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ABSTRACT

ISFET( lon-sensitive Field Effect Transistor ) was first developed by Bergveld in
1970s, and because of its small size, fast response, rigidity and compatibility with
standard CMOS process, ISFET is an attractive candidate of modern sensor device.

Due to the lack of a stable and miniaturized solid-state reference electrode, the
applications of ISFET will be restricted seriously. In order to realize the single ISFET
integrated with the simple and compact structure solid-state reference electrode by
miniaturized technology, the simple and compact structure of ISFET sensor was
fabricated without the additional REFET or glass reference electrode.

From the previous experimental results, we can know the Nafion™ mix PR
structure can maintain a constant voltage for the sensing layer of REFET and prevent

it from the disturbance of ions. In this thesis, we successfully apply the Polyimide/



Nafion™ structure to modify the surface of the solid-state reference electrode. The
unstable voltage generated from the thermodynamically undefined metal/electrolyte
interface can be eliminated. From the experimental results, it is obviously that the
troublesome and unstable problem can be greatly improved. Without REFET
arrangement in differential measurement or glass reference electrode, the H*
sensitivity of single ZrO,-pH-ISFET integrated with solid-state reference electrode
still can reach to 56.5 mV/pH and the output voltage also exhibit high reproducibility
and linearity. Furthermore, the Na" sensitivity can reduce to 7.5 mV/pNa. During a
measurement period of 24 hours, the reference electrode with Polyimide/Nafion

coating shows a low averaged drift rate of 1.05mV/h.
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Chapter 1

Introduction

1.1 The importance of pH detection

pH is one of the most common measurement parameters because so many
biological and chemical processes are dependent on pH. We can find the chemical
characteristics of a substance by measuring pH. For example, the body fluid of living
organisms usually has specific pH range. If the pH of the human blood changes by a
little as 0.03 pH units or less the functioning of the body will be greatly impaired [1].
In our surroundings, the pH values of rivers, waters and soils affect the livability of
fishes, animals and plants. In a word,.alittle change of the pH value will result in
serious impact to these organisms, Hence;- it is’necessary to measure pH value
accurately. Commonly used methods for pH detection will be introduced in the next

section.

1.2 Techniques for pH detection

Traditionally, there are many methods for detecting pH value, such as (1)
indicator reagents (2) pH test strips (3) metal electrode (4) glass electrode. The
methods (1) and (2) are differentiated from colors and are impossible to reach high
accuracy. The method (3) is difficult for daily use and reproducing. Because of some
limitations in practical applications of the first three methods, the method (4) glass
electrode becomes the most widely used method for pH measurement, and is
considered to be the standard measuring method. Therefore we will have an

introduction for glass electrode.



1.3 The pH glass electrodes

In 1906, the first pH glass electrode was developed by M. Cremer with Fritz
Haber and many efforts have been devoted to improve its application. The pH glass
electrode consists of an electrode membrane that responds to pH, which only permits
the passage of hydrogen ions in solution. Generally, a fixed concentration of HCI or a
buffered chloride solution inside in contact with an internal reference electrode, which
use of Ag/AgCl, as shown in Fig. 1-1.

When the glass electrode is immersed in the solution, the outer bulb surface will
be hydrated (the thickness is about 0.3-0.6 nm) and exchange sodium ions for
hydrogen ions to build up a surface layer of hydrogen ions [2]. The build up of
charges on the inside of the membrane is proportional to the amount of hydrogen ions
in the outside solution. The potential difference between inside and outside the thin
glass membrane is proportional-to this difference in pH value in the external solution,

and we can derive the potential difference from Nernst equation:

E:E()+%lnozﬁ+ (1-1)

where E = electrode potential, £y = standard potential of the electrode, R = gas

constant (8.31441JK 'mol™), T = temperature (in Kelvin), n = valence (n = 1 for
hydrogen ions), ' = Faraday constant and &,. = activity of hydrogen ions.

