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Abstract

In this thesis, standard manufacture processes of Complementary Metal Oxide
Semiconductor (CMOS) are inttoduced--to, fabricate Ion-selective Field Effect
Transistors (ISFET). This devieevis. differ from MOSFET on the metal gate of
MOSFET was substituted by an ion-sensing layer, pH buffer solution and an
additional reference gate. The I-V characteristic curves were altered by the interface
reactions of sensing layer and electrolyte solution. In our experiment, we use various
CMOS fabrication compatible materials, such as silicon nitride (Si3Ny4), aluminum
oxide (Al,O3), zirconium dioxide (ZrO,), Tinoxide (TiO;) and hafnium dioxide
(HfO,), with several width/length channel dimension and different process techniques
to produce ISFETs. The materials will cause different characteristics such as drift,
sensitivity, response time and stability.

In this thesis, we reported the fabrication process flow and measurement

condition in detail, and analyzed the characteristics mentioned above.
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Chapter 1

Introduction

1.1 Motivation of this work

The most often mentioned advantages of ISFET are small sample volume, multiple
sensors on a single chip, fast response, mass producible and cheap cost possibility. CMOS
based manufacturing techniques are the main stream in this industry. For integrating ISFET,
REFET and pseudo-reference electrode on a chip, the sensing films which be deposited on
gate oxide must be CMOS manufacturing compatible to achieve the cheap cost purpose. In
this work, we chosen SisN4, TiO,, HfO,, ZrO, and Al,Os as sensing films and fabricated
the ISFET under identical or designed process conditions to study the sensing
characteristics and figure out the feasibility of CMOS process fabrication.

Meanwhile, all of those films are oxide based which can be explained simultaneously
with same side-binding theory, “via the experimental result we can easily find proper

explanations for sensitivity, hysteresis and drift characteristics of ISFETs.

1.2 Brief history of ISFET

Sensors applied on many areas contain a wide range of fields including electrical,
magnetic, physical, optical, thermal, and chemical. The pH sensors belong to the category
of ‘chemical sensors’. The concept of the chemical sensor was first introduced in 1962 by
the late Professor Kiyoyama of Kyushu University. Work in the field of FET chemical
sensors began ten years after the discovery of the gas sensor.

The first paper on the ISFET was that published by Bergveld in 1970 [1]. This paper

describes the details of measurement of ion density with an ISFET-only configuration



without a reference electrode. In 1971, the late Professor Matsuo [2-3] conducted research
on a high- impedance circuit using an organic microelectrode with a FET which proposed a
measurement system employing the reference electrode.

In 1978, an ISFET on a silicon island isolated by a P-N junction and insulator was
proposed [1]. The discovery of the planar ISFET has been a revolutionary development for
researchers previously restricted by the need for an insulating coating on the silicon

substrate.

1.3 Introduction to ISFET

Compare with conventional pH-meter using glass electrode, ISFET possessed of
following advantages: (1) micro-miniaturization: only need little media exposed, (2)
excellent electrical characteristies: high input-impedance and low output impedance result
in high S/N ratio, (3) widen applications:-such as bio-sensor or other micro-sensors, (4)
MOSFET process compatible: easy to. achieve mass production and low cost [4-7].
However, a variety of questions needed to be answered before chemical sensors were able
to operate stably in a solution, the primary questions being (1) whether the FET device was
able to operate as a chemical sensor, (2) whether it could be mass-produced, (3) whether it
could be operated reliably in solutions for long periods, and (4) whether it would be
competitive with the conventional pH meter using glass electrodes.

The ISFET pH sensor is a semiconductor device received little media exposure. An
explanation of its basic principles of operation is therefore given below. Fig. 1-1 shows a
typical N-channel ISFET structure. The gate electrode consists of an electrolytic solution

adhering to a thin insulating coating deposited on a P-type silicon substrate. The insulating



coating is ion sensitive, and the term ‘lon Sensitive Field Effect Transistor (ISFET)’, is
derived from this gate structure.

Operation of the device employs the charge channel formed under the insulating
coating. The source electrode and drain electrode are also created at the both side of gate,
and application of a voltage between the two results in an N-type conduction current. This
is the so-called N-channel FET.

The carrier path along which the carrier accumulated under the insulation coating flows
from right to left in the diagram (parallel to the oxide coating) is controlled by the gate
potential applied to the insulating coating, and thus forms a potential-response type pf
sensor able to control the current between the drain and source. When the concentration of
hydrogen ions in the solution increases the positive hole forming the primary carrier of the
P-type semiconductor reacts and'retreats from'.the area immediately below the gate
insulation coating, while the few electrons remaining-in the P-type layer are attracted to the
area immediately below the gate.» As the -hydrogen ion concentration increases the
N-channel layer increases in thickness;allowing a greater current flow, and thus permitting
detection of ion concentration, as shown in Fig.1-2.

The sensing properties of the pH-ISFETs were mainly dependent on various materials
owing to the different reactivity of the electrolyte with materials. In the past, for detecting
pH, many sensitive materials, such as, SiO, [1], Si3Ny [8], Al,O3 [9], Ta,Os [10], WOs [11],
SnO; [12,13], etc. have been investigated. However, it is reported that these material have
lower pH-sensitivity than Nernst values. The first membrane used was SiO, and
unsatisfactory sensitivity and dynamic response was obtained. Subsequently, SizN4, Al,Os,
Ta,0s, WO3 and SnO, and were used as pH-sensitive dielectrics because of the higher pH
response. Moreover, pH-ISFETs based on electron conducting material are widely

investigated now because of low drift and hysteresis. [14]



