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Abstract

This thesis aims at contributing towards development in pH sensing by proposing
a novel device structure of Ion Sensitive Field Effect Transistor (ISFET) and a
detailed physico chemical model for its simulation to predict the device
characteristics particularly at nano dimension.

Intracellular pH is an important cell function modulator. The activity of proteins
depends on pH. Delivery, absorption and effectiveness of drugs can be altered
by changing the pH of the local environment . If pH falls below 6.8 or rises
above 7.8, the person may die. In certain medical and biotechnological research it
becomes necessary to extract signals from within a cell. Intracellular pH
difference across the mitochondrial membrane drives the electron transport chain
which converts electron energy in to phosphate bonds . For such purpose, sensor
capable of extracting information from a single cell is highly essential. In order
to achieve clear understanding of what is happening inside a single cell, sensor

must meet the physical dimension, detection limit and sensitivity precisely.

The concept of Ion Sensitive Field Effect Transistor was first proposed by Prof.
Piet Bergveld, in the year 1970. The basic device is sensitive to H' ions and
hence it can give a measure of pH of the solution. Field Effect Transistor has
shown its suitability as a bioelectronic device for biosensor and has undergone
several changes and transitions since its inception in the year 1970. Since then a
good number of papers have been published in different- journals / conferences.
The research work seen so far shows flow of ISFET research mainly in two
directions: - one of which shows some experimental results with new samples,
new materials to establish the potential of the device in a new direction of

application.
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In the other direction of research it shows the development of a model -may be a
physico- chemical or may be a model based on SPICE (Simulation Program with
Integrated Circuit Emphasis) for different sensing materials. The objective of
such work is to find out a new material that can be used to make devices with

enhanced sensitivity.

A unique feature of all the papers is that, the work is based on the conventional
planer device. It has also been observed that no research group or individual has
so far worked on a new device geometry or shape for enhancing sensitivity of the
ISFET. The potentiometric sensitivity has very weak dependence on device
geometry, but the amperometric sensitivity which is highly dependent on deyice
transconductance  is in turn dependent on the device geometry. By using
appropriate material for gate insulator and/or sensing surface of ISFET, the
device sensitivity can be enhanced to a particular level. In case of an in vivo
sensor it may not always be possible to use the material with highest sensitivity,
when the question of biocompatibility arises. In this situation some other
methods for sensitivity enhancement will be required, such as new device
geometry. In addition ISFET in its planner form when scaled down to deca
nanometer dimension comes up with numerous small dimension effects. The
Gate All Around MOSFET Structure is very successful against most of these
parasitic effects and when these structures are implemented for the ISFET, the
sensor amperometric sensitivity shows much higher value. Among all the gate
all-around structure, the cylindrical structure is the best because of absence of
corner effect. Corner effect gives rise to non uniform gate overdrive and
consequently current density also becomes non uniform. This problem is not

encountered in Cylindrical Structure.
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The main purpose of this work is to develop a Physico chemical model of
Cylindrical ISFET of nano dimension. Nano dimension is chosen because; the
intended application of this device is for single cell monitoring. Here in this work
a complete model of this device has been developed considering the entire major
small dimension effects including the quantum mechanical (QM) effects leading
to threshold shift. While the initial simulation results (in the sub micron range)
have been compared with the data available in literature to evaluate consistency
of the model, subsequent results (in the nanometer range that includes QM effect)
provides prediction about the device response. This work also gives a rule for
reference electrode placement. This finally determines the overall system
dimension which depends upon the Debye length corresponding to the highest

value of pH to be measured.

The first part of the thesis discusses basics of ISFET, fundamentals of oxide
lelectrolyte interface of the site binding model and physico chemical modeling of
the device. In this part a generalized model for the planer ISFET are discussed
based on the site binding model for silicon dioxide as sensing material. Silicon

dioxide, when used as pH sensing surface posses only one type of surface site.

Attempts have been made in a very modest way to contribute the following in the

present thesis:-

1. First, a novel ISFET structure has been introduced based on the
surrounding gate MOSFET which is available in literature. A physico chemical
model for the same has been developed in this work. Here the semiconductor
charge has been considered as two distinct layers — inversion layer and depletion

layer and the simulation results show the followings.
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Above threshold condition the inversion charge depends on pH and the depletion
charge remains fixed, below threshold, the depletion charge shows its

dependence on pH.

The Diffuse layer at the electrolyte insulator interface surrounding the cylindrical
device is influenced by cylindrical geometry. This influence is also modeled and
analyzed. The device model is simulated in MATLAB and its behavior is
analyzed for various pH values. The results show sharper fall in diffuse layer
potential compared to the planer geometry. Deviation of device potentiometric
sensitivity as a function of reference electrode position relative to the OHP

(Outer Helmholtz Plane) has also been analyzed.

The results obtained from simulation leads to the conclusion that there is a
definite correlation between the distance from the OHP to the reference electrode
and the Debye length of the electrolyte at that particular value of pH. A distance
of 3 Debye lengths can give results having one to one relationship between
electrolyte oxide interface potential and pH i.e. one value of electrolyte oxide
interface potential corresponds only to one value of pH. If the reference electrode
is placed at a distance smaller than the Debye length from the OHP in a particular
range of pH one value of electrolyte oxide interface potential will correspond to

two values of pH

2. A humble attempt has been made to develop the cylindrical ISFET at nano
dimension. In this part of work study was carried out giving emphasis on the

following factors:

a) The conduction band edge shift at nano dimension has been considered by

solving the Schrodinger Wave Equation in cylindrical coordinate.

Tezpur University -



Department of ECE Abstract

b) The increase in effective oxide thickness (EOT) that occurs due to shifting
of inversion layer centroid away from the insulator semiconductor interface has

also been considered.

The study that was carried out on the developed model by considering the
above two factors reveals an increased threshold voltage resulting lower
drain current at a particular reference electrode voltage and at a particular

value of pH.

3.  Further, the effect of insulator thickness on the sensitivity of the device was
also studied. When the insulator thickness is reduced to nano level, the number of
buried (slow responding) sites reduces in number, while the number of surface
(Fast responding) sites remains the same. At insulator thickness equal or less than
3 nm, there is no buried site presents, consequently when this effect is
incorporated in the model developed in (2) little lesser potentiometric sensitivity

obtained, but the output settles faster.

While including the nano dimension effects as discussed in (2) it is
observed that the drain current and potentiometric sensitivity of the device
decreases, and consequently the amperometric sensitivity also decrease. Even
though these three factors pulling the device current and the amperometric
sensitivity down at nano dimension, the results are much better while compared
with the planer device at similar dimension, which is due to better device

transconductance arising out of the device geometry.

When the rule for reference electrode placement is implemented to the

cylindrical device, it is observed that, to obtain the same amount of
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potentiometric sensitivity, the reference electrode in a cylindrical ISFET can be

placed at a smaller distance from the OHP as compared to that in a planer device.

It can therefore be conclude that cylindrical device provides a pH
measuring system with smaller dimension with higher amperometric sensitivity

as compared to the planer device.

As a future extension of this work, the temperature variation of human
body may also be considered in the model because, temperature change in human
body under diseased condition may be sufficient to cause drift in the ISFET

response in vivo.
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Chapter 1
Introduction
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1.1 Sensing technologies and Ion Sensitive Field Effect Transistors

Over the past thirty five years astounding progress has been made on multifold
applications of chemical sensing technology. The field of chemical sensor mainly
includes electro chemical sensor and optical sensor, while the concept of
biosensing gives a new leap to it. Jon Sensitive Field Effect Transistor (ISFET),
which is basically a chemical sensor, was first reported by Bergveld in 1970 [1].
ISFET bears the potential of fast response, smaller size and low cost due to the
well established metal oxide semiconductor (MOS) technology. Initially silicon
dioxide was used in ISFET as its sensing surface. It was sensitive to hydrogen
ions, an inherent property of inorganic oxide. The circuit is completed by using
one reference electrode. This concept was developed by Matsu and Wise [2] in
1974. Structurally ISFET is almost similar to metal oxide semiconductor field
effect transistor (MOSFET) barring the metal gate electrode and adding a
reference electrode immersed in the electrolyte solution. In this structure the gate
insulator is exposed to the electrolyte solution and the reference electrode which

is also inside the solution, completes the loop.

Wise et al. [3] used silicon as substrate for micro electrodes for
electrophysiological measurement. But a systematic progress started with the
inception of the ISFET. Since then several researchers carried out various studies
on ISFET and other field effect transistor (FET) based devices. Most of them
described ISFET as future tools for electrophysiological measurement [4]

Attempts have been made by the researchers to improve some characteristics
like sensitivity, temperature effect, drift phenomenon etc using various inorganic
oxides as dielectric materials. In the search for enhancement of pH and other

chemical and biological sensing, several approaches have been made by different
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researchers. For example some researchers have  presented their work on
nanowires: It has strong confinement for carriers in two dimensions and weak
confinement in one direction. These devices possess capability of pH detection/
detection of chemical and biological species in aqueous solution [5]. The work in
[5] states that it was carried out without an external gate, but the dynamic range
can be extended for such sensors by using a side gate. However during the
measuring process the changes in the surface charge can chemically gate the
silicon nanowire. The silicon nanowire pH sensor presented in [6] uses a side
gate to control the accumulation or depletion of the surface carrier on the
nanowire. The side gate also provides ability to control the nanowire
conductance necessary for optimization of detection sensitivity. The conductance
of nanowire sensor presented in [6, 7] as a function of pH also uses a side gate
for conductivity modulation. The work presented in [8] uses a nanowire for
measurement of pH, detection of bio molecules like DNA with complimentary
strand and detection of ATP binding. In this work the nanowire is used for direct
detection of chemical and biological species. This explains how the nanowire is
chemically or biologically gated without using any external gate. This paper also
reports about the sensitivity limitation of a planar FET sensor over a nanowire
FET sensor. In a cylindrical nanowire sensor the molecules that are being sensed
can come from any direction. This makes it more likely to sense a molecule than
a traditional planar sensor [9]. The work reported in [S] enunciates some
advantage of nanowire over nanotube sensor such as- a metallic device does not
function as expected. In this case the methods for preparation of selective
interface required for a nanotube sensor is not well established. As the nanowire
can be conveniently modified with receptors and ligands, it is very suitable for
specific detection of biological and chemical species. In this connection it is

worth mentioning that a recent work done in the year 2007 [10] reports that
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penetrating a living cell having larger diameter compared to a semiconducting
nanowire is not fatal to the cell and that cell remains functional for a few days
after penetration. The results reported in this paper and also in [11] shows
possibility of in vivo pH measurement and monitoring metabolic activity inside a
single cell. In the above cases cylindrical shape nanowires have been used for
detection and measurement of the analytes. Some of them have not used any
external gate whereas the others have used an external gate but only sideways.
Here the author gives a humble attempt to model a new device geometry concept
at nano size. A comparison with a planar ISFET and nanowire sensor is also

presented here.

1.2 Need for suitable device structure for ISFET

A high-throughput bimolecular analysis requires bio molecular detection at
lower concentration and demands ultra sensitive sensors [12]. By using
appropriate material for gate insulator and/or sensing surface of ISFET, the
device sensitivity can be enhanced to some extent. In vivo sensor may not use
the material with highest sensitivity, due to lack of biocompatibility. In such
situations some other methods of sensitivity enhancement will be adopted, such
as new device geometry. In addition, ISFET in its planner form, when scaled
down to deca nanometre dimension comes up with number of small dimension
effects. In this regard, it is worth mentioning the work presented in [8]. The
Double Gate or the Gate All around MOSFET/Cylindrical MOSFET structure
are very much successful against the most cases of these parasitic effect. On
simulation these structures show much higher sensitivity. Consequently an
ISFET based on these structure also posseses similar electrostatic nature.