According to this equation, providing that at one side of the interface the activity
of the ion of interest is kept constant, the electrode potential is direct logarithmic
function of the ion activity on the other side. Because of its ideal Nernstian response
independent of redox interferences, short balancing time of electric potential, high
selectivity, reliability and wide pH range, glass electrode is most widely used for pH
measurement. However, glass electrode has several drawbacks for many industrial
applications. Firstly, they are unstable in alkaline or HF solutions or at temperatures

higher than 100°C. Also, they exhibit a sluggish response and are difficult to



miniaturize. Moreover, they cannot be used in food or in vivo applications due to their
fragility of the glass. Finally, due to the need for internal liquid reference solutions,
the traditional glass electrode must be used at the vertical position for chemical
reproducibility. Consequently, it is very inconvenient in applications. In order to
overcome these drawbacks, the all-solid-state electrode sensors have been
investigated for a long time. However, it is obvious that the unavailability of a reliable
miniature reference electrode hinders many applications. There is an increasing need
for alternative pH sensors.
According to ref [1], there are many new techniques for pH detection:
(1) Optical-fiber-based pH sensors (2) Mass-sensitive pH sensors
(3) Metal oxide pH sensors (4) Conducting polymer pH sensors
(5) Nano-constructed cantilever-based pH sensors
(6) ISFET-based pH sensors (7) pH-image sensors
As mentioned above, the-ISFET-based .pH sensor is a new technique for pH
detection. Due to the highly; advanced IC- fabrication techniques, a miniature
ISFET-based pH sensor is of particular interest.in:the field of medical diagnostics for
use in implantable devices or on catheter tips and shows a great potential for

application in chemical and biological sensing devices.

1.4 The ISFET-based pH sensors

The ion sensitive field effect transistor (ISFET) was invented by P. Bergveld in
1970 [3] and has been introduced as the first miniaturized silicon-based chemical
sensor. The ISFET structure is similar to the Metal Oxide Semiconductor Field Effect
Transistor (MOSFET) except that metal gate. In other words, ISFET is a special type
of MOSFET without a metal gate, in which the gate oxide is directly exposed to the
buffer solution. When the sensing layer of the ISFET contacts with the electrolyte, it

will induce a surface potential between the gate oxide and electrolyte. For the
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different pH value buffer solution, there are different surface potentials induced at the
surface. Hence the electric field at the interface will be changed and the channel
conductance that affects the drain current will also be modulated. Since the channel
conductance and drain current can be modulated. For instance, the general expression

for the drain current of the ISFET in the linear region is
C,.uw 1
I :%{(VGS_VT)_EVDS}VDS (1-2)

Therefore, in order to be able to measure the threshold voltage of the ISFET, it is
necessary to bias it at constant drain current (/p) and constant drain to source voltage
(Vps). In such situation there will be only two variables, Vi and V7. When V7 varies,
the gate voltage must adjust by an equal amount to compensate. The circuit to
maintain constant I and constant Vpg can be carrying out by using feedback OP
amplifiers and current sources and'sinks [4]. Different pH concentrations will induce
different voltage variation, so we can determine the pH value of the test solution from
the potential difference. The more detailed operation mechanisms and theories are
presented in Chapter 2. By these method, we can:plot a standard linear line between
gate voltages and various pH values, and this standard can be taken to measure an
unknown acid or alkaline solution [5].

The development of ISFET has been on going for more than 35 years, and the
first ISFET sensing layer exploited was silicon dioxide (SiO;), which showed an
unstable sensitivity and a large drift. Recently, there are many materials have been
investigated and applied for the ion sensing layer. For example, high dielectric
constant insulator materials were used as pH-sensing layers because of their high
sensitivity performance and long-term reproducibility. Table 1-1 shows the
sensitivities and test ranges of different sensing layers. It is found that pH sensitivity
is one of the important characteristic parameters of the ISFET devices and the
response of the ISFET is mainly determined with the type of the sensing layer,

therefore the sensing material plays a significant role. In the study, we use zirconium
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oxide (ZrO,) as the ion sensing layer. However, because of the poor interface between
the high k£ sensing layer and silicon substrate, all sensing layers must be deposited
on the thermally grown SiO, to improve the interface properties [6], which are low
density of interface state, small stress, and good adhesion. Hence, with the study of
sensing layer, some material is found can detect different ions, for example, K", Na',
Ca', and H' ions.