1.4 Thesis organization

In this thesis, varies of MOSFET fabrication compatible materials, Si3Ny4, Al,O3, HfO,,
TiO; and ZrO,, were produced as pH sensing layers. At the first section, brief history and
characterizations of pH-ISFET were addressed. Following illustrated the operation theories,
which including pH definition, how from MOSFET to ISFET, the Nernst equation of
providing a quantitative relationship between the observed potential and concentration of
the species in the electrochemical cell and the theories of electrode and electrolyte interface.
All of them dominate the development of pH-ISFET. In chapter 3, considerations of
chemical sensor measurements, the procedures of fabrication and measurement of varies
sensing layers with standard MQS manufacture.processes were described. At last, the
investigated characterizations, comparison result and-future works were reported in chapter

4 and 5.
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Chapter 2

Theory Description

2.1 Definition of pH

In its most common interpretation, pH is used to specify the degree of acidity or

basicity of an aqueous solution. In formal, the definition of pH is expressed as

pH =-loga,. =-logy[H"] (2-1)
where a,. is the hydrogen ion activity, yis the activity coefficient which equals to 1

when diluted solution, and [H "] is the.molar concentration of solvated protons in units of
moles per liter.

In practice, the measurement of pH is not accomplished by the direct determination of the
hydrogen ion activity but relative to standard-selution of known pH. The result pH depends
on a number of factors, such as the ‘concentration of the added acid and its dissociation

constant [1].

2.2 Principle of ISFET

Electrochemical measurement of pH utilizes devices that transduce the chemical
activity of the hydrogen ion into an electronic signal, such as an electrical potential

difference or a change in electrical conductance.

2.2.1 From MOSFET to ISFET



The ISFET is a new approach of electrochemical measurement of pH, which
developed on the basis of the MOSFET, it is nothing else than a MOSFET with the gate
connection separated in the form of a reference gate immersed in aqueous solution which is
contact with the sensing layer above gate oxide. The basic principle of MOSFET as follows:
1. Control of current flowing between two electrodes drain and source. 2. The gate
electrode can only influence the drain-source current electrostatically. 3. The MOSFET’s

gate consists of a metallic coating and is used as an electrode to control the drain-source

current through external potential ¥, . The operation principle is illustrated in Fig. 2-1.

The general expression for the drain current of the MOSFET and thus also of the ISFET in

the non-saturated mode is
/4 1
Id = Coxlu_ (I/gs _I/I)Vds __Vdi (2_2)
L 2
with Coy is the oxide capacity jper unit area, W and L the width and the length of the
channel, respectively, and 1 1 the electron mobility in the channel.

The second important MOSFET equation deseribes the physical properties in nature is

that of the threshold voltage

V= q)M _cDSi _ Qox + st + QB +2¢ (2'3)
t q C I

Where the first term describes the work function difference between the gate metal (®,,)
and the silicon (@, ), the second term is describes the effect of accumulated charge in the
oxide (Q,,), at the oxide-silicon interface (Q,, ) and the depletion charge in the silicon bulk
(Q;), the last term determines the onset of inversion depending on the doping level of the
silicon.

In the case of ISFET, the metallic gate is replaced by a special oxide-coated gate
which is sensitive to hydrogen ion activity is shown in Fig. 2-2. When immersed in a liquid,

the electrical circuit is connected with the reference electrode and the hydrogen activity can



influence the drain-source current, due to the drain current /; is an unique function of the
input voltage V,, , meanwhile, the applied drain-source voltage V, and the threshold
voltage V; are constant, the geometric sensitivity parameter f=uC W /L. The S is a
design constant and V; is kept constant by the applied electronic circuit. Defining the metal
connection of the reference electrode suggests that the observed ion sensitivity was
described as an additional input variable of any interfacial potential in the input circuit
should be described in terms of V..

Hence the expression for the ISFET threshold voltage becomes

o Dg +0, +
Vt :Eref _\PO +Zwl S Qox st QB +2¢f (2_4)
q Cox
where E, is the constant potential of the reference electrode, W, is the chemical input

parameter and y*” is the surface dipolé potential of the solvent and thus having a constant
value [2]. All terms are constant except ¥, so.it 1s the term dominates the sensitivity of
ISFET to the electrolyte pH, which is controlling the dissociation of the oxide surface.
Therefore, detailed investigation-of the electrode-electrolyte interface is necessary for

designing a high pH sensitivity ISFET.

2.2.2 Potentiometry

Before discussing electrode-electrolyte, let’s review potentiometry first. Potentiometry
is the study of electrochemical cells at equilibrium, i.e. measurement of potential at zero
current. For the general reaction

xO+ne” = yR (2-5)
where O and R are the oxidized and reduced forms of the analyte species and n is the
number of electrons, e, transferred in the reaction. If the LHE is the standard hydrogen half

cell, the overall reaction may be represented:



(n/2)H,+x0 = yR+nH" (2-6)

The cell free energy for the energy is given by

[R]'[ & ]

AG=AG’+RTIn{————=>
o] [#1.]

(2-7)

where R is the gas constant, T is the absolute temperature and AG® is the standard free
energy of the system at 298K and 1 atm.
Since

AG =-nFE (2-8)
where F is Faraday constant and by definition [H"]=[H,]=1for the standard hydrogen

electrode. The Nernst equation

E-p" + Ry ﬂ (2-9)
o | [R])

which provides a quantitattve relationship between the observed potential and

concentration of the species in thé.electrochemical cell.
2.2.3 Electrode and electrolyte interface

Electrolyte is a substance with ionic dc conductivity, pure electrolytes whose charge
carriers are and no separate flow of electron. For electrode, two current carrying electrodes
in an electrolyte are the source and sink of electrons, the electrode is the site of a charge
carrier shift, a charge exchange between electrons and ions. There are three types of
electrode: (1) Ohmic contact, (2) capacitive type and (3) covered with a permeable
membrane.