Cylindrical silicon nanowire is currently drawing much attention of the
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researchers. As mentioned in the previous section, some of the research works
carried out so far shows the use of nano wire without an external gate [5, 8].
Unfortunately without an external gate it is not possible to adjust the conductance
which is necessary for optimization of detection sensitivity {6, 7]. On the other
hand some works have been reported {6, 7] on the use of a side gate and a
suitable voltage for optimization of sensitivity. A cylindrical nano MOSFET
surrounded by the control gate [13] is azimuthally symmetric but a nanowire
sensor with a side gate is not a symmetric device. Electrons travelling from
source to the drain suffer from mobility degradation due to lateral electric field.
The lateral electric field component in this case is induced by the side gate
voltage [14, 15]. A cylindrical ISFET with a surrounding reference electrode
leads to a symmetric distribution of electric field. Consequently the normal
component of the electric field will have a cancelling effect in the middle of the
silicon body as in the case of a double gate MOSFET [16]. For this reason, in
case of optimization of detection sensitivity, it can be expected that use of a
surrounding reference electrode will have much less mobility degradation effect

than that of a side gate.

1.3 Thesis outline

The 2™ Chapter discusses the basics of ISFET and the fundamentals of
oxide /electrolyte interface of the site binding model along with physico chemical
modeling of the device. In this chapter a generalized model for the planer ISFET
has been developed based on the site binding model for silicon dioxide used as
insulating material. Silicon dioxide, when used as pH sensing surface possess

only one type of surface site. Consequently, the model developed is much simple.
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The simulation results in this case (presented at the end of the chapter) gives a

clear insight of the device.

In the 3™ Chapter the novel ISFET structure i.e. the Cylindrical ISFET,
has been introduced for developing a physico chemical model for the same. In
this chapter we have considered separate layer of charges for inversion and
depletion layers and they are included in the model. The potential drop across
the depletion layer and oxide layer has been modeled as a function of pH, The
diffuse layer surrounding the cylindrical device is influenced by cylindrical
geometry. This influence is also analyzed and modeled. The device model is
simulated in MATLAB for the analysis of its behaviour at various pH values.
The result shows distinct potential variation from inversion layer to the depletion
layer as a function of pH and deviation in the device sensitivity as a function of

the position of reference electrode relative to the Outer Helmholz Plane (OHP).

In the 4™ Chapter Scaling Issues related to downsizing of ISFET to nano
dimension is discussed and accordingly the model developed in Chapter 3 has
been modified to include the nano dimensional effects. The model includes
threshold voltage shift due to quantum mechanical energy band shift, oxide
capacitance reduction due to effective oxide thickness increase and sensitivity
reduction due to decrease in number of sites per unit area Finally the model is
simulated using a MATLAB program and a comparison is made with the ideal
case. A comparison with a nanowire sensor is also presented towards the end of

this chapter.

The 5™ Chapter a novel rule for reference electrode placement has been
framed. This rule can be helpful in determining the complete dimension of the
pH measuring system using ISFET.
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Finally Chapter 6 carries a summary of this dissertation and suggestion for

future work is given.
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Chapter 2
General overview of
ISFETs and analysis of conventional ISFET
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2.1 Introduction

Ion Sensitive Field Effect Transistor (ISFET) was first reported in 1970
by Prof. P. Bergveld [1] who described it as a tool for electrophysiological
measurement of ionic and effluxes around a nerve. This work was described in
details in 1972 [2], which is now cited by many authors as pioneering publication
in the field of ISFET investigation. In this publication he demonstrated that if the
metal gate of ordinary metal oxide field effect transistor (MOSFET) is omitted
and the silicon dioxide layer is exposed to an electrolyte solution, the
characteristic of the device is then affected by ionic activity of the electrolyte
solution and hence the device functions as an ion sensitive transducer. At the
same time Matsu and Wise developed a similar device [3] using silicon nitride as
insulating layer. After these pioneering works, many other groups started to
publish their research findings on ISFETSs and related devices. Since 1970, led by
Prof P.Bergveld, more than 700 publications appeared which were devoted to
various aspects of ISFET development [4]. The latest investigations concern the
application of extended gate polycrystalline silicon thin film transistors as
ISFETS to the development of DNA hybridization sensors, the miniaturization of
reference electrodes compatible with silicon chip technology and development of
nanoscale ISFETs [5].

In this chapter the basic theoretical principles of ISFET, operation
mechanism and simulation results based on site binding theory [6] is presented

here.

2.2 Theory of ISFET
The Schematic representation of a MOSFET and an ISFET is given in fig 2.1.
The characteristic of a MOS device is determined by its flat band voltage. This
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Fig. 2.1 (a): Basic MOSFET structure (n channel enhancement type).

can be defined as summation of the work function difference between the gate
material and potential due to the trapped charge between the oxide and the
semiconductor, mobile ionic charge and fixed charges. A change in the
magnitude of these charges causes change in the threshold voltage of the MOS
device [7]. In an ISFET the flat band voltage changes due to the chemical

changes that occur at the oxide electrolyte interface.

In a MOSFET the various layers are positioned as follows [8]

r BODY METAL[ SEMICONDUCTOR SUBSTRATEJ GATE INSULATOR1 GATE METﬂ

The Threshold voltage of an n channel enhancement type MOSFET is

given as follows [9]

Vrh(mos) = Vfb(mos) + 2(¢f I + Qdepletion /Cox '''''''''''''''' 2.1
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Vi =¢m_¢s+(Qf +Q,,,+Q,,)/C0x ................. 22
¢f ‘—KZID(N"] _________________ 273
q n,

Q teptenon =~ 4€,4N, ¢f’ ---------------- 24

Cox = gnx /tnx ------------ 2.5

Q sepienon = Depletion charge per unit area (coulomb/metre?)
Q, = Fixed charge per unit area (within 3nm of Si-SiO,

interface) (coulomb/metre?)

Q, = Mobile ionic charge per unit area (coulomb/metre?)

Q, = Oxide trapped charge per unit area (coulomb/metre?)

The chargesQ,,Q, .0, can be neglected considering ideal

condition.

Now, if the metal gate of the MOS structure in the Fig. 2.1(a) is replaced
by a reference electrode and an electrolyte solution, a structure as shown in
fig.2.1 (b) is obtained. This structure is known as electrolyte insulator
semiconductor (EIS) structure and it is analogous to MOS structure, a reference

electrode closes the circuit [10].
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The threshold voltage for EIS structure is given as follows [7]

Q €] ton
Vth(lsfez) =(Eref +¢lj)_(¢eo _le)—¢S1 +_—dé'l‘e__'+2|¢f| ---------- 2_6
Vﬂ’ = (E’?f + ¢l}' ) - (¢eo - Ze) - ¢Sz 27

V, flat band voltage of the ISFET in volts.

E,s reference electrode potential relative to vacuum in volts.
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@, is the liquid-junction potential difference between the reference

solution  and the electrolyte in volts;
@., is the potential drop in the electrolyte at the insulator-electrolyte
interface in volts;
is the surface dipole potential of the solution in volts;

@,  is the work function of Si in volts;

C the insulator capacitance per unit area (F/m?)

In the expression of Vg of MOSFET, the terms in parenthesis are replaced by
the work function of the containing metal (@, ). A change in work function of the

gate causes change in threshold voltage. Similarly, the flat-band voltage and

therefore the threshold voltage, changes with change in chemical quantity.

The threshold voltage equation for ISFET can be expressed in terms of
MOSFET threshold as [7],

‘/th(isfet) = ‘/th(mosfet) + Eref + ¢li + Ze - ¢eo - ¢m 2.8

@, - is the work function of the metal or polysilicon gate material

relative to  vacuum in volts

The drain current expression in the non saturated mode for MOSFET and

ISFET is given respectively as follows 4]
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w V2
IDS(MOS) = ﬂcox T((VGS - Vth(mos) )/DS - gs } 2.9
w %
IDS(isfel) = ﬂcax I((VG - V,h(,'_‘fe;) )VDS - ;S ) 2.10

2.3 Operation Principle of ISFET

2.3.1. Site Binding Model
The response of the ISFET to pH can be explained by using site-binding model
as shown in fig 2.2. This model can give a more fundamental explanation of

operation of ISFET.

The presence of an insulator in contact with the electrolyte solution introduces a
new kind of charge distribution caused by the formation of surface groups that
transforms the EIS structure into a pH sensor. The exchange of hydrogen ions
between the electrolyte and the reactive sites at the insulator surface causes the
change in potential at the electrolyte insulator interface. The ions present in the
solution react with positively or negatively charged active sites present at the
dielectric surface creating hydrogen active site pairs and consequently changing
the total value of the active site charge at the insulator surface and thus forms the
electrical double layer. The ion concentration in the electrolyte influences the
gate potential, which in turn modifies the threshold voltage. The ISFETs are
usually operated under the constant drain current mode, which means that the

change of drain current due to the change of the ion concentration in the
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electrolyte is compensated by the adjustment of the voltage applied to the

reference electrode.

Droalatew Solihon
! |

a1 OH Meubalse

or 7 Proton donow
|
A |
. ' +
51 CHY FProtonaco=ptor
|
8 l

Fig. 2.2 Site Binding model
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2.3.2. Electrical Double Layer Model

Electrical double layer model can be used to describe the ion distribution and

potential variation near a solid liquid interface. Figure 2.3 depicts the nature of

this interface.

Some ions are held tightly right next to the surface. This layer of
ions is known as the Inner Helmholtz Plane (IHP). The ions in this
layer immobile. These ions are attracted by the solid surface and
assumed to approach the electrode surface and form a layer which
tries to balance the electrode charge. The distance of approach is
assumed to be limited by the radius of the ion. These ions have lost
their solvation shell. Consequently THP can be defined as the
distance from the electrode surface to the centre of an ion which has

lost its solvation shell.

Beyond the IHP the other ions are held relatively loosely. As we
further away the ions are more loosely held. This starting plane of
these loosely bound ions is known as the Outer Helmholtz Plane
(OHP). The layer of charge beyond the OHP is known as diffuse
layer.

2.4 Modeling

Let us consider SiO; as the insulator. Generally its surface contains site in three
forms: Si-O°, Si-OH and Si-OH;" as shown in fig 22 The acidic and basic
characters of neutral site Si-OH are characterized by the equilibrium constants K,

and K, respectively and can be written as the following equation [7] [11}
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Fig. 2.3 Electrical Double layer at the interface model
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[si-oH; Jetss[si-0H)+|H?] e 2.11
[si-O0H)eslsi-0 +[H?] e 2.12

Now the dissociation constants can be defined as

< _ [Si-OHIH"],
“" [Si-OH;)

_SiO](H ],
" [ sioH |
In the equations 2.11 to 2.14 Si-OH;" , Si-OH and Si-O represent positive,
neutral and negative surface sites respectively and [Si-OH,'], [Si-OH] and
[Si-O7] are the numbers of these sites per surface area. The subscript ‘s’ in [H'];
signifies the concentration of proton near the surface of the insulator. The surface
to bulk relationship i.e. [H']s and [H }pu follows the Boltzmann distribution.