Compare with the conventional pH-meter using glass electrode, ISFET has
following features:

(1) Small size and weight

(2) Short response time

(3) Potential of mass production at low cost

(4) Compatible with the standard CMOS process

(5) Small sample requirement

However, for most of the sensor devices; it is possible to fabricate a variety of
chemical sensors with a small size down to the micrometer scale so that only a small
amount of the test solution should be necessary, but this improvement is useless
because of the lack of a miniaturized reference electrode [7]. Hence, how to reduce
the scale of macroscopic commercial reference electrode is a major challenge. In this
study, the problems of the miniaturized solid-state reference electrodes are
investigated for practical applications of pH-ISFET. We will discuss the importance of

reference electrode in the next section.

1.5 The importance of reference electrode

The reference electrode is an important part of electrochemical measurement. The
quality of the reference electrode is especially important in the direct potentiometric
measurement of pH and blood electrolytes. For a material to be a good reference

electrode, the desired parameters are high sensitivity, good linearity, fast response



time, long life, chemical and thermal independence.

An ideal reference electrode for use as the ISFET gate terminal should provide
[4]:

(1) An electrical contact to the solution from which to define the solution
potential;

(2) An electrode/solution potential difference (E,.,) that does not vary with
solution composition.

In other words, it is expected that it is sufficiently stable, that it is not fouled by a
sample, and that the reference electrode itself does not contaminate a sample. It is
advisable that a reference electrode is easy to manufacture and use, that it is
service-free and cheap, and has a long life-time. The conventional silver chloride or
calomel electrodes provide both of these functions by maintaining an electrochemical
equilibrium with the solution. Such an electrode tequires compartments filled with a

reference solution and separated-by a permeable membrane.

1.6 Solid-state reference electrode integrated with ISFET

Due to the lack of metal gate electrode for ISFET, the input gate voltage will be
applied through a reference electrode, which provides a stable potential in the
electrochemical measuring system, as shown in Fig. 1-2. The most simple and
compact structure of ISFET is the all-solid-state reference electrode integrated with
ISFET in a single chip. However, very few papers have been devoted to the
miniaturization of the reference electrode, although hundreds of papers have been
published concerning various sensing devices such as ISFET [8]. For some analytical
applications, it is desirable to use all-solid-state pH sensor when the electrode has to
work in a non-vertical position. All-solid-state electrodes have several advantages
over glass electrode with internal filling solution, one of them being the minimization

of the contribution from the liquid junction. Furthermore, all-solid-state electrodes
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may be exposed to higher temperatures and pressures than the liquid filling electrodes,
and they need not be used in an upright position. They are miniaturizable, do not need
refilling with internal solution and can be prepared in various shapes and sizes [9].
Today, due to the frequent applications of potentiometry with ion-selective
electrodes in clinical and biological measurements, it is important that a reference
electrode is necessary to miniaturize. Hence there has been a considerable effort to
develop solid state reference electrodes over the past years. However, it is still a
problem to create a long-term stable solid-state reference electrode. Because potential
at the solid/liquid interface is thermodynamically undefined, it will lead to significant
errors in pH measurement. The unstable problem may come from the redox reaction
or other chemical reactions at the metal reference electrode and the liquid interface, i.e.
the solid/liquid interface. Hence, providing a stable potential at the interface is a major

challenge for miniaturized solid-state reference eléetrode integrated with ISFET.

1.7 Motivation of this work and thesis-organization

The presence of the commercial macro reference electrode is unwelcome in
clinical and biological measurements. For miniaturization, many groups have been
devoted to the development of miniature solid-state reference electrodes. However,
these attempts do not seem to be successful with regard to the reproducibility and
reliability in comparison with tradition reference electrodes having an internal
solution, such as Ag/AgCl/aq.KCl and Hg/Hg,Cl,/aq.KCIl.

In this study, we will focus on investigating the miniaturization of solid-state
reference electrodes with no internal aqueous phase. By directly coating
polyimide/Nafion™ membrane-based materials on the metal reference electrodes,
new reference electrodes with no internal aqueous phase have been carried out. The
protective membranes were deposited by using a drop-coating method.