In regard to the electrode and electrolyte interface, shown in Fig. 2-3, which has the

following properties: (1) local concentration of both cation and anion changes at the



interface, (2) ion-electron exchange, i.e., redox reaction, (3) ion-electron interaction, no
redox reaction, and (4) ion-molecular interaction, insulator for example. The selectivity and
chemical sensitivity of the ISFET are completely controlled by the properties of the
interface, protonation/ deprotonation of the gate material is influenced by the pH at the gate
area, which controls the surface potential.

The model which gave rise to the term ‘electrical double layer’ was first put forward
in the 1850’s by Helmholtz. Many double layer theories were proposed and now brief
describe as follows:

Helmholtz double layer: A simplistic description of the electric double layer as a
condenser (the Helmholtz condenser) in which the condenser plate separation distance is
the Debye length. The Helmholtz layer is divided into an inner Helmholtz plane (IHP) of
adsorbed, dehydrated ions immediately next to a surface and an outer Helmholtz plane
(OHP) at the center of a next dayer of hydrated,.adsorbed ions just inside the imaginary
boundary where the diffuse double layer-begins, That is, both Helmholtz planes are within
the Stern layer. Helmholtz’s view of the region‘is shown in the Fig. 2-4

Gouy-Chapman double layer: In case of Gouy-Chapman theory, it is assumed that the
diffuse layer of ions begins at some distance away from the surface, and the complete
Poisson-Boltzman equation is used.

Stern Grahame theory: The layer of ions in an electric double layer that, hydrated or
not, lie adjacent to the surface (adsorbed ions). The rest of the electric double layer is often
distinguished as the diffuse part, where assumptions, such as treating the ions as point
charges, can more reasonably be made. (Gouy-Champman diffuse layer)

Gouy-Chapman double layer model combined with Stern Grahame theory is the most

general.
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The site-binding model, illustrated in Fig. 2-5, is indicated that reactions can happen
between protons (H') in the solution and the hydroxyl groups formed at the
oxide-solution interface. The model which introduced by Yates et al. [3] are used to derive
the intrinsic buffer capacity for several oxides and silicon nitride.

This model describes equilibrium between the so-called amphoteric SiOH surface

sites and the H " -ions in the solution. The reactions are

AOH = A0 +H, (2-10)
and
AOH, = AOH + H,, (2-11)

where H, represents the protons in the bulk of the solution. An originally neutral surface

hydroxyl site can bind a proton from the bulk solution, becoming a positive site and leaving
a negative site on the oxide surface. It is called ampheteric site.

It is known that the background:electrolyte.has a large influence on the surface charge
[4]. This dependence is ascribed«to-variations in the double layer capacitance. The
Gouy-Chapman-Stern model is most widely used to describe the double layer structure in
ISFET literature [5].

Gouy and Chapman proposed independently the idea of a diffuse layer to interpret the
capacitive behavior of an electrode/electrolyte solution interface. The excess charge in the
solution side of the interface is equal in value to that on the solid state surface, but is of
opposite sign. The ions in the solution are therefore electrostatically attracted to the
solid-state surface but the attraction is counteracted by the random thermal motion which
acts to equalize the concentration throughout the solution. However, this theory has one

major drawback. The ions are considered as point charges that can approach the surface

11



arbitrarily close. This assumption causes unrealistic high concentrations of ions near the
surface at high values of W,

An adjustment to solve this problem was first suggested by Stern. He proposed a
diffuse layer of charge in the solution starting at a distance X from the surface. After that,

a complete model is defined.

2.2.4 Theory for the pH sensitivity of ISFET

A new model was introduced by van Hal and Eijkel [6,7 ] and is in fact nothing else

than the well-known equation for capacitors Q =CV', where Q is surface charge in the
form of protonized (OH N ) or deprotonized (0’) OH groups of the oxide surface, C is

the double-layer capacitance at.the interface.and. ) is the resulting surface potential,
denoted as W, in Eq. 2-4. This potential betweenl the gate insulator surface and the
electrolyte solution causes a proton concentration difference between bulk and surface that

is according to Boltzmann:

- IIIO
. =d,. exXp ]q<T (2-10)
or
q¥,
H, = pH, +——— (2-11)
PR =P ™5 3kt

where a,, is the activity of H ", q is the elementary charge, K is the Boltzmann

constant and 7 1is the absolute temperature. The subscripts B and S refer to the bulk

and the surface, respectively.
Here define two parameters: S, and Cg. [, symbolizes the surface buffer capacity,

e.g. the ability of the oxide surface to deliver or take up protons, and C; is the differential

double-layer capacitance, of which the value is mainly determined by the ion concentration

12



of the bulk solution via the corresponding Debije length.

Now we get

Ao,
ApH

=4 (2-12)
where 0 o is the surface charge per unit area. The buffer capacity, f; . is called the intrinsic
buffer capacity because it is the capability to buffer small changes in the surface pH
( pH, ),but not in the bulk pH ( pH ).

Because of charge neutrality, an equal but opposite charge is built up in the electrolyte
solution side of the double layer o pr. , shown in Fig. 2-6. This charge can be described as a
function of the integral double layer capacitance, C; and the electrostatic potential

opi=-CiV¢=-09 (2-13)
The integral capacitance will be used later to calculate the total response of the ISFET on
changes in pH. The ability of the electfolyte solution to adjust the amount the of stored

charge as result of a small “change in the electrostatic potential is the differential

capacitance, Cj

Ao, 3 Ao,
AV, AY,

=—Cq (2-14)

As a result, combine all Egs. as

AY, AV, Ao, —qpBs _ AY,
ApH, Ao, ApH,Z  Cq

(2-15)

q\Po
A(pH, +- 170
(PH, 2.3KT)

Rearrange Eq. 2-15 gives a general expression for the sensitivity of the electrostatic

potential to changes in the bulk pH

AW, =230 L apH, (2-16)
q
with
1
“=33KTC, @17
o Tl
q° P
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Note that ¢ is a dimensionless sensitivity parameter and the value of ¢ varies between 0 and
1 depending on the intrinsic buffer capacity and the differential capacitance. Only in case
a approach 1, the maximum Nernstian sensitivity of 58.2 mV/pH at 298K can be obtained.