Therefore

[H +]s = [H +]bulk eXp (:‘%"‘) """"""" 2.15

Where,

¢eo Electrolyte insulator interface potential in volts.

g  charge of an electron
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T Absolute temperature

k Boltzman constant

This surface potential is generated by the net surface charge,

o, =q(lsi-0H; |-[si-07) 2.16

The total number of sites per unit area is given by

N, =[Si-0H]+[si-0" |+[si-0H; | 2.17

From equations 2.11 to 2.17 the expression for surface charge density o,

becomes

[H') - K.K,
O, =gXN;
[H*) +K.[H"], + K.K,

The relation among pH, O, and ¢eo can be established by using equations
2.11 to 2.17 as given in [12]

2 )/2
) % 14| % (1—52):|
il
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Where
_ 4 2.20
Yo kT
, =20 221
gN;
5=2(K,K,)" 222

Now it can be seen thatd <<l and consequently putting 1—3&° =1 in

equation 2.18 we get

[H*]:(K%JW exely, ). — 223

When the electrolyte oxide interface potential is zero, the surface becomes

neutral and hence we get

¥o =0

0, =0

And consequently at this value of hydrogen ion concentration becomes

[H”]:(K/k,, )”2 ................... 224

Taking logarithm on both the sides we get
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g ln(K / ) ................... 2.25

Where

1/2 1/2
—ln(K/ ) =——2.30310g(K/ ) 05 s AU —— 2.26
kb kb

PH,,. is the value of pH at which the surface becomes neutral.

By taking logarithm of the equation 2.22 we get

tnfF*] u{K/) +y0+1n{7+1+[5)2}/2-111(1—%)
= In[H*]-1 r(K/) =y, +sinh” (5) —In(l-;,)

a,
=2.303pH,,. — pH) =y, +sinh™ (?O)—ln(l—ao) ....................... 2.27

In the above equation the last term represents saturation of pH response when the

surface charge 0|, increases and consequently &, approaches one. For Silicon

dioxide the last term of the equation 2.26 may be neglected
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a,
= 2.303(pH ., — pH)=y, +sinh™ (—62)

According to Gouy Chapman Stern Theory, the electrolyte oxide interface

potential is exactly the summation of the potentials across the stern layer and the

potential across the diffused layer i.e.

=-2(kT/q)sinh™ % -2
@, =—2AkT/q) [m} c.

Where

€ jifuse permittivity of the diffuse layer

For small value of diffuse layer charge 0, the equation 2.21 can be

approximated as

3, = —Q(kT/q)'o-iz % 230
Sgdxﬁu.r!ch G
9 =-2.% 2.31
G G
o
¢ =-— 2.32
C,
Where
—1—- = ——1— + r - 233
c, C, C4
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Where the diffuse layer capacitance is expressed as

A O jipuse zq
C,=——cdlsc _(Be —kIC, )| =2—| = cocoeemeeee 2.34
* g, W °)(2kT)

In absence of applied voltage to the reference electrode, the diffuse layer charge

is given by

. Z . 2q .
o = o (30 | 22

------- 2.35
And the Helmholz capacitance is
c. = S 2.36
H ] ] .
+
Cmr C onr

Where C,,, and C,,, are the capacitance of the Inner Helmholz Plane (IHP)
and Outer Helmholz Plane (OHP). The can be expressed as

C P = _i‘ﬂ """"""""" 2.37
IHP
E
Com == e 2.38
OHP

Tezpur University 24



Department of ECE Chapter 2

From the condition of charge neutrality it can be written as [13]. Fig 2.4 and fig.

2.5 shows the charge density and potential profile of an EIS system.

o-di{ﬁue + O-IHP + o-insulaxor + Qsemiconduaor =0 e 2.39
Where

Qinversion + Q" pleti = Qv....'. di T 240

O-"'"’ + o.innllamr = O.() """"""" 2.41

Using 2.40 and 2.41 we may write equation 2.39 as follows

o-dg'ﬁitse + 60 + Qinvcrsion + Qdeplerion =0 e 242

In absence of reference electrode applied voltage (V..s), inversion charge is zero

and the depletion charge (Qdeplexion) is also negligibly small. Consequently we

may write
O-d!'mue + O-() = 0 Or O.dl:tfuse = - 0-0 """"""" 2.43

Consequently, with introduction of the equation 2.43 in the equation 2.29, we

get

_O-dtﬁ'M/N
- q
2-30:{Pszc_ PH) = y, +sinh” W --------------- 2.44
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Cd¢eo
o N,
=52.30{pHy,c— pH)= y, +sinh’ ﬁ,—z ---------------- 2.45
a" b
. Y
=2.3031pH,,.— pH)=y, +sinh” 0 | 246
ApH,,.— pH)=y, e AL
kTC,
=2.304pH,,.— pH) = y, +sinh"(—y—/§-] --------------- 247

Where

_ qusz(KaKb) 1

--------------- 2.48
p kTC,
B is known as Dimensionless Sensitivity Parameter.
The asymptotic behaviors of equation 2.47 are as follows.
@, = 2.303H(pH,,ZC —pH)—'B— , For y,<<f —mmmeeer 2.49
q 1+
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And

2.301pH,,.—pH) =y, + %le{%} For y,>pf -—-- 2.50

In our analysis we have used the first expression for pH, because in the present

analysis the value of y, << f.

2.5 Amperometric Sensitivity:

dl

dpH

Let us define the term amperometric sensitivity as . It is the variation of

drain current in response to change in pH. This can mathematically be expressed

as follows [appendix Al]

dl s p w
dpH L dpH
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2.6 Simulation results-and conclusions :

Figure 2.6 shows variation of electrolyte oxide interface potential with pH. In
this figure it can be observed that the electrolyte oxide interface potential varies
linearly with pH except at very low value of pH. At low value of pH, the value of

[ decreases and due to this the electrolyte oxide interface potential decreases in

magnitude. As the value of pH decreases i.e. the ionic concentration increases,

the value of double layer capacitance increase and this results in lower value

of 5.

Figure 2.7 shows the relationship between drain current and voltage applied to
the reference electrode at different value of pH. This gives an indication of
variation of the drain current with pH, when the drain to source voltage is kept
constant. As the pH changes the electrolyte oxide interface potential also change
and due to this the threshold voltage of the ISFET changes. This variation of
threshold voltage causes the change in drain current which is observed in this

figure.

Figure 2.8 shows the relationship between drain current and drain to source
voltage, at different value of pH. This gives an indication of variation of the drain
current with pH, when the voltage applied to the reference electrode is kept

constant.

Figure 2.9 shows the newly defined parameter Amperometric sensitivity of
ISFET as a function of pH. At very low value of pH, the amperometric
sensitivity is positive. When the value of pH increases, this value decreases to
zero and attains negative value and remains fixed thereafter. From this figure it is

clear that the current increases slightly and then decreases nonlinearly, as the of
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pH increases from 1 to just over 2. After that, the current starts decreasing

linearly with increasing pH
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Fig. 2.6 Electrolyte oxide interface potential vs. pH for Silicon dioxide
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Fig. 2.8 Drain Current vs. Drain to source voltage at different values of pH
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Chapter 3
Novel Device Geometry — The Cylindrical ISFET
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3.1 Introduction

In the last few years, surrounding gate cylindrical MOSFET has attracted an
increased research interest because it possesses better electrostatic gate control
[1]. The cylindrical structure MOSFET can be scaled down to sub few nm,
indicating its suitability for use in bioelectronic devices oriented for biomedical
and bioanalytical practices in vivo. Cylindrical MOSFET can be rendered H*
sensitive by eliminating its surrounding gate electrode by a series combination of
a surrounding reference electrode and an electrolyte solution. In this chapter we
propose a physico chemical model of threshold voltage, electrolyte potential
profile model and drain current of the Cylindrical ISFET based on the solution of
Poisons equation and Poisson Boltzmann equation in cylindrical coordinate. As
far as semiconductor side is concerned, it is validated by comparing it with the
model given in reference (2], while the electrolyte modeling is validated by
comparing the result given in reference [3]. Good agreement is found with the
models already available. The surface phenomenon of the device is based on the
site binding theory [4] and the implementation of the corresponding model is
done in cylindrical coordinate using basic formulae viz. the diffuse layer

capacitance and normalized potential are developed for cylindrical geometry.

3.2 Threshold Voltage model of the Cylindrical ISFET

Structurally, cylindrical ISFET is obtained by replacing the surrounding metal
gate of cylindrical MOSFET by the series combination of a surrounding
reference electrode, electrolyte solution and a chemically sensitive insulator.
Cylindrical MOSFET is basically a Gate All Around MOSFET with a cylindrical
geometry. The schematic description of cylindrical ISFET structure is shown in
fig 3.1

3%
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Fig.3.1 Structure of the Cylindrical ISFET
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The one dimensional Poisson’s equation for a MOS structure in cylindrical

coordinate is given by

Where

0(r,) potential distribution in the cylindrical silicon pillar,

N,  Acceptor doping concentration (per metre’)

N, Donor doping concentration ( per metre”)

q Charge of an electron (1.6x10*° coulomb)
r radial direction of the cylindrical coordinate (metre)
Ei is the dielectric permittivity of silicon.

(€ =€o¢; =103.59x107"? F/m)
For a p-type semiconductor x , = ¢ and equation 3.2 becomes
p=ql-N;+p-n) 33

For a moderately doped semiconductor p >> n , and therefore the equation 3.3

reduces to
p=q(-N;+p)

40
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= p=af-N +p,em( "% )|
= p=q{—N;+N;exP(—q%T)}
:>p=qNJ{eXP(_q%T)_I} -------- 3

Putting this expression of charge density into the equation 3.1 we get

r

Li(r_a_¢(r)) =~ qN;{eXp( Yir ) 1}

r or £

Expanding the exponential term and neglecting the higher order terms we get

The equation 3.6 can finally be reduced to

r2 ﬂ.{. rﬂ_(_qlv_‘:_}.r2¢_—_0

diz dr €s,KT
2 —
2 d ¢ d¢ 2
:r - _.+r____A' _0 .......
r2 " r ¢ 3.7
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L,,. is the extrinsic Debye length of the bulk semiconductor.

The equation 3.7 is Hyperbolic Bessel’s Differential Equation and the solution of

this equation is given as [5]
o()=B1,WAr) 3.8

Where 1, (\/Z r) is the Bessel’s function of first kind of order zero which is

given as follows [6]

MJL):iM. ------- 3.9

= (k)
‘B’ is a constant. Its value can be found by using the boundary condition.