In chapter 2, the basic theory and non-ideal phenomenon of ISFET is introduced.



The entire fabrication process and measurement details will be described in chapter 3.
After measuring the characteristics of the devices, we bring up some ideas about the
experimental results and show the conclusions in chapter 4. At last, some works are

presented to investigate in the future.
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Chapter 2

Theory Description

2.1 Definition of pH

The concept of pH was first introduced by Danish chemist S. P. L. Sgrensen in
1909. In simpler interpretation, pH is a measurement of how acidic or how basics a
solution is. solutions with pH more than 7 are considered basic, while those with pH
less than 7 are considered acid. pH 7 is neutral because it is the pH of pure water at

25°C. In formal, the definition of pH is expressed as

pH =-loga,, (2-1)

where @,. is the hydrogen ion activity, the term.activity is used because pH reflects

the amount of available hydrogen ions, not the:.concentration of hydrogen ions.

2.2 Fundamental principles'of ISFET

Since the first report of the ion-sensitive field effect transistor (ISFET) by P.
Bergveld in 1970, ISFET has developed into a new type of chemical sensing device.
This device is similar to MOSFET (Metal Oxide Semiconductor Field Effect
Transistor), besides the metal gate electrode is replaced with a reference electrode and
inserted in an aqueous solution which is in contact with the sensing layer above gate
oxide. A schematic structure of MOSFET and ISFET are shown in Fig. 2-1. The
following is the theoretical foundations which are mostly used to characterize the

ISFET.
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2.2.1 From MOSFET to ISFET

It is not difficult to find out the difference between ISFET and MOSFET. The
difference in the ISFET is replacement of the metal gate electrode of the MOSFET by
the series combination of the reference electrode, electrolyte and chemically sensitive
insulator or membrane. For this reason, the best way to comprehend the ISFET is to
understand the operating principle of a MOSFET first.

The general expression for the drain current of the MOSFET and thus of the

ISFET in the non-saturated mode is

Cox W

1
]D :—L |:(VGS —VT)—EVDS:lVDS (2_2)

where C,, is the gate insulator capacitance per unit area, W is the channel width

and L is the channel width, réspectively; and f is the electron mobility in the
channel. If the fabrication proecess is controlled well and biased in well designed

applied electronic circuits, we . can-Keepi-the  geometric sensitivity paremeter

w .
B =uC,, 7 as well as the drain-source woltage V), and the threshold voltage V;
constant, then the drain current I, will be a unique function of the input voltage
Vis in MOSFET. Thus, Vg is the only variable.

As well-known, the threshold voltage V; of MOSFET is

VT _ ¢M _¢Si _QOX +QSS +QB
q C

where the first term describes the the difference in the workfunction between the gate

+ 24, (2-3)

metal (@,,) and the silicon (@), the second term is due to the effect of accumulated
charge in the oxide (Q,y), at the oxide-silicon interface (O ), and the depletion

charge in the silicon (Q;), and the last term ¢, is the potential difference between
the Fermi levels of the doped and instrinsic silicon.
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When immersed in a liquid, the oxide-electrolyte interface will have a chemical
reaction and build up charges at the interface which produce an electrostatic potential

distribution. The interface potential at the gate oxide-electrolyte interface is

determined by the surface dipole potential of the solution x,,, which is a constant,

and the surface potential ¥, which results from a chemical reaction, usually
governed by the dissociation of oxide surface group. And then the interface potential

between the liquid and reference electrode is the reference electrode potential relative

to vacuum E,gf . Hence the expression for the ISFET threshold voltage becomes

i Qox + 0+ 0
VT:Eref_l//O—i_Zsol_%_ o CSS ?

+ 24, (2-4)
from the Eq. (2-4), the work function of the metal gate @,, seems to be disappeared,
but this is not true, because it 8 “burried” by definition in the term £, [2].
Furthermore, we can find that all-terms are’constant except ¥,, it dominates the

sensitivity of ISFET to the electrolyte pH. Fhe-parameter ¥, is a function of solution
pH value and is determined by surface “chemical reaction at the sensing layer.

According to the above-mentioned, we can know that the ISFET drain current 1, is
a function of Vg and V., ie. I,