Eq. 2-17 shows that a =1 is reached for oxides with a large value of the surface buffer

capacity S, and a low value of the double layer capacity C,. It shows that the SiO, film
from the MOSFET process does not fulfill the requirements of a high value of g . The pH
sensitivity is low depending also on the electrolyte concentration through C. Therefore
other films such as Si3N4, ALO; and ZrO, were introduced to increase the values of f.
The higher the intrinsic buffer capacity, the less important of the value of C¢ which
means that independent of the electrolyte concentration a Nernstian sensitivity can be

achieved over a pH range from 1 to 13.

2.2.5 Reference electrode

ISFETs are typically biased ‘using a Ag/AgCl reference electrode. Ideal reference
electrodes are required to have the following characteristics: (1) Stable and reproducible
potential (2) low temperature dependence of potential (3) low electrical resistance (4)
application in variety of media (5) reproducible and small liquid junction potentials. A
more common reference electrode is the silver/silver chloride electrode. The electrode
reaction is effectively:

AgCl(s)+e — Ag(s)+cl” (2-18)
and the electrical response is

E=E°—(RT/F)lna(Cl") (2-19)
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For the difficulty of implementing reference electrode on-chip, and alternative
technique is to make differential measurements between an ISFET and a pH-insensitive

reference FET (REFET). However, we are not focus on this topic today.

2.3 Summary

Summarizing this chapter on the theoretical explanation of the pH sensitivity of
ISFET, it should be concluded that an ISFET is an electronic component, similar to the
MOSFET, but with an modulation possibility of the threshold voltage by means of the
oxide/solution interface potential. The relation between this interface potential and the pH
is determined by the buffer capacity of the oxide surface. Note that due to the introduction
of the field effect concept in the sensor field, now.also insulating materials can be used for
ion sensing, contrary to the conducting materials that required for the conventional ion
sensor concept, such as the glass membrane.-The only prerequisite for these insulating

materials is that their surface buffers the ion of interest.
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Chapter 3

Experiment

3.1 Introduction

Since P. Bergveld [1] first employed the field-effect transistor for neuropsychological
measurements in 1970, ISFET’s have developed into a new type of chemical sensing
electrode. The device is similar to the conventional MOSFET except that the metal gate
electrode is removed in order to expose the underlying insulator layer to the solution. Many
theoretical and experimental studies have been published describing the behavior of this
chemical sensing electronic device [2]. Applying the successful integration-circuit
technology, the ISFET devices-have potential advantages over conventional ion selective
glass electrodes in their rapid response; low-cost, small size, high input impedance and low

output impedance [3].

3.2 Preparation of ISFET

To investigate the properties of Al,Os, TiO,, SizN4, HfO; and ZrO, as the pH-sensing

layers, the ISFET were fabricated. All processes were accomplished in NDL (National

Nano Device Laboratory) and Nano Facility center.

3.3 ISFET Fabrication Process flow

The schematic diagrams of EIS structure ISFET is shown in Fig. 3-1. The sensing
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layers of TiO,, Si3N4, HfO,, AL,O3 and ZrO, membranes are deposited onto the SiO, gate
ISFET, which prepared by various standard MOSFET fabrication techniques. The nitride
was deposited by LPCVD, tin oxide, hafnium dioxide, aluminum oxide and zirconium
dioxide were deposited by e-gun and sputter, respectively, to form a double-layer gate. The
fabrication parameters are listed in Table 3-1, and the fabrication procedures are listed as
follows:

1. RCA clean

2. Wet oxide growth (600 nm.), 1050°C, 65min

3. First photo mask to define S/D

4. BOE wet etch oxide

5. Dry (Screening ) oxide growth (300 R ), 1050°C, 12min
6 .Source/Drain implantation
% Dose=5E15 (I/em®), Energy=25Kev (n-type)
7.N" anneal , 950°C 30min
8. PE- oxide deposition (1 £z m)
9. Second photo mask to define contact hole & gate region

10. BOE etch PE- oxide 1 ¢z m (contact hole region)
PE- oxide 1 £ m+ wet oxide 6000 A (gate region)

11. Dry oxide grow (100 A ), 850°C, 60min
12. Sensing layer deposition
s Deposit low stress nitride by LPCVD
% Deposit Tin oxide, aluminum oxide, hafnium dioxide and zirconium
dioxide by sputter and e-gun, respectively

13. Third photo mask to define sensing region
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14. Sensing layer etching
15. Fourth photo mask to define Ti/Pt region
16. Deposit Ti/Pt

17. Pt annealing

18. Thermal coater Al (back side) 5000 A

3.4 Key steps illustration

3.4.1 Gate region formation

RCA clean is usually performed at wafer starting to reduce the possible pollution such
as particles, organics, diffusion ions, and'native oxide. Careful RCA clean will ensure the
integrity of device electricity. ;The next step 600nm thickness wet oxide is deposited as
barrier layer for S/D implant. The density and the energy of S/D implant is SE15 (1/cm?)
and 25Kev with phosphorous dopant, respectively. In our experiment, p-type wafer is used .
After S/D implanting, following a 950°C 30min N* anneal performed to activate the
dopants.

Extra 1 ¢z m thickness PE oxide deposition is essential, which protect the structure of
a pH-ISFET [4]. During a long period of electrolyte immersing, ions may diffuse and affect
the ISFET’s electrical characterization [5]. It is a significant difference compare with

standard MOSFET processes. A thick PE- oxide deposition can eliminate the effect.

Following the PE- oxide deposition, 100 A thickness dry oxide was grown in oven as gate

oxide.