¢|r=15,/2 =¢s """" 310

And at threshold condition

KT

¢, =2p,|=2 ;

N
m( J ------- 3.11
nl
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Therefore at the onset of inversion the equation 3.8 becomes

Lyaph
2\¢f.=B'§{4—(\:—:_)i)_}*

Now the bulk charge or depletion charge term for a cylindrical ISFET can be

expressed as Qi o1 At threshold condition is given by

Qdeplenon_cyl = —85103 E N

Where E; is the electric field at the semiconductor surface at threshold

condition.
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F=——"=-B ~>——-—— e 3.15
o DT
k 2k~-1
(1) A".Zk(t% )
= - 3.16
B =Bttt =P Gy

The threshold voltage of a planar MOSFET is given as (7]

' Qdeplezz‘on«

COX

----3.17

Vzh(mmfez) = Vﬂ;(mo.sfel) + 2‘¢f‘ +

And consequently, the same for a cylindrical device can be written as

'Qdepletion_ cyll

Vir_extmosters = Viptmon + 2l¢f‘ L ----3.18

ox_cyl

P : Fermi potential of the doped silicon pillar (in volts)

Vﬂ,(mw) : Flat band voltage (in volts) of the MOS structure and is given

by  equation 2.2

C : Oxide capacitance per unit area for the cylindrical device

ox _ oyl
(F/m’)

Q jepieiion_cyr - Depletion charge per unit area for a cylindrical ISFET

(F/m’)
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2€
Cox_cyt = 0x2t
tn.(ln( 1+ T"‘—)]

Si

Egq - Dielectric constant of the oxide

t; - Diameter of the silicon pillar

Now using the reference [9], [10] and combining it with equation 3.18 the

threshold voltage for the cylindrical ISFET can be written as

’Qle letion cyl}
‘/lh_cy(i.sfet) = Vfb(mox) +2‘I¢f‘ +—‘1C__—'l-—y_ + Eref + Qj +Xe —¢eo —¢m ______ 320
de letion_ cyl ‘
Vir_ontiggen = Vptsen 2‘%1 + “—pE““cy“ """" 3.21
Where
Vfb(i.sjfel) = Vﬂz(mox) + Eref + ¢lj + Ze - ¢eo - ¢m ------- 322
E, . : Reference electrode potential (in volts)
¢, :Liquid junction potential (in volts)
Z. :Liquid dipole potential (in volts)
¢., : Electrolyte oxide interface potential (in volts)
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The electrolyte oxide potential ¢,, is given by (11}, [12]

KT B
- H. —pH) +£2—| e 2
¢e0 2303 q (p PZC p )(1 + ﬁ) 3 3

Where
pH,,.: The value pH of the electrolyte at which the surface

becomes neutral

B : Dimensionless sensitivity factor [13] given by

1/2

— 2q2NS (kakb)

------- 3.24

d kTC |,

The two equilibrium constants are given by

k, = si-o” |l L 325

[Si-0H]
k, = ,[S’—OH S 3.26

[si—-oH]|H "]
N; = Number of binding sites per unit area
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The equivalent double layer capacitance per unit areaC,, is given by (14]

Where, C, is the Helmholz capacitance per unit area. The Helmholz

capacitance is the series combination of two capacitances — Inner Helmholz
Plane (IHP) capacitance per unit area and Outer Helmholz Plane (OHP)

capacitance per unit area [14].

For planer device Ciyp and Copp are given as

£

Cupr = th ------- 3.29
IHP
£

Comr = ~7— owr_ e 3.30
OHP

For a cylindrical device, it may be shown that IHP capacitance per unit area and

OHP capacitance per unit area are given as (Appendix-2)

47

Tezpur University



Department of ECE Chapter 3

Cinp _ep = 26 e . N 3.31
N t
t,; + 2t In(1+ —H&F
( ! o )( ( tsi + 2IOX )
2
Comp oy = Eonr 3.32
) (¢ +2t,, +2t,.) In| 1+ 2onp
si ox IHP b+ 2, +2t,,
The general expression for diffuse layer capacitance per unit area C,, is
do
C, = - 3.33
ag.,

o, Is the charge in the diffuse layer [15]

o = -(\/82,¢ kTn , Jsinh (ﬂlj ------- 3.34

2kT
Where n, =¢,x1000xN,, eeeee- 3.35
N ,, : Avogadro’s number( 6.023x 10%* per mol)

¢, . molar concentration (mol/L)
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Fig.3.2: Cross sectional view of a cylindrical ISFET surrounded by electrolyte.
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33 Drain Current Model of the ISFET
In a planer MOSFET the drain current is given by [16]

w V2
ITow = #C o _L—((Vcs Vo )VDS __ébs—j

Vies = Vo >V Active region------- 3.36
1,, = uC v_V_(VGs — Vo )2
DN (2.4 L 2
Ves = Vi <V Saturation region------- 3.37

Where ‘W’ is the channel width for a planner device. In case of a cylindrical
MOSFET ‘W’ is the effective width of the current path given by the following
equation (Appendix-3)

W 7k its, L i 3.38
tinv

Where t;,v= thickness of the inversion layer. So the equation 3.36 and 3.37 the

drain current equations for a cylindrical ISFET can be expressed as

4Lt 2

inv

2 _ e _, )2 V2
Iy = ,uCox_Q,, ”[ts' (ts' t"w) j((Vc; “Vm_q:(isfe:) )Vos “_DLJ

Vs = Van_epcisren > Vs Active region = ------- 3.39
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”[téz‘i — (ts.~ iy )2]>< (VG ~Vin_oyttisten )2
ox-of 4Lt 2

inv

Ipy = HC

1

Vo -V

_opttisten < Vs Saturation region = ------- 3.40

34 Potential profile modeling
Potential profile modeling of ISFET includes potential profile of the electrolyte

and that of the semiconductor side.

3.4.1 Electrolyte Potential Profile

i) Stern Layer potential profile

In the stern layer there exist two charge layers viz. IHP and OHP. In between
these charge layers there exist no charges and hence the Gauss law reduces to
Laplace equation and consequently its solution yields a linear potential variation

from the insulator surface to IHP and from IHP to OHP as given below.

GO + Qinver:ian + Qdeplelion

¢in:ulawr - ¢ - mmmes 341
IHP C[HP

O-i se
Prp —Ponp =— e —— 3.42

COHP

From the condition of charge neutrality we get
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O’diﬁ'use + O-IHP + o-in.rulator + Qinvzrsinn + Qdeplclian =0 e 343

Again the potential at any point in between insulator surface and IHP the

potential is given as

¢ T Yinsulator [_“.
¢IH_region(r): ¢0 +(~LHP_——¢———I*— r— —+tax _______ 344
tIHP 2
t.ﬂ t_\»,'
FOI' —E + tax srs ——2~. + tox + tlHP

Dot _region (r) = Pmp +(MJ{V —(% +t,,+ tmpjj ....... 3.45

Lowr — Lip

t, t,
For (—;—+tm +t,,,,,)$ r S(—;+tox)+t0m,

ii) Diffuse layer potential profile

Since the device is of cylindrical shape, the surrounding electrolyte also takes the
same form. The diffuse layer potential decays in the radial direction of the

cylinder. This can be derived using the Poisson Boltzmann equation in

cylindrical coordinate as [17]
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_l_i(r_di’.): 2qzn0 sinh Zq¢ ------- 3.46
rdr\ dr € k,T

Where, z is the valence of the electrolyte ions.

For small value of ¢ <0.025V the term (ﬂJ is smaller than unity and

B

therefore the above equation can be approximated as

2 2_2
11(,1@ _2g°zm 4 347
rdr\ dr € k,T
or
1 d d
——(r—ﬁj =k’ e 3.48
r dr dr
Where,
2,2
k2 = _2q_z o 3.49
ek, T
and
k*=L, 3.50

L, is known as Debye length of the electrolyte solution. It is a measure of

double layer thickness comprising of Helmholtz and Diffuse layer. At this length
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the potential falls to around 33% that of the insulator surface if the surface is

planar. For a curved surface this percentage is even smaller.

Now using the boundary conditions

H0)=¢, and ¥ -0 351

dr r=a

The solution of the above equation is given below {17] .This gives the potential
profile in

the Diffused layer

B K, (kr)
¢(r) - ¢0 Ko (k..(tﬂ + 2t,,x )) ------- 3.52

Where, k, is the modified Bessel function of zeroth order [18][19]

o) Kkr) 3.53

b Kol +21,))

The equation 3.53 gives the normalized potential profile in the diffused layer.

The diffuse layer charge density can be found as

d¢
0'41 =E— e 3.54
dr| _tar2e,
2
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the Site Binding Model explains the reaction at the surface of insulator. This kind

Fig 3.3: Charge distnbution and potential profiles of an EIS system based on
of charge distribution occurs for pH> pHp;. .
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3.4.2 Semiconductor Potential Profile

For this part of modeling, two assumptions

1) Inversion layer is situated exactly at the semiconductor insulator
interface. The inversion charge density for a cylindrical MOSFET is

given by

Oiy =—Cox_cy (Vref _VmCYL(MOSF‘ET) ) ----3.55

Qi =—Co_c (Vrc _VmC-YL(ISFF_T)) ---3.56

11) Under depletion approximation the maximum thickness of the depletion

layeris W, i.e. the depletion layer starts at the semiconductor—

epletion _ max
insulator interface and extends towards the far side of the interface up to

w

depletion _ max

. The depletion charge density is given by equation 3.14 as

follows.
O ieptetion = €si0. s - 3.57

Using the above, the potential drop across the inversion layer can be expressed as

follows

_ Qinv + Qdeplelian
¢inxulawr - ¢inversian - C

ox
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And similarly the potential variation across the depletion can be found by the

following expression

_ Qdepl:n'on L
¢inversion _¢depletion -7 C ---3.59

depletion

3.5 Amperometric Sensitivity

As defined in the chapter 2, amperometric sensitivity is expressed as follows

dl W d
- = /u C‘ax‘/DS . (¢eo ) """"" 3 60
dpH L dpH

For a cylindrical device, the effective channel width of the cylindrical device is
considered here. The effective width of a cylindrical device is as given in

equation 3.38 is

W = 7[[‘; - (ts:' _tinv)z] _________ 3.61

eyl
4tinv

Therefore the amperometric sensitivity of a cylindrical device is
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3.6  Simulation results and conclusions
The main goal of this work is to evaluate the behaviors of a cylindrical ISFET
from its simulation results and compare the same with a planar ISFET. For this

purpose a cylindrical ISFET has been modeled considering a long channel.

The simulation result in Fig. 3.4 shows variation of threshold voltage with
change in acceptor doping concentration. Here a comparison is shown between
the threshold voltage model developed in present work for a cylindrical
MOSFET and model available in [2] equation no.(29). From low to moderately
high doping concentration, good consistency of the simulation result of the
present model is seen with results obtained from available literature, but at
higher doping concentration the present model shows considerable deviation.
This happens due to the fact that, during development of the model the
assumptions were made for low to moderate doping concentration and not for

high doping concentration.

Fig 3.5 shows drain current vs. gate to source voltage of the cylindrical

MOSFET and same is compared model available in [2] equation no.(29).

Fig. 3.6 shows variation of electrolyte oxide interface potential vs. pH.
This relation is almost linear throughout the range except at very low value of

pH. This happens because at low value of pH, the value of £ is small. As the
value of pH increases, f also increases and consequently % +1 =1 and hence

the @, becomes linear. This variation of £ is shown in the fig. 6.

The fig. 3.7 shows variation of drain current of cylindrical ISFET vs. pH.
As the pH value increase, electrolyte oxide interface potential decreases and this

result in increase in threshold voltage of the ISFET. Consequently, an increase in
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pH causes decrease in drain current. The figure shows a linear variation of the

drain current for varying pH.

Fig. 3.8: shows relationship between pH and the dimensionless sensitivity
factor B of the electrolyte oxide interface. This factor remains almost constant
from pH=5 to 14. This range may be different for different material. For pH
below 5, the value of this factor decreases and becomes stable around pH<2.5.

This transition is linear and sharp around the value of pHpzc which is 4.2.

In the Fig.3.9:, the variation of diffuse layer capacitance is shown as a
function of pH. For high value of pH i.e. at lower ionic concentration this
capacitance is low. But as the pH decreases and falls below pHpzc this
capacitance sharply increases. This happens because of high ionic concentration

at low value of pH.

