a 330/lm pyramidal well etched in a 330/lm thick
silicon wafer. The inner surfaces of this well look clean without much
deposits/residues, cracks or notches. It took around 6 hours to etch·this·well in a20%
KOH solution. The inside of the well exposes the oxide, which is·on the other side of
the wafer. The picture was taken before the fmal BHF dip to remove the front oxide.
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Figure 6.1: This picture shows a 330).lm pyramidal well etched in a 330).lm thick
silicon wafer. The inner surfaces of this well look clean without much
deposits/residues, cracks or notches. It took around 6 hours to etch this well in a 20%
KOH solution. The inside of the well exposes the oxide, which is on the other side of
the wafer. The picture was taken before the final BHF dip to remove the front oxide.
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Figure 6.2: This picture was taken after the fmal BHF dip was completed. The
remaining oxide residues are all dissolved and the inside surface looks neat and clean.
The nitride on the other side is exposed and appears to be transparent in light. The
etching was performed at 85°C with 20% fresh KOH solution.

Figure 6.3: This picture shows yet another well etched in silicon. The etching was
performed at 95°C and with a usedKOH solution (20%). The smoothness of the
sidewalls is pretty good but not as the one in Figure 6.2.
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Figure 6.2: This picture was taken after the final BHF dip was completed. The
,remaining oxide residues are all dissolved and the inside surface looks neat and clean.
The nitride on the other side is exposed and appears to be tran~arent in light. The
etching was performed at 85°C with 20% fresh KOH solution.

Figure 6.3: This picture shows yet another well etched in silicon. The etching was
performed at 95°C and with a used KOH solution (20%). The smoothness of the
sidewalls is pretty good but not as the one in Figure 6.2.
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Figure 6.4: This picture shows well etched in silicon with a· ruptured nitride
membrane. .The nitride membrane collapsed in this .case because of over-etching
which the thin membrane could not withhold. .

Figure 6.5: This picture shows a well in silicon with. a nitride membrane that has
ruptured but is still hanging from the sidewalls. The reason for· the membrane rupture
is over-etching too.
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Figure 6A: This picture shows well etched in silicon with a ruptured nitride
membrane. The nitride membrane collapsed in this case because of over-etching
which the thin membrane could not withhold.

Figure 6.5: This picture shows a well silicon \vith a nitride membrane that has
ruptured but is still hanging from the sidewalls. The reason for the membrane rupture
is over-etching too.



)

Figure 6.6: This picture shows a well etched in silicon with a rupture nitride
membrane. In this case, the membrane collapsed during the process ofdrilling holes
using the FIB system. On an average, one out of five nitride membranes collapsed
while drilling micro/nanopores in them.

Figure 6.7: This picture shows the front side of the wafers after the process of silicon
etching is over. Some parts of the wafer show openings like the one shown above
when the wafer is over-etched. But when the etching is timed and monitored
constantly, such openings or holes do not occur.
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Figure 6.6: This picture shO\vs a well etched in silicon with a rupture nitride
membrzme. In this case. the menibrane collapsed during the process of drilling hoks
using the FIB system. On an average. one out of five nitride membranes collapsed
\vhik drilling micro nanopores in them.

•
Figure 6.i: This picture shows the front side of the wafers after the process of silicon
etching is over. Some parts of the \vafer shoyv openings like the one shown above
vvhen the water is over-etched. But when the etching is timed and monitored
constantly. such openings or holes do not occur.
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Figure 6.8 Figure 6.9

Figure 6.10

Figures 6.8, Figure 6.9 and Figure 6.10 show the different forms/shapes and sizes of
deposits and residues that can accumulate inside the well during and after the process
ofsilicon etching.
Figure 6.8 shows the silicon residues and deposits collected inside the well when the·
etching is not complete and the oxide/nitride.membrane has not been reached.
Figure 6.9 shows the inside surface of the well just 0.5-1 hour before the completion
ofthe etching process. The residues and deposits here are also the etched silicon.
Figure 6.10 shows the well after the etching process is completed. The residues and
deposits are from the oxide, which is now being attacked by the KOH. After BHF dip
these residues are no longer seen..
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Figure 6.8 Figure 6.9

Figure 6.10

Figures 6.8. Figure 6.9 and Figure 6.10 show the different forms/shapes and sizes of
deposits and residues that can accumulate inside the well during and after the process
of silicon etching.
Figure 6.8 shows the silicon residues and deposits collected inside the well \vhen the
etching is not complete and the oxide,nitride membrane has not been reached.
Figure 6.9 shows the inside surface of the well just 0.5-1 hour before the completion
of the etching process. The residues and deposits here are also the etched silicon.
Figure 6.10 sho\vs the well after the etching process is completed. The residues and
deposits are from the oxide. \vhich is now being attacked by the KOH. After BHF dip
these residues are no longer seen.
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Figure 6.11: This picture shows the front side of the wafer, which has the nitride
membrane resting on a 330llm deep well. The nitride appears to be transparent to light
when seen under the optical microscope. .

Figure 6.12: This picture shows the micropores drilled in the nitride membrane using
the Fm system (my samples).
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For the sake of comparison, I tried to etch microporesinan oxide/nitride layer using

photolithography. The silicon oxide was around 1000Ao thick and the silicon nitride

layer above it was around SOOA0 thick. The nitride. was etched using Plasma Etching

for around 40 seconds. The pictures from the AFM reveal the resulting nature of the

surface after etching is complete. The limitation of the etching technique to make

holes becomes evident in the submicrometer and nanometer dimensions when the only

answer to our questions is the FIB system.

Figure 6.13: This picture shows a 4J.Lm diameter circular hole etched in the
nitride/oxide layer.
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Figure 6.14: This picture is taken from the AFM and shows the 4/lm hole chemically
etched inthe oxide/nitride layer. The hole is actually not that deep (around 1200AO)
which is why the perception ofthe hole is not so distinct
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Figure 6.14: This picture is taken from the AFM and sho\vs the 4flm hole chemically
etched in the o:\idenitride layer. The hole is actually not that deep (around 1200A

2
)

which is \vhy the perception of the hole is not so distinct.
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· TopOgraphy, HOLE4:HDF

Figure 6.15: This AFM picture shows the texture of the surfaces after the hole was
chemically etched in silicon. It can be seen that plasma etching (of the nitride)
increases the surface roughness and chemical etching (of the oxide) after that still adds
to the roughness.
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Figure 6.15: This AF\l picture sho\\:, the k:<ture uf the Surf~lCeS after the hole \\as
chemical I; etched in silicon. It c~.lI1 be seen that plQsma etching (of the nitride)
incrc~bes the surtace n,ughness and chemical etching (of the o:<ide) after that still adds
tel the I\)ughncss.



Conclusion
In this work, we have discussed the different techniques used to fabricate a

micro/nanopore in a thin membrane resting on silicon well. This structure can be

visualized as a planar micropipette used for the measurement of single-channel ionic

currents. The work in this thesis is the fIrst step towards building a Biochip for cellular

measurements. The processing steps discussed in this thesis work good and the results

are encouraging too. It should now be possible to design all the masks needed and

fabricate the fInal structure in its entirety. Also, the task of circuit design and

simulation is to be done, after which it would be possible to .lay the circuit on-chip

along with the micro/nanopores.
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