3.4.2 Sensing layer deposition
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This procedure is the most important part in our experiment. Various sensing material
with different deposition techniques decides the characteristics of drift, hysteresis and
sensitivity. For comparing these sensing layers, several deposition techniques were
performed. We adopted LPCVD to obtain low stress nitride. LP-nitride is a good sensing
film for its high sensitivity and low drift [6, 7] but one drawback is they are unstable in
different electrolytes [8]. For hafnium dioxide, aluminum oxide and zirconium dioxide we

deposited them with e-gun and sputter, respectively, to study the process impacts.

3.5 Measurement system

3.5.1 Considerations of chemical.sensor measurements

To obtain more precise measureément-results; various types of errors during the
measurements of ISFET must be considered before our measurement. The sources of errors
in chemical sensors were divided into chemical, instrumental and non-chemical [10].
Sources of errors of chemical causes includes:

Ion interferences — exceed one above analytical signals will interfere to each other
cause an ideal chemical sensor can’t exhibit the changes in the analytical signal caused
only by the analyte. In our measurement, the ion interferences happened when change
solution from acid to base or vise verse, therefore, detailed dilution is essential to reduce
ion interferences.

Calibration procedure — some problems are response time of the sensor and its
hysteresis. During the calibration process a concentration gradient develops, which

influence on diffusion of the analyte through the chemical interface of the sensor until the
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equilibrium state is achieved. Usually, the diffusion process is quite slow being mainly
determined by the thickness of the chemical interface. One proper solution is to wait until a
steady state is reached.

Leakage of the chemical interface components — the membrane of ISFET is fabricated
by difference conditions so that interface characteristics differ. One problem is that
chemical interface component will be leaked out to the sample. In the case of
potentiometric sensors, like ISFET, usually the ionophere is physically entrapped inside the
membrane. The leakage of the membrane components leads to drift in the sensor signal and
result in limited lifetime of the sensor if leakage continuous.

Liquid junction potential — the composition of the electrolyte to be measured can
differ from the solutions used in the calibration process, the slope of the calibration curve
varies slightly, this phenomenon caused by the uncertainty in the liquid junction potential.
No matter how precise a sensitive.equipment 1s used, this error cannot be eliminated or
compensated. The literature data [11]-indicate that the minimal relative error in the
measured activity is about +/- 4% for univalention.

Sample composition — due to unknown and unpredictable compositions of sample
used in laboratory measurements, the precision of measured results is impact. In some

cases the ISFET sensor can work only in a given range of pH value.
Sources of errors of non-chemical causes includes:

Sensor wiring and electromagnetic fields — potentiometric sensors like ISFET are
sensitive to electromagnetic field interferences which present in the environment, so that
the grounding loop of measuring system become quite important. Such an interference has
a huge contribution in sensor drift must be avoided.

Ambient light and temperature — dark box and constant temperature control are
essential to reduce the errors of measurement. Fortunately, ISFET behaves with excellent

linearity, which make the temperature compensation very easy.
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3.5.2 Preparation of measurement

To investigate the characteristics of the variety of membrane as sensing layers, we
measured the [-V curves for the pH-ISFETs by using HP4156 as measurement tool and the
system is shown in Fig. 3-2. For getting correct result of measurement, the entire
measurement procedures were executed in a dark box to prevent light influence.

Some extra works on wafers must be done before measurement with HP4156. First
of all, we glued a container on the wafer. This step is very important for following complex
and frequently solution change activities. The container, to load the test electrolyte, was
open at its bottom and covered the whole sensing region on wafer to keep electrolyte
contact with sensing layers exactly:

The pH-standard solution-that. ' we used.1s supplied by Riedel-deHaen corp. and the
pH-values are 1,3,5,7,9,11,13. The electric-potential of the pH-solution will be floating [9]
during open-loop circuit. The disturbance from the environment would induce the electric
potential variance of the solution. By eliminating this variance, a reference electrode is

needed to immersion in the pH-solution to close the circuit loop.

3.5.3 Current-Voltage measurement set-up

A HP-4156 semiconductor parameter analyzer system were set up to measure the
current-voltage (I-V) characteristics curves, in which included I4-V,s and Ig-Vgs curves at
controlled temperature. All measurements were arranged in a dark box to minimize the
effects of photoelectric and temperature.

In the I-V measurements, due to the sensing areas were so small, prevention of air
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bubbles from being generated between the sensing membrane and the buffer solution
during the testing is needed to take care.

In the setup of HP-4156, substrate voltage is ground and the reference electrode is
sweeping to different voltage. In the measurement of sensitivity, the response of the
pH-ISFET is the function of time. According to P. Woias [9], the first equilibrium will
achieves in a minute.

We measure the pH-solution in the order of pH 1, 3,5, 7, 9, 11, and pH 13. Clean and

dilute works were repeated again and again to make sure the measurement accuracy.

3.5.4 Hysteresis measurement set-up

For characterizing the hysteresis' phenomena of ISFETs, we measured I-V curves for
etch film with changing the pH=solution m the order of pH 7, 1,7,13,7,1,7,13, and back to
pH 7. For each pH value we got 3 measure points with duration of 30 seconds, detailed

dilute works were done before eleetrolytes changed.

3.5.5 Drift measurement set-up
The drift characteristics were measured with specific pH value of 7 and different
sampling period of 30 seconds, 1 minute, 10 minutes and 1 hour. 33 sampling points in the

time frame of 7 hours were obtained for each ISFET film.
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Chapter 4

Results and discussions

4-1 Introduction

The pH-ISFET differs from a MOSFET in that the metal gate of the MOSFET is
replaced by pH-sensitive membrane material such as tin oxide (TiO,), silicon nitride
(Si3Ny), aluminum oxide (Al,O3), hafnium dioxide (HfO;) or zirconium dioxide (ZrO,).
Theoretically, a silicon dioxide (SiO,) layer itself can be used as a sensing layer. However,
other membrane materials are adopted to achieve higher sensitivity and linearity.