The variation of double layer capacitance with pH is shown in Fig.3.10:
This also shows similar variation of capacitance as in the case of diffuse layer

capacitance around pHpzc,

Fig. 3.11 shows variation of Debye length as pH varies. For low value of
pH the Debye length is few nanometers only, but as the pH increases the Debye

length increases considerably,

The normalized potential profile vs. distance from the OHP is shown in
Fig. 3.12. The normalized potential decays fast for low value of pH, whereas
there is very slow variation of this at high value of pH. This is the main reason

behind the sharp increase in the diffused layer capacitance at low pH.,

Fig.3.13: shows the comparison of the normalized potential profile of a
cylindrical and a planar ISFET at pH= 4. From this figure it can be observed that
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the normalized potential decays faster in case of a cylindrical device as compared

to that of a planar device,

Fig.3.14: and Fig.3.15: shows the comparison of the normalized potential
profile of a cylindrical and a planar ISFET at pH= 7 and pH=10 respectively.
From these three figures it can be observed that as the value of pH increases, the
normalized potential decay for a cylindrical device becomes faster as compared
to that for a planar device, but in absolute terms both becomes slow at high value

of pH (fig.11).

Fig.3.16 shows the device Drain current variation with variation of Drain
to source voltage at various pH. From this figure we can get indication of

threshold voltage shift with pH by linear extrapolation.

Fig.3.17: shows drain current of the cylindrical ISFET vs. Vs at different
pH indicating pH response of the Cylindrical Device. When this figure is
compared with the figure 2.7 of chapter 2, the increase in amperometric
sensitivity for the cylindrical ISFET is observed which is presented in figure
3.19.

Fig.3.18 (a) shows varnation of inversion charge density with pH. A
decrease in inversion charge density is observed with increase in pH. Fig. 3.18
(b) shows variation of depletion charge density with pH. For this analysis the
reference electrode voltage is kept at Vs = 6.5 volts, so that inversion does not
occur at any value of pH. A decrease in inversion charge density is observed with

increase in pH,
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Fig.3.4: Threshold voltage vs. Doping concentration for a cylindrical MOSFET
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Fig.3.5: Drain current vs. Gate to source voltage
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Fig. 3.6: Electrolyte oxide interface potential vs. pH
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Fig.3.7: Drain current vs. pH
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Fig.3.8: Surface buffer capacity vs. pH

65

Tezpur University



Department of ECE

Chapter 3

Fig.3.9: Diffuse layer capacitance vs. pH
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Fig.3.10: Double layer capacitance vs. pH
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Fig.3.11: Debye length vs. pH
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Fig.3.12: Normalized potential vs. distance from the OHP
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Fig.3.13: Comparison of Normalized potential vs. distance from the OHP at
pH=4
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Fig.3.14: Comparison of Normalized potential vs. distance from the OHP at
pH=7
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Fig.3.15: Comparison of Normalized potential vs. distance from the OHP at
pH=10
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Fig: 3.16: Drain current vs. Drain to source voltage at different value of pH
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Fig: 3.17: Drain current vs. the voltage applied to the reference electrode at

different value of pH.
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Fig. 3.18: (a) Inversion layer charge density vs. pH (Vr=10V).
(b) Depletion charge density vs. pH (V= 6.5 V)
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Fig. 3.19: Amperometric sensitivity of planar and cylindrical ISFET
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4.1 Introduction

Application of solid state ion sensor is continuously increasing since its
inception. Everyday, there comes new field of applications, such as monitoring
metabolic activity, pH inside a single cell, which require specific features of the
sensor. Recently successful penetration of mouse embryonic stem cell with
silicon nanowire (90nm diameter) has been reported [1]. In this process the cells
survived, provided the silicon nanowire diameter was small as compared to the

cell size.

Consequently, if any measurement has to be done within a cell, the size of the
sensing device must be smaller than the cell size, for survival of the cells. To
achieve this criterion, when the device (in present study it is an ISFET) is scaled
down to such small dimension, some unwanted effect arises. For an MOSFET,
when the gate oxide thickness is scaled to less than 10 nm, the transverse electric
field becomes very large [2], [3] leading to a sharp band bending. The effect is
quantization of energies above conduction band. Under this condition the first the
lowest allowed energy level of electrons becomes little higher than the bottom of
the conduction band. As a result of this, the gate voltage required is little more to
bring the conduction band below the Fermu level by same amount. In other
words, the threshold voltage increases. The same effect appears in an ISFET also
because of similar structure on the semiconductor side. If the device dimension is
less than 100 nm, threshold voltage shift due to quantum confinement is also

needed to be considered [3].

4.2 Quantum Mechanical Effect Modeling

The general threshold voltage of a cylindrical MOSFET can be expressed as

given as follows
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lee l

— pletion _ cyl

Vir_epcmos) =V pmos) + 2'¢; l e 4.1
ox _cyl

And that of a cylindrical ISFET is given as

’Qdeplenon _cyl

Vi_ousrery = mmosy T 2l¢f| + + Eref +0,+X.— 0., — O

ox _cyl

42

The above equations are valid for a long channel bulk device. To estimate
the quantum mechanical Vr-shift with a 2-D confinement in a cylindrical
structure, it is required to solve the Schrodinger equation and poisons equation
self consistently. Although this method gives accurate result, it is quite
troublesome. A simple approximation for this problem is triangular potential well
approximation [2]. Here a triangular potential well approximation in the
cylindrical geometry has been assumed. As per this assumption, the potential is

given as follows
VO)=FC-n, 1 Sbe e 43
V(ir)=eo ,r>t, 4.4

In the case of a particle in the cylindrical quantum well with the infinite

potential barrier, as shown in Fig. 4.1[4]
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The Schrodinger equation in cylindrical coordinate with a triangular

potential well can be presented as follows

_ ¥ sz/+F(i—|r|j=Ew ----- 45
2m’ 2 '
2 2 2 2 2
gt [ ) T - 2 ) -
2m’ ror_ or ) 2m a¢ 2m’{ 9z 2
----- 4.6

i=1./2

Fig.4.1 Potential of an electron in a homogeneous field
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Fig. 4.2: The triangular potential well. The Eigen function of the problem is
chosen in such way that on the left side of the interface i.e. for p=ps,/2 ,
Y(p) vanishes.

The ground-state wave function obtained is independent of ‘z’ and ‘6’.So the

above equation can be reduced to

n 13( oy r
SN (P A Dy 2 R Y — 4.7
= 2m’ r ar(r or j+ ( 2 M) v
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Which can be finally be reduced to the following form

v loy 2m r
— =T E-F| 2 - =0 e 4.8
ar2 r ar h2|: (2 lrljjll//
A’y 1oy 2m’ t
A A E-F5 4 Fllw=0 4.9
= or* ror h? [( 2J+ Hjl’/’

From the above figures 4.1 and 4.2 it is seen that the second term in the
above equation can be neglected near the semiconductor insulator interface.

Consequently the Schrédinger equation becomes

Ay 2m’ t
ek A E-F=2|+Frdly=0 4.10
ar: | R K 2) lrl]y/

Now let us introduce the variable & , where

t
E—-F 3 e \/3
2 ((2m F
=lr+—2===0 4.11
¢ F ( h’ J

And the Schrédinger equation reduces to

2
3;2/ +&w =0 ----4.12
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The solution of this equation is

v(&)=a0-¢ 4.13

= 71—7;1008(—“ + uf}i ----- 4.14

(&) is known as Airy function and ‘A’ is known as normalization constant{4].

(2m)”3
= PRYEFSFETE —----4.15
F=gqe, e 4.16

E is the effective electric field at the semiconductor surface region and can

be expressed as [5].

0.5Q,, + .
Es - va Qdeplenon _____ 4.17

gS i

For a MOSFET device the inversion charge density is given by [6] [7]

Q. = C. (VGS - Vth(MOS)) —--4.18
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Consequently for a cylindrical device the same can be expressed as
0. = Cox_cyl (VG - Vth_cyl(MOS)) ----4.19
And the depletion charge is given by

Qdeplclton = —8& ES ----- 420

oy

Where s = 3 i
2

is the electric field at the surface when the width

of depletion layer is maximum [7].

The asymptotic behaviors of Airy functions are as follows (similar to [S])

p¢) = 4 exp(g|§|%J For é<o e 4.21
2I§I% 3

#(&)= A sm(zf% +—7t) For £>0 - 422
26% 3
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2m'F
h2

t
At r=-2 the value of §=£
2 F

H
J > 0. Therefore the second form has

to be used for this.

t . .
At r= %, w(£)=0 and hence the second asymptotic function becomes as

shown below

%
A | 2| E 2m'FA ‘ox
0= —sinf —<— 5 +—
L \K1A |3 F R 4
25 2m'F )
F\ A
%
2lE (2mF V| 2
=S nr=sm|— + —
3 F A?
2\ A b4
= E = h, 37[Fj n—lj -—----4.23
"\ 2m 2 4
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For a moderately doped semiconductor, and at a low gate voltage there is low
electron density, hence it can be considered that only the lowest sub band (n=1)

is occupied.

2 \A Ar3\h
(1) 22 C) 424
2m 2 4

Now, using the expression of E; the effective increase in threshold

voltage can be expressed as follows

4.3 Effective oxide thickness increase

This effect occurs due to spatial distribution of inversion charge. The classical
analysis shows peak of the inversion charge at the oxide —semiconductor
interface. In case of quantum mechanical analysis, the peak of the charge
distribution occurs [8] at a distance around less than a nanometer from the Si-
SiO; interface. This leads to an effective increase in the oxide thickness, which

can be found out using the following expression [9] [10]
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£
=t +-2Ar 4.27
ox_eff ox gn-
Where
Ar = 2k, 428
3q.F

Ar represents the value by which the thickness of the oxide increases
and actually it is the average separation of carriers in the nth subband from the
interface. The centroid of the carriers passes through a line situated at a distance

Ar from the oxide-semiconductor interface. Since here only first subband is

‘considered, consequently Ar becomes 2%{1 Fe

As evident from the expression of te o, that with increase in effective
oxide thickness the oxide capacitance decreases leading to a decrease in lesser
electrostatic coupling between the gate and the channel. This results in an
effective increase in threshold voltage. In addition to this, the device
transconductance is also affected by the increase in effective oxide thickness.
The effective increase in threshold voltage due to increase in effective oxide

thickness is given as

AVT-ax_eﬁ‘ =VT_ox_eﬁ’ —VT _____ 429
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4.4 Effect of Insulator nano dimension on ¢, :

Use of silicon dioxide as sensing layer in ISFET is rare because of the

following problems

1) Low pH sensitivity [11]  (25-35 for pH< 7 and 37- 48 pH > 7)
i1) Hysteresis

ii1) Sensitivity is pH dependent on pH range. [12]

The reason behind using silicon dioxide as sensing material despite of
these drawbacks is its biocompatibility. Pure silicon dioxide is insoluble in vivo.
It is indigestible, with zero nutritional value and zero toxicity. When silica is
taken orally, it passes unchanged through the gastrointestinal tract, exiting in the

feces, leaving no trace behind [13].

The cause of hysteresis and drift is assigned to a charge layer known as
buried layer [14] and model for this charge layer effect is already available in
[15] using silicon nitride. The same model can be modified for silicon dioxide,

by eliminating the term for nitride site as shown below.

o, ( L - k.5 ]H(Nm) ----- 4.30

N\l L koL vk )N

], =[] rfhg-_—} .....
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Where

o]
erf[ L ]:72__2 VD! 432

N,=Q+g)N, 434

n is around 10% of total number of sites [15].