In our experiment, those metal oxide materials were fabricated with as same as
possible structure dimensions simultaneously inorder to investigate the possibility to
co-fabricate them with standardMOS precesses. Many applications become possible while
understanding the aligned characteristics of those membrane materials and one of these is
the integration of ISFET and REFET. The employ of REFET is to realize ISFET on-chip.
High/ low sensitivities of membranes for ISFET and REFET are essential for getting higher

resolution of pH measurement.

4.2 Characteristics of Sensing Materials

The pH sensitivity is one of the important characteristic parameters of ISFET devices
and the response of an ISFET is mainly governed by the type of sensing materials,
therefore, the sensing material plays a significant role. In addition, hysteresis phenomenon
of ISFET leads to inaccuracy and instability of measuring results. The pH sensitivities of

different sensing-gate ISFET devices were measured in different buffer solutions by
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current-voltage (I-V) measurement, and the hysteresis curves were measured by exposing
the device to several cycles of pH values over different loop times. Drift characteristic of
sensing films represents the process result and chemical interface feature, noises of thermal

and originated in the transducer also influent the drift of ISFET.

4.2.1 Sensitivity, drift and hysteresis characteristics of ZrO, membrane

According to the result of measurement, the full range (pH 1 ~ pH 13) sensitivity is
49.7 mV/pH. The sensitivity in acid environment is down to 33.3 mV/pH and in base
environment is little higher at 60 mV/pH. The 1d-Vg curve of ZrO, is shown in Fig. 4-1,
and the sensitivity (pH versus gate voltage) chart is shown in Fig. 4-2.

The drift rates of ZrO, film for different pH.and hysteresis width of the ZrO,-ISFET
for different pH loops are calculated by.-a constant voltage/ current circuit and a
voltage-time recorder to measure thé gate voltage of the ISFET. The results are shown in
Fig. 4-3 and Fig. 4-4. The drift of ZrO; film is around 1.75 mV/ Hr and its

hysteresis/sensitivity ratio is about 96.4%.

4.2.2 Sensitivity, drift and hysteresis characteristics of HfO, membrane

The I-V curve of HfO, is shown in Fig. 4-5, and the sensitivity (pH versus gate
voltage difference) chart is shown in Fig. 4-6. The overall sensitivity is 45 mV/pH. The
sensitivity in acid environment is down to 35 mV/pH and in base environment is much
higher at 55 mV/pH. The drift of HfO; film is 1 mV/hr for specific pH and hysteresis width

of the HfO,-ISFET for different pH loops are shown in Fig. 4-7 and Fig. 4-8. The
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hysteresis/sensitivity ratio is zero, which means almost no hysteresis phenomenon happens

of HfO, film deposited by E-gun process.

4.2.3 Sensitivity and hysteresis characteristics of Al,O3; membrane

The I-V curve of Al,O3 is shown in Fig. 4-9, and the sensitivity (pH versus gate
voltage difference) chart is shown in Fig. 4-10. The overall sensitivity is very low in the
value of 27.5 mV/pH. The sensitivity in acid environment is down to 12.5 mV/pH and in
base environment is up to 42.5 mV/pH. Fig. 4-11 shows the result of hysteresis, the

hysteresis/sensitivity ratio is about 60%.

4.2.4 Sensitivity and hysteresis characteristics of TiO, membrane

The I-V curve of TiO, is shown-in-Fig. 4-12, and the sensitivity (pH versus gate
voltage difference) chart is shown in Fig. 4-13.The overall sensitivity is the value of 45
mV/pH. The sensitivity in acid environment is up to 50 mV/pH and in base environment is
little lower at 40 mV/pH. The result of hysteresis/sensitivity ratio 63.2% is shown in Fig.

4-14.

4.2.5 Sensitivity, drift and hysteresis characteristics of Si;3Ns membrane

The I-V curve of SizN4 is shown in Fig. 4-15, and the sensitivity (pH versus gate

voltage difference) chart is shown in Fig. 4-16. The overall sensitivity is 72.9 mV/pH. The

sensitivity in acid environment is down to 53.3 mV/pH and in base environment is much
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higher at 91.6 mV/pH. The hysteresis/sensitivity is 29.3% and drift of Si3sN4 film is 1.25

mV/hr are shown in Fig. 4-17 and 4-18.

4.3 Comparison of Sensing Materials

4.3.1 Comparison of sensitivity and linearity characteristics

The characteristics of sensitivity, hysteresis/sensitivity ratio, and sensitivity of all
films were summarized in Table 4-1. Nitride film has the highest sensitivity of 72.9 mV/pH
and aluminum oxide has the lowest one of 27.5 mV/pH. Linearity which represents the
stability of sensing films are obtained by linear regression, according to our experimental
result, TiO, and SizN4 have better performance.of linearity than others. AI203 shows
unacceptable linearity characteristic.due to itsdow sensitivity of acids.

Another observation is that ZrQs, E-gun_prepared HfO,, Al,0; and SizN, are with
better sensitivity performance in base environment than in acid, on the contrary, other films
such as sputtered HfO, and TiO, perform better sensitivity in acid environment. Shown in
Fig. 4-19 to Fig. 4-24.

Regarding the linearity, ZrO, shows the most stable sensing capability than others

both in acid and base environment.

4.3.2 Comparison of hysteresis phenomenon

In our case, E-gun prepared HfO, film shows excellent performance with almost no

hysteresis phenomenon happened. Even the film surface underwent post plasma treatment,

(another experiment will be mentioned later), the film still showed the same result of
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almost zero hysteresis. This time, ZrO, shows unsatisfied result of 96.4%
hysteresis/sensitivity ratio, which means the chemical surface of ZrO, is inadequate for

varied environments.

4.4 Discussion of NH; plasma surface treatment

To get more stable characteristics of sensing membranes, post NH3 plasma treatment
was expected to modify the dangling bonds. The results are shown from Fig. 4-25 to Fig. 4-
30. Theoretically, the sensitivity, hysteresis and drift of sensing membranes should be
decreased due to the reduction of bonding sites. But according to the experimental results,
no significant changes in sensitivity, as shown in Fig. 4-31, but the linearity and
hysteresis/sensitivity ratio of most films are improved by post NH; plasma treatment.
Shown in Fig. 4-32 and Fig. 4-33. Especially.for TiO, film, the hysteresis/sensitivity ration
was significantly improved from 6312%-to-near. 0%! Another observation is that although
the sensitivity changes slightly, but'the sensitivity of some materials such as ZrO,, E-gun
HfO, and Si3;N4 become more ‘even’ in both acid and base environments as shown in Fig.

4-34. Recall the sensitivity theory:

AW, =230 XL pph, (2-16)
q
with —;
“=23kIC,
o Tl
q° P

where buffer capacity [, governed by the fixed number of oxide surface sites per area,
one possible explanation is that NH; plasma surface treatment changes the distribution of

surface sites (Vg »V

sV sion: ) so that sensitivity of acid and base behave differ from

original.
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4.5 Conclusions

The first purpose of our experiment is to study and obtain the most suitable material
which CMOS fabrication compatible as sensing layer for ISFET. The other purpose is to
find out the best pair materials for ISFET and REFET integration. For the first purpose,
ISFET characteristics such as drift and stability are studied. For the second purpose,
sensitivity dominates the application.

In this study, all sensing materials are available in CMOS fabrication technology; all
processes such thick oxide deposition, sensing film deposition and NH; plasma treatment
are following the standard CMOS process rules.

pH-ISFET characteristics of drift, stability and sensitivity are governed by intrinsic
buffer capacity and the differential capacitance which concerning the sensing layer
materials. All the properties of oxide/ sensing layer interface, sensing layer/ electrolyte
interface and sensing film itself impact-the pH-ISEET characteristics. In our experiment,
we designed several width/length ratio.of channel under different process conditions such
as sputter and e-gun deposition in order to find out the best CMOS fabrication compatible
sensing films. NHj; post plasma surface treatment has also been proven helpful for linearity
improvement for various sensing films in our study. All the results are summarized in
Table 4-1.

Through the detailed overview of various CMOS fabrication compatible sensing films,
ZrO,, HfO,, Al,03, TiO; and Si3Ny4, we learned how to determine the proper films base on
different application requirements such as acid/base environment, pH measurement range

and measurement timeframes etc.
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Chapter 5

Future work

5-1 Future work

In our experiment, sensitivity, lineraity and drift phenomenon of various sensing
materials were studied. Base on the observed result, aluminum oxide and nitride films have
the most significant difference of pH sensitivity and they could be proper candidates for
ISFET and REFET integration. Most of the attempts to create a REFET are based on
covering the gate oxide of an ISFET with an additional ion insensitive membrane. Teflon
seems as a good membrane materialk for REEET, however, it is not MOSFET fabrication
compatible so that difficult of mass production.with cheap standard MOSFET processes.
Sensitivity is not the only consideration for’ ISFET and REFET integration,
time-dependence of pH response, reproductivity=and stability, hysteresis phenomenon,
temperature and photoelectric impact, etc. are also important factors need to be clarified.

Base on the knowledge of ISFET, glucose-sensitive enzyme field-effect transistor
(ENFET) based on local pH change in biomembranes resulted from the formation of

gluconic acid is also a proper extensive topic for future study.
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44

30



0.00055

0.0005 |
0.00045 | ——pH1
——pH3
__0.0004 | pH5
<
> pH7
0.00035 |- ——pH9
——pH11
0.0003 | —pH13
0.00025 [
0.0002
0 0.5 1 15 2 2.5 3 35 4 45
Vg (V)
Figure 4-9 14-V, characteristics of ALO; film on different pH values
2.9 L e
ik i} 1
2.85 | = | e F = P
i It = 7
28 | - = ] ¢ T R=0916
275 | 5 el
i /,"
g 2.7 Sensitivity= 27.5 mV/pH: T
>
> 265 |
2.6 | e i
2.55 | . o *
25 | el
2.45
0 1 2 3 4 5 6 7 8
pH

Figure 4-10 pH sensitivity and linearity of Al,Os film

45



Hysteresis of Egun AI203 film

pH=13 pH=13

295
29
285

N
o
\

275

Gate Voltage (V)
N
9

2.65
26

2.55 pH
pH=1
2.5 ‘

0 5 10 15 20 25 30

Time

Figure 4-11 Hysteresis phenomenon of Al,O3 film

0.00045 = s

0.0004 —pH1

pH3
0.00035 |

pH5

< 0.0003 | —pH7

0.00025 | pHO
— pH11

0.0002 —

— pH13

0.00015
0 0.5 1 1.5 2 25 3 3.5 4

Vg (V)

Figure 4-12 I4-V, characteristics of TiO, film on different pH values

46



Vg (V)

3.5

25

1.5

0.5

Gate Voltage (V)

L R? = 0.9898
Sensitivitv= 45 mV/oH R
P
L {4‘#_k,,7r*”'(<4
.-
1 2 3 4 5 6 7 8 9 10 11 12 13
pH
Figure 4-13 pH sensitivity and linearity of TiO; film
|
ElSpr%
Hysteresis of E-gun TiO2 film
= 1 ]
2.4 L
pH=13
23 |
22
21 |
2 | Hysteresis
18
P d
1.7
0 5 10 15 20 25 30

Figure 4-14 Hysteresis phenomenon of TiO; film

47

14



o

Vg (V)