When the cylindrical ISFET is scaled to nano dimension and the factor
‘p’ assumes a very small value leading to p <<1. Consequently the error function

‘erf’ becomes [16]

It evident from the definition of buried site and form existing literature
that buried site lays few nanometer from the insulator surface. Consequently
when the thickness of the insulator reduces and should disappear below a
particular thickness. If this factor is taken into account, then there will not be any

buried site in a nano ISFET and consequently the electrolyte oxide interface
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potential will be reduced by 77%. The diffusion of hydrogen ions through

Silicon Dioxide is still there and will be trapped at the semiconductor insulator
interface, but the settling time of the ISFET will be much less, because after

diffusion there will not be any buried site for binding.

4.5 Conductance of the nano Cylindrical ISFET:

The channel conductance of a MOSFET is given as [18]

=uC,, ZZ—(VG -v,) for small value of V ----4.36

dl

8p = dvos

Vg =const

From this equation the conductance of a cylindrical ISFET at nano size is given
as follows

dlpy
dVp

Ep =

7[[2‘. — Vs —liy ’
V reference =CONS! ) ﬂcox,cyl[ [ S 4(Lst inv )] }(V’Cf"enu B Vlh_cyl(isfel)) --4.37

4.6 Parameter Fluctuation in very small sensor:

In addition to the effects discussed in 4.2, 4.3 and 4.4, some other effects also
surfaces in different form leading to parameter fluctuation [19] in a very small
Sensor.

The variation in number of dopant atom and their position in a
decanometer device make each device different [20]. The intrinsic parameter
fluctuation associated with discrete random dopant leads to fluctuation in

threshold voltage of the device.
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Another source of parameter fluctuation in MOS device is trapping of
charge near the Si/SiO, interface. This may happen in an ISFET during pH
measuring process due to diffusion of H ions through the SiO; layer [21]. The
resulting effect is a local modulation of carrier density and local mobility
variation. This will lead to variation of drain current [22].

Atomic scale roughness of the Si/SiO; is another source [23] of parameter
fluctuation in a nanoscale device. The roughness at the oxide semiconductor
interface results in significant oxide thickness variation. This will lead to
variation of oxide capacitance and hence the bulk potential and the threshold
voltage also vary.

Another leading cause of parameter fluctuation is line edge roughness
(LER) [24, 25] caused by

a. Inherent tolerance of the material.

b. Tool used in lithography process.
At nanometer dimension, threshold voltage variation is significant due to line
edge roughness [19]. Fortunately cylindrical devices have only two edges as
compared to four in a planar device. Hence it can be assumed that parameter

fluctuation due to LER effect will be less in a cylindrical ISFET device.

4.7 Simulation results and conclusions

Figure 4.3 shows the threshold voltage shift due to quantum mechanical
effects (QME) vs. diameter of the silicon pillar of the cylindrical ISFET. With
decrease in diameter of the silicon pillar, the quantum confinement becomes

tighter leading to larger shift of threshold voltage at smaller size.

Figure 4.4: shows Ar vs. total carrier concentration. The inversion layer
centroid moves away from the oxide semiconductor interface, as the total carrier

concentration decreases. In this work, with all the selected parameters, gives a
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variation of threshold voltage in the range of 7.7084 (at pH=1) to 8.3994 (at
pH=14). When the threshold voltage varies in this range, the total carrier
concentration varies from 5.43x10" t03.83x10" . The corresponding variation
in Ar is 0.697nm to  0.784nm. In the following analysis, for the sake of

simplicity, the average of these two values has been considered.

Figure 4.5, shows the relationship between the drain current vs. voltage
applied to the reference electrode at pH=4 with and without considering QME at
ts=10nm. There is considerable reduction in drain current is observed in the
curve that includes QME. This is mainly due to two factors. When QME is
included, first the conduction band goes up, secondly due to shift of inversion
layer centroid, the effective gate capacitance decreases. Both of these causes
increase in threshold voltage of the ISFET. The other factor is reduction of
device transconductance. This reduction of transconductance occurs due to

reduction of gate capacitance.

Figure 4.6 and 4.7 also shows the relationship between the drain current vs.
voltage applied to the reference electrode, at pH=7 and pH=10 respectively, with

and without considering QME at tg=10nm.

Figure 4.8 shows Drain current vs. voltage applied to the reference
electrode at pH=4 and at different diameter of the silicon pillar. As the device
dimension decreases, QME becomes more intense and consequently drain
current reduces. At tg =20 nm current is highest among the shown curves and as
the thickness of the silicon pillar decreases current decreases. At tg =5 nm

current is minimum.
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Figure 4.9 and 4.10 also shows Drain current vs. voltage applied to the
reference electrode, at pH = 7 and pH =10 respectively and at different diameter

of the silicon pillar.

Figure 4.11 shows the output characteristics or the relationship between
drain current and drain to source voltage of the cylindrical ISFET at
ts=10nm.From the figure, it is clearly visible how the current decreases with
quantum mechanical effects. At this size of the device, the current reduces up to

16 %.

Figure 4.12 shows the electrolyte oxide interface potential a function of
pH at a thickness less than 3nm. At this dimension, the buried sites are not
present in the insulator and consequently the total number of binding site
decreases. This leads to reduction of electrolyte oxide interface potential. When
this effect is included in the cylindrical ISFET equations (including QME) the
results given in figure 4.13 is obtained. In this figure it is seen that at pH=4 the
current decreases when the effect of nano dimension insulator is considered but
at pH=7 and pH=10, the value of drain current increases while considering the
same effect. The reason for this opposite nature of the current deviation is pHp,c
of the insulator. Here pH,,. =4.2. Consequently at pH=4, the electrolyte oxide
interface potential obtained is positive and for the other two value of pH, the
electrolyte oxide interface potential is negative. Due to this, the observed trend of

variation is obtained.

Fig.4.14 shows relationship between amperometric sensitivity and pH for the
cylindrical ISFET with and without considering nano dimension effects (QME
and insulator behavior at nano dimension). Reduction of amperometric

sensitivity is clear in this figure.
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Fig. 4.15 shows the differential conductance of the Cylindrical ISFET at nano
dimension vs. pH. The differential conductance decreases wit increase in pH.
The threshold voltage of the device increases with increase in pH. This result in
decrease in differential conductance as the pH increases. This result is showing a

similar trend as demonstrated in [17] and much higher conductance is observed.

Fig.4.16 displays the shift of differential conductance of the Cylindrical
ISFET at nano dimension vs. pH, as the voltage applied to the reference electrode

1S increased.
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Fig.4.5: Drain current vs. voltage applied to the reference electrode at

pH=4, t;=10nm
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Fig.4.6: Drain current vs. voltage applied to the reference electrode at
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Fig.4.7: Drain current vs. voltage applied to the reference electrode at
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Fig.4.8: Drain current vs. voltage applied to the reference

electrode at pH=4, t;=5nm, t3;=10nm and t3=20nm
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Fig.4.9: Drain current vs. voltage applied to the reference electrode at

pH=7, t4=5nm, t3=10nm and t4;=20nm
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Fig.4.10: Drain current vs. voltage applied to the reference electrode at

pH=10, ty=5nm, t;=10nm and t;=20nm
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Fig.4.11: Drain current vs. drain to source voltage (ts=10nm)

Tezpur University 106



Department of ECE Chapter 4

—e— including buride sites ~ —— excluding buried sites (less than 3nm thickness)

0.2

0.1 5

03 1

o
o
+

Electrolyte oxide interface potential

pH

Fig.4.12: Varnation of Electrolyte oxide interface potential vs. pH at nano

dimension.

Tezpur University 107



Department of ECE Chapter 4

7 )
. |——pH=4(QVMB
6
; , A —a— pH=7(QME)
o~ A & ﬂi
e 51 — ¢ ¢—o——¢ [~ pHI0(QME)
< 1 1 1 1 B E— 1 T
— i
Sy o o o 6 o o 4 —a— pH=4(QME and
< nano insulator)
= v 22 | |—+—pH7 (QMEand
e 31 ?;t— 191 o | nano insulator)
=2 SH LOX™
o pHpu=4.2 —6— pH=10 (QME and
‘© 29 | Vie=10V nano insulator)
o V L=20 nm
11
0 T T T T 1
0 2 4 6 8 10

Voltage applied to the reference electrode Ves (wlts)

Fig.4.13 Drain current vs. drain to source voltage at t;=10nm (including

QME only and QME+ effect of nano dimension insulator)
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Fig.4.14: Amperometric sensitivity vs. pH
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Fig. 4.15: Conductivity of the cylindrical ISFET at nano dimension vs. pH at
V= 8.5 volts

Tezpur University 110



Department of ECE

Chapter 4

Conductivity (inicro Sieshens )
&

~
N
. " ™~

2 1

“\ \ y

21 4 . \

i"\

19 4 \
- ,
|

17 1 \
15 t - : t —+— t a:\‘
i 2 4 5 6 7 8 g 10

Fig. 4.16: Conductivity of the cylindrical ISFET at nano dimension vs. pH at

Vei=9volts

Tezpur University

111

—— 20 nm
—t— 10 nm
-3—5 nm




Department of ECE Chapter 4

4.8 References

1.

10.

Stephen J. Pearton, Tanmay Lele, Yiider Tseng, F Ren ‘“Penetrating living
cells using semiconductor nanowires” TRENDS in Biotechnology, Vol. 25,
No. 11, pp.481-482, 2007.

Tina Mangla, Modeling, Simulation and Characterization of Nanoscale
MOSFETs with quantum mechanical Effects and gate stack engineering for
ULSI, Ph.D Thesis, Delhi University, 2006.

D. Vasileska, “SCHRED-2.0 Manual," Arizona State University, Tempe,
Rz, Feb. 2000.

Jasprit Singh, Quantum Mechanics Fundamentals and Applications to
Technology, John Wiley and Sons, Inc. 1997

Tomasz Janik, Bogdan Majkusiak “Analysis of the MOS Transistor Based on
the Self-Consistent Solution to the Schrodinger and Poisson Equations and on
the Local Mobility Model” IEEE Transactions on Electron Devices, Vol. 45,
No. 6,pp.1263-1271, 1998.

S L Jang, S S Liu “An Analytical Surrounding Gate MOSFET Mode!” Solid
State Electronics Vol.42, No.5, pp721-726, 1998.

. Ben G Streetman, Sanjay Banerjee, Solid State Electronic Devices, 5™ Ed.

Prentice Hall of India Private Limited, 2001.

Swagata Bhattacharjee, Abhijit Biswas “Modeling of threshold voltage and
subthreshold slope of nanoscale DG MOSFETs” Semiconductor Science and
Technology 23(2008) 015010 (8pp), IOP publishing.

JPXu, YPLi PTLai, WB Chen, S G Xu, J] G Guan “A 2D threshold
voltage model for small MOSFET with quantum -mechanical effects”
Microelectronics Reliability Vol. 48, Issue 1, , pp. 23-28, 2008

Frank Stern “Self Consistent Results for n-Type Si Inversion Layers”
Physical Review B, Vol. 5 No. 12,15 June, pp. 4891-4899,1972

Tezpur University 112



Department of ECE Chapter 4

11. T. Matsu, M. Esashi “Methods of ISFET fabrication” Sensors and Actuator,
Vol.1, pp.77-96, 1981.

12. Kim R Roger, Ashok Mulchandani, Affinity Biosensors, Techniques and
Protocols, Humana Press, Totowa, New Jersy , pp77-96,1998.

13. Web source http://en.wikipedia.org/wiki/Silicon_dioxide

14. Massimo  Grattarola, Giuseppe Massobrio, Bioelectronic Handbook:
MOSFETs, Biosensors and Neurons, Mc Graw-HILL, New York. 1998.