3.00E-04

2.50E-04 |
pH1
2.00E-04 | pH3
—pH5
1.50E-04 |
— pH7
1.00E-04 | ——pH9
—— pH11
5.00E-05 | — pH13
0.00E+00
0 0.5 1 1.5 2 25 3 35 4
Vg
Figure 4-15 I4-V, characteristics of Si3Ny4 film on different pH values
4
=
35 ‘7!‘"1\ =
ﬂ .
=]
81 : T } R?=0.985
" Sensitivity=72.9'mV/pH = o - R
25 B "..'" -y : ‘.3-n;, ‘.r—_“‘q,,l"’4
. Y-
2 L "477_4,4 fy = :
15
1 L
05 |
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 4-16 pH sensitivity and linearity of Si3Ny film

48




Gate Voltage (V)

Gate Voltage (V)

3.4

32

2.8

2.6

24

2.2

Hysteresis of Si3N4 film

pH=13 pH=13

Hy steresis

H/$=29.3%

pH=1 pH=1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 1516 17 18 19 20 21 22 23 24 25 26 27
Time

Figure 4-17 Hysteresis phenomenon of SizN4 film

0 5000 10000 15000 20000 25000 30000

Time (sec.)

Figure 4-18 Drift characteristic of SizNy

49




3.5

3 L
Sensitivity= 50 mV/pH Sensitivity= 52 mV/pH
25 |
R2 = 0.9923 R2 = 0.9927
"/A
15 & — —
| Sensitivity= 60 mV/pH
Sensitivity= 33.3 mV/pH ensitivity= 60 mVip

11 R2 = 0.9945 R2 = 0.9956
0.5 |

0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

‘—Q—ZrOZ —8—Zr02 — A — ZrO2 (NH3 treatment) - - 2¢ - - ZrO2 (NH3 treatment) ‘

Figure 4-19 Sensitivity and linearity characteristics of ZrO, in acid/base

35 : —
|
3 F e
‘ Sensitivity= 25 mV/pH
25t Sensitivity= 45 MV/SHT =TT R2 = 0.9956
2 R2 = 0.9652 ‘
s | TV ... !
o 2 F L aeeeelyE -—/—.__*——.
8 [ -
S ,/“/‘*’——__4
> 15 | Sensitivity= 55 mV/pH Sensitivity= 37.5 mV/pH
© R2 = 0.9956 R2 =0.9653
O
1 b
0.5 |
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
‘—0— HfO2 (sputter) —#— HfO2 (sputter) - - - - - - HfO2 (NH3 treatment) HfO2 (NH3 treatment) ‘

Figure 4-20 Sensitivity and linearity characteristics of sputtered HfO, in acid/base
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Figure 4-25 Hysteresis phenomenon of ZrO, film after NH; plasma treatment
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Figure 4-26 Hysteresis phenomenon of sputtered HfO; film after NH;3 plasma
treatment
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Hysteresis of E-gun HfO2 film (after NH3 treatment)
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Figure 4-27 Hysteresis phenomenon of E-gun HfO; film after NH3 plasma treatment
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Figure 4-28 Hysteresis phenomenon of E-gun Al,Os film after NH;3 plasma treatment
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Hysteresis of E-gun TiO2 film (after NH3 treatment)
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Figure 4-29 Hysteresis phenomenon of E-gun TiO; film after NH;3 plasma treatment
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Figure 4-30 Hysteresis phenomenon of Si3N4 film after NH; plasma treatment

55



80

Sensitivity

Sputter ZrO2  Sputter HfO2 ~ E-gun HfO2 E-gun AI203 E-gun TiO2 Si3N4

Sensing films

0 Raw @ NH3 plasma treatment

Figure 4-31 Sensitivity comparison of sensing films with/ without NH; plasma post

surface treatment

102

100

98

96

94

Linearity

92

90

88

86

Sputter ZrO2  Sputter HfO2 E-gun HfO2 E-gun AI203 E-gun TiO2 Si3N4

Sensing films

‘l Raw BNHS3 plasma treatment ‘

Figure 4-32 Linearity comparison of sensing films with/ without NH; plasma post

surface treatment
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Figure 4-33 Hysteresis/ sensitivity comparison of sensing films with/ without NH;

plasma post surface treatment
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Figure 4-34 Acid/ Base sensitivity deviation characteristic of sensing films — the
values represent the ability of sensing films on both acid and base environments.
Which defined as: the absolute value of acid/base sensitivity delta divided by their
mean value. The low value represents sensing ability on both acid and base
environments are more ‘even’. According to experimental result, Sputter ZrO,,

E-gun HfO, and Si;N4 were improved by NH; plasma post surface treatment.
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Sensing Film Sputter ZrO2 | Sputter HfO2 | E-gun HfO2 | E-gun Al203 | E-gun TiO2 Si3N4
Process NH3 - NH3 - NH3 - NH3 - NH3 - NH3 -
*HIS 26.1%| 96.4%| 68.5%| 24.7%| 0.0%]| 0.0%| 54.5%| 60.0%| 0.0%| 63.2%| 15.6%]| 29.3%
Linearity 99.66| 97.67| 95.18| 98.35| 99.08] 96.44| 93.49| 91.6] 99.28| 98.98| 99.37| 98.5
Sensitivity 51| 49.7] 43.8] 46.3] 46.3 45 27| 27.5] 50.8 45| 66.7| 729
Sensitivity (Acid) 50 33.3 45 55| 47.5 35| 16.5] 125 45 50| 73.3] 53.3
Linearity (Acid) 99.23| 99.45| 96.52| 99.56| 99.85| 98.54| 80.76| 76.3] 99.63| 99.87| 99.93| 99.79
Sensitivity (Base) 52 60 25| 375 45 55| 37.5] 42.5| 56.5 40 60| 91.6
Linearity (Base) 99.27| 99.56| 99.56| 96.53| 97.05| 95.52| 91.52| 97.7| 98.23| 97.36| 99.86| 97.82

Table 1-1
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*Note: H/S = hysteresis/ sensitivity

Summary table of characteristics of ISFET sensing films