15. Sergio Martinoia, Giuseppe Massobrio, Leandro Lorenzelli “Modeling
ISFET microsensor and ISFET based Microsystems: a review” Sensor and
Actuator, B-105, pp 14-17, 2005.

16. Web source : http://mathworld. wolfram.com/Erf html

17. Yu Chen, Xihua Wang, Shyamsunder Erramilli and Pritiraj Mohanty “Silicon
Based nanoelectronic field effect pH sensor with local gate control” Applied
Physics Letter, Vol. 89, Issue 22, 29 November 2006.

18. SM. Sze, Semiconductor Devices, Physics and Technology, 2™ ed, John
Wiley and Sons,Inc.

19. Asen Asenov, Andrew R Brown, John H Davies, Savas Kaya and Gabriela
Slavcheva “ Simulation of Intrinsic parameter Fluctuations in Decananometer
and Nanometer Scale MOSFETSs”, IEEE Transaction on Electron Devices,
Vol. 50, No.9, pp.1837-1852,September, 2003.

20. T. Mizuno, J. Okamura, and A. Toriumi, “Experimental study ofthreshold
voltage fluctuation due to statistical variation of channel dopant number in
MOSFETs,” IEEE Trans. Electron Devices, vol. 41,pp; 2216-2221, Nov,
1994.

21. K.K.Hung,P.K.Ko,C.Hu,andY.C.Cheng,“Random telegraph noise of deep-
submicrometer MOSFETs,” IEEE Electron Device Lett., vol.11, pp. 90-92,
Feb. 1990.

Tezpur University 113



Department of ECE Chapter 4

22. A. Avellan, W. Krautschneider, and S. Schwantes, “Observation and

23.

24.

25.

modeling of random telegraph signals in the gate and drain currents of
tunnelling metal-oxide-semiconductor field-effect transistors,” Appl. Phys.
Lett., vol. 78, pp. 2790-2792, 2001.

S. Thompson, M. Alavi, R. Argavani, A. Brand, R. Bigwood, J. Brandenburg,
B. Crew, V. Dubin, M. Hussein, P. Jacob, C. Kenyon, E. Lee, M. Mcintyre,
Z. Ma, P. Moon, P. Nguyen, M. Prince, R. Schweinfurth, S. Shvakumar, P.
Smith, M. Stettler, S. Tyagi, M. Wei, J. Xu, S. Yang, and M. Bohr, “An
enhanced 130 nm generation logic technology featuring 60nm transistors
optimized for high performance and low power at 0.7-1.4 V,” in IEDM Tech.
Dig, 2001, pp. 257-260

P.Oldiges, Q.LinK.Pertillo, M.Sanchez, M.eong, and M.Hargrove,
“Modeling line edge roughness effects in sub 100 nm gate length devices,” in
Proc. SISPAD, vol. 31, 2000.

S. Kaya, A. R. Brown, A. Asenov, D. Magot, and T. Linton, “Analysis of
statistical fluctuations due to line edge roughness in sub 0.1 "m MOSFETs,”
in Simulation of Semiconductor Processes and Devices, D. Tsoukalas and C.

Tsamis, Eds. Vienna, Austria: Springer-Verlag, 2001, pp. 78-81.

Tezpur University 114



Department of ECE Chapter 5

Chapter 5
Response of
ISFET as a function of Reference electrode position and

determination of a rule for reference electrode placement
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5.1 Introduction

A Reference electrode is an ideal non polarisable electrode [1]. It has a stable
and well-known electrode potential (2]. In a pH measuring system using ISFET,
the gate circuit is completed by a reference electrode immersed in the electrolyte
[3]. The voltage applied to this reference electrode can suitably change the
conductance of the ISFET device. There are debates regarding the need of
reference electrode [3]. The gate of a MOSFET or ISFET consists of a
capacitance and to turn on the device, it i1s necessary to charge the capacitance.
This means it needs two connections, one is silicon and the other one is the
electrolyte [3]. The electrolyte terminal is connected via a reference electrode to
the second terminal of the voltage source. The voltage applied to the reference
electrode can keep the ISFET in the active/ saturation region so that any change
in the electrolyte oxide interface potential (due to change in pH) can directly
change the current flowing through the drain. In some cases (Silicon Nanowire)
the change in current is obtained only by chemical gating and in the other, the
modulation of conductivity of such nanowire is achieved by putting a side gate.
A side gate may be very good for modulation of conductivity, but the lateral
electric field component will lead to mobility degradation of electrons due to
additional scattering from the wire boundary, which is already high in case of a
nanowire [4]. A surrounding reference electrode can of course minimize this
mobility degradation effect. Introduction of a surrounding electrode with a
cylindrical ISFET will increase the size of the pH measuring system.
Consequently it is necessary to see how nearer the reference electrode can be

placed to the ISFET without compromising the sensor response.

In this chapter a novel attempt is made for modeling ISFET response as a
function of position of the reference electrode from the OHP. The potential

responsible for the ISFET response is the electrolyte oxide interface potential.
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This potential is the potential between the insulator surface and the bulk
electrolyte. In this chapter a functional relation has been established between
ISFET response (¢.,) as a function of the distance of the reference electrode from
the OHP. Initially this model is developed for a planar device and then for a
cylindrical device and finally a comparison is done between the two. The

analysis was done in one dimension.

Potential profile in the Electrolyte Insulator Semiconductor (EIS) structure
[5] is shown in fig 5.1.As we proceed from the insulator surface towards the
electrolyte bulk through the IHP and OHP, the potential gradually die out. When
the reference electrode is placed in bulk electrolyte (at a considerable distance
from the OHP), full electrolyte oxide interface potential is available between the
insulator surface and reference electrode as shown in fig 5.1. This figure shows
the potential profile for pH>pH;,.. In the figure 5.2 the reference electrode is
placed inside the diffuse layer where the ionic concentration is different from the
bulk electrolyte. In this part the potential is also different. From these two figures
we can see that when we bring the reference electrode closer from the bulk
electrolyte to the diffused layer, the effective electrolyte oxide interface potential
available across the reference electrode and insulator surface decreases. Due to
this the semiconductor surface potential decreases (¢s1< ), and leads to lesser

charge in the inversion layer. This causes the drain current to decrease.

5.2 Model formulation

As evident from the discussion in the above paragraph and the Fig 5.1 and
Fig 5.2 that the variation of potential due to change in the position of reference

electrode is dependent on the potential variation inside the diffused layer. This
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potential variation can be easily obtained by solving the Poisson Boltzmann

Equation (PBE) with the given boundary condition [6]

The PBE for a planer surface

-z,q¢

N
bulk kaT
d2¢ Zci z,qe "
=l

dx® £,

r

With the following simple transformation,

¢ _ li(ézjz

dx*  2d¢\ dx

The above equation can be converted to

N 2,99
bulk kT
¢, z,q9e’’
li g?_)z ——g i lq
2d¢\ dx £,E,
N ~z499
p , 2chmlkzlqek,,T
:d(—f’f) = d¢
dx £E,
-2,9¢9
d¢ 5 2zcibulkzlqe kgT
= ldl-~| =|-—= do+ C
J (dx) J £, o
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2
= (%) — 2KBT iclbuuge—z,qWKBT + Cl __________ 56
dx £,€, ‘T

Where C; is constant of integration and can be found by using the boundary

conditions given below

Using these conditions, we get

2K, T ¥
C =—-—"2£ ce e 5.9
: £, Z ‘

Putting this expression of C; in the equation 5.6 we get

dx EE !

0Cr =1

3(@]2 _ 2K, T icbu,k (e_z,q¢/x,,r _1) _________ 510

In this analysis a symmetric 1:1 electrolyte is considered 1.e.

lz,l=le.|=2=t e 5.11
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bulk _ -bulk = Cbulk

c,

Hence N=2 (one for anionic and one for cationic), z is the valence. Now with

this, the equation 5.10 becomes

2
- (_@j _ 2K, T o (ez,q¢/KBT 14 w9 KsT _1) _________ 513
dx E,E,

2
= d—¢ = _2_.KLT_CW1’¢ (eZ.qWZKBT — g u9#!2KsT )2
dx £,E,

2
:(d_ﬂ = 8oL ok inh? (2,992 ,T)

dx £,E,
d¢ 2KBTCbulk % .
:Ezi 2 | sinh (z,q¢/2K,T) = eeeeeeee- 5.14
£,€,

When the electrode is positively charged i.e. pH< pHpzc, 9> 0, sinh (¢ )>0 and
d¢

— < ( and hence
dx

d¢ ~ ZKBT Cbulk
E E

o"r

%
] sinh (z,q¢/2K,T)  —ceeee- 5.15
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And when the electrode is negatively charged i.e. pH> pHpzc, ¢> 0, sinh (¢ ) <0
d¢

and — >0 and hence
dx

dx E E

o-r

)
d¢ 2KBT Cbulk A .
——=| ————| sinh (z,9¢/2K,T) = e 5.16

Now for simplicity let us assume that
sinh (z,q0/2K,T)=2qp/2K,T e 5.17

And considering the case when pH< pHpzc

d¢ 2K T c™*
gogr

%
] (z,90/2K,T) e 5.18

1
2CbulkZ2 2 A
I 5.19
dx - .4% )
d¢ -
:}-E:-— LDl ¢ -------- 520
Where
ZcbulkZZ qZ yZ
L;‘ =) — e 5.21
£EK,T
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Finally
p=¢,expl-L; x) 5.22
Or
o(x)=¢,expl-L;)x) 5.23
% =exp(— L, x) is known as normalized potential

The above expression gives the potential profile at a planer interface. The

threshold voltage of ISFET is given by (from equation no. 2.8)

Vzh(isfez) = Vzh(mosfer) +E ref T ¢lj X =0 5.24

But from fig 5.1 and 5.2 it is clear that the effective electrolyte oxide interface

potential appearing in the above equation should not be ¢, , but it should be an

effective potential

b g =00 e 525
=0, 5 =bo—boexpl-L; x)

= ¢ea_eﬂ' = ¢eo (1 - exp(_ L;)I x))

When the measuring setup is big enough, the reference electrode can be placed
at a distance several times the Debye length, under that condition the value of x

is large and hence
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#x)=¢,expl-L; x)=0 e 5.26
And consequently
S 5.27

The PBE for a cylindrical surface is [7]

___( d¢J 2qchsinh gy 528
rdr\ dr) e, kT

And the approximate solution of this equation is

K, (k.r)

r)=@ —=—77—"Tw e 52
=0 R, 2 ’
4(r) Ko (k.r) . .
= is normalized potential
¢0 KO (k '(t.\'i + 2tox ))
Now the effective electrolyte oxide interface potential is given as
¢ea_e_ﬁ' = ¢eo - ¢(r) """"" 5.30
K,(k.r)
1- e 1 531
= co(eﬁ)(r) eo[ KO (k(ts,- + 2tax ))]
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This is the potential that will appear in the ISFET threshold voltage equation,

when the reference electrode is placed at a distance ‘r’ from the OHP.

5.3 Simulation results and conclusions

Figure 5.3: shows the variation of electrolyte oxide interface potential as pH
varies from 1 to 14, when the reference electrode is placed at a distance 30.8 nm
from the OHP. 30.8nm is the Debye length corresponding to pH=4. From the
figure it is clear that up to pH=2 the response of planar as well as cylindrical
device is exactly same as that of the ideal case. At pH=3, slight deviation of the
curve corresponding to the planar device is observed as compared to the ideal
case. Beyond pH=3 both planar as well as cylindrical curve deviates from the
ideal curve. Beyond pH=4, the effective electrolyte oxide interface potential

becomes almost zero.

In the figure 5.4: the variation of effective electrolyte oxide interface
potential vs. pH is shown, when the reference electrode is placed at a distance
3975.15 nm (it is the Debye length corresponding to pH=7) from the OHP. The
effective electrolyte oxide interface potential for all the three cases is identical up
to pH=6. Beyond this value of pH both the curve becomes non linear and
deviates considerably from the ideal case. In this part of curve it can also be
noticed that one value of electrolyte oxide interface potential corresponds to two
values of pH. For example, 0c,_etr= -0.0612 volt corresponds to pH=5.3 and 8 for
the planar ISFET and pH=5.3 and 9.1 for the cylindrical ISFET. This 1is a cause
ambiguity. This ambiguity for a planar device starts at lower value of pH then
that for a cylindrical device as evident from this figure. For the planar device the
deo_etr becomes zero for pH>12. But the value of ¢, or becomes zero at pHp,c

also. In between pHy,. and pH=12 each value of ¢q_esr corresponds to two values
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of pH. Consequently, when the reference electrode is placed at a distance
3975.15 nm from the OHP, the results obtained becomes ambiguous beyond
pH=4.2 for a planar ISFET. Similarly for the cylindrical ISFET, for pH > 4,7

each value of (e, r corresponds to two values of pH.

Figure 5.5: shows the variation of electrolyte oxide interface potential as
pH varies from 1 to 14, when the reference electrode is placed at a distance
30837 nm ( the Debye length at pH=10 )from the OHP. The effective electrolyte
oxide interface potential for both planar and cylindrical ISFET is identical to the
ideal case up to pH=8.8 and 9 respectively. Beyond this value of pH both the
curve becomes non linear and deviates considerably from the ideal case.
Deviation in the case of planar ISFET is more than that of the cylindrical ISFET.
For the planar device the ¢, _eff becomes zero for pH=13.5. But the value of {eo_csr
becomes zero at pH,, also. In between pH,.. and pH=13.5 each value of {cq_eff
corresponds to two values of pH. . In case of cylindrical ISFET, for pH> 7.5, the

deo_efr Corresponds to two value of pH.

From the above discussion it can be concluded that if the reference
electrode is placed inside the diffuse layer, then the measurement range of both
the ISFETs reduces. In case of planar ISFET this reduction is more than that of a
cylindrical ISFET,

For a particular application the pH measurement range may not be 1to 14.
If for a particular application the maximum value of pH to be measured is 9, in
that case the reference electrode must be placed at a minimum distance of three
times the Debye length corresponding to pH=9. Then only for that particular
range of measurement, the obtained value of e, err Will be close to the ideal

case.
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Fig.5.3: Effective electrolyte oxide interface potential (§eo_err) Vs. pH when the

reference electrode is placed at a distance of 30.8 nm from the OHP.
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Fig.5.4: Effective electrolyte oxide interface potential (¢eo_esr) VS. pH when the

reference electrode is placed at a distance of 975 nm from the OHP.
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Fig.5.5: Effective electrolyte oxide interface potential (e, err) vS. pH when the

reference electrode is placed at a distance of 308375 nm from the OHP.
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In this dissertation a new structure for Ton Sensitive Field Effect Transistor has
been proposed and the same has been modeled and simulated. This work shows
merits and demerits of this new device structure as compared to the
conventional planer ISFETs.

In the second chapter a brief review of existing literature is presented.
This chapter also discusses the basics of ISFETs and its modeling on the basis of
the well known site binding and electrical double layer theory. The pH response
of the device is presented using asymptotic solution of the governing equation.
Electrolyte oxide interface potential found using this equation shows good
agreement with the experimental data available in literature. At the end of this
chapter, a term, amperometric sensitivity has been defined to indicate the change
in drain current with pH, at a constant drain to source voltage.

In the third chapter, the new, device structure Cylindrical ISFET has been
proposed. A one dimensional model for the same has been developed for
moderately doped condition. The cylindrical Poisson’s equation has been solved
using Bessel function for its general solution. The result obtained has been used
to find out the threshold voltage of cylindrical MOSFET. This result has been
compared with already established model available in literature. The result
obtained shows consistency at low to moderate doping concentration. This
threshold voltage equation of cylindrical MOSFET has been translated to
threshold voltage equation of Cylindrical ISFET after proper modification. In
the next part of this chapter the electrolyte potential profile has been modeled by
solving the cylindrical Poisson Boltzmann equation for a 1:1 electrolyte. This
solution shows that the diffuse layer potential falls more sharply in Cylindrical
ISFET as compared to a planar ISFET. As the cylindrical devices have larger
aspect ratio as compared to planer device, hence their device transconductance is

also more, leading to higher amperometric sensitivity. Here, the potential across
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the inversion layer is also presented as a function of pH using  depletion
approximation.

The fourth chapter analyses the issues when the device is shrunken to
nano dimension. Modern sensing applications demand sensors capable of sensing
very small volume of measurand efficiently and effectively. For such
applications the sensors should also be of small dimension. For example, if we
need to extract some information from within a cell, without damaging it, the
sensor if penetrates it, must be much smaller than the cell. Available literature
shows that a single cell can be penetrated by a nanowire without damaging it. If
we need to measure the pH inside a cell, the ISFET used should be of nano
dimension. In this chapter ISFET is modeled at nano dimension. The nano
dimension effects considered here are quantum mechanical band shift, effective

oxide thickness increase and insulator behavior at nano dimension.

1. The first nano dimension effect mentioned here causes an increase
in threshold voltage.

2. The second effect also contributes to increase in threshold voltage
of the device due to reduction of oxide capacitance. In addition,
the effective device transconductance also decreases due to
effective oxide thickness increase. This results in reduction of
amperometric sensitivity of Cylindrical ISFET, when dimension is
reduced to nano level.

3. The third nano dimension effect comes up in an ISFET is
reduction of sensitivity of the pH sensing layer. This occurs
because of reduction of number of binding sites per unit area at
insulator thickness of the order of few nanometers. This reduces
the potentiometric sensitivity of the ISFET and consequently the

amperometric sensitivity also reduces.
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The modeling approach for estimation of quantum mechanical energy
band shift uses triangular potential well (TPW) approximation, for decoupling
the Schrodinger and Poisson’s equation. The Schrodinger equation is formed
using the triangular potential well in cylindrical coordinate. This equation is then
approximated near the oxide semiconductor interface. The approximated
equation finally has been solved asymptotically using Airy functions. The
solution has been estimated for n=1, because as per assumption the decoupled
Schrodinger and Poisson equation are valid only for low charge density and
hence only lowest sub band is considered hére.

In the fifth chapter a rule for reference electrode has been framed on the
basis of diffuse layer potential profile. This rule says that the refereﬂce electrode
cannot be placed very close to the sensing area of the ISFET. To get compléte
effect of electrolyte insulator interface potential, the reference electrode must be
placed at a distance much higher than the Debye length. Otherwise a single valtie
of electrolyte oxide interface potential will correspond to two different value of
pH. This will lead to ambiguity in the system. So to avoid this ambiguity, the
reference electrode must be placed at a minimum distance set by this rule. The
compactness of the pH measuring system not only depend on the dimension of
the ISFET and reference electrode, but also on the distance allowed between the
ISFET and the reference electrode. The simulation result shows electrolyte oxide
interface potential as a function of pH. This curve is non liner for small distance
between the ISFET and the reference electrode, but approaches linear shape
when the distance between the ISFET and the reference electrode is large
enough. As far as Debye length is concerned when a Cylindrical ISFET is
compared with a planer ISFET, the Debye length for a cylindrical ISFET is
smaller than a planer device. Hence , for a cylindrical device, the electrode oxide

interface potential becomes linear at a smaller distance between reference
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electrode and the sensing surface as compared to a planer device This makes a
pH measuring system using Cylindrical ISFET smaller than a system that uses a
planer device.

As a future extension of this work, the temperature variation of human
body may also be considered in the model because, temperature change in human
body under diseased condition may be sufficient to cause drift in the ISFET

IESpPONSE in Vivo.
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Al Amperometric sensitivity

dl d w V2
5. = ——{,UC "“{(Vref - Vrh(ufel) )VDS - ﬂ}}

2
dv
=/‘Cax E‘ - L Vs
L dpH

A2 The cylindrical coaxial capacitance

The cylindrical coaxial capacitance is given as

2

Where L = Length of the coaxial cable

)

C ol _ coax

» = Outer radius
a = Inner radius

C = coaxial capacitance

vl _ coax
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FigA.2: Cross sectional view of a cylindrical ISFET surrounded by
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Therefore the coaxial capacitance per unit area is

3 £
a
t t.+ 2.t
Ifweput g = = p = 26 = Zox
2 2

Then cylindrical oxide capacitance per unit area will be

2¢€

0x

t,,.(m 1 2 |

5t

c OXcyl

From the figure A2 we can see that for IHP capacitance per unit area the inner

radius ‘a’ and outer radius ‘b’ is given by

t, + 2t o+ 208, + 20,

a = b= k] ox
’

2 2

And the THP capacitance per unit area becomes

2£IHP

2t
t, + 2t In(l+ —~2FF
( st ox )( ( t". + 2tox )J

Cyp ot
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Similarly for OHP capacitance per unit area the inner radius ‘a’ and outer radius
‘D’ 1s given by

Q= t, +2.t, +2t,, b = t, + 20, + 2t + 21,
= , b=

2 2

And the OHP capacitance per unit area becomes

2£OI~II’

COHP_cyl = o
L+, +2U Inf 1+ ——0H
( si [#).4 IHP{ "( fn- + ZtOx + 21”.", JJ

A3 The effective channel width of a cylindrical MOSFET

For a planar device neglecting the effect of drain bias, the shape of the channel

can be approximated as shown below.

Here
L = channel length
W = channel width
tinv= thickness of the inversion layer

A = area of the current path

The width “W” of the channel for a planar can be expressed as
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tinv

[~ A=WxXtiny

Fig.A3: Channel of a planar MOSFET

For a cylindrical device neglecting the effect of drain bias, the shape of the

channel can be approximated as shown in Fig: A4.
The figure A3 shows the body of a cylindrical MOSFET.

L = channel length
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W = channel width (not shown in the figure)

tinv= thickness of the inversion layer

The area of the current path ‘A’ can be expressed as (This is shown in the figure

with the dotted texture)

% nm

BRI s

Fig: A4: Cylindrical silicon pillar
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A= area of the circle of diameter t; — area of the circle of diameter (t5 -2t;,v)

Aol w2, )
4 4

Now the effective channel width ‘W’ can be found by dividing the current path

area by thickness of the current path (as it was done in the case of a planar

device)

W = i - ”[t;' - (ts:' —2tinv)2]
L 4t

inv my

A4 Calculation of reference electrode potential( E, s ) relative to vacuum:

The reference electrode potential is given by the following expression [2],[3].
The filling solution is assumed to be of 3.5M KCl, saturated with AgCl.

E (T)=E,(H'|H,)+E, (Ag|AgCl)+(%f—](T ~298.16)

=4.7+.205+1.4107*(300-298.16)

=5.37volts
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E,, (H +|H ) ) = Absolute potential of hydrogen electrode

E_, (Ag,A gCl ) = Relative potential of Ag/AgCl electrode with reference

to hydrogen electrode

dE ref T
-—E‘— =Temperature coefficient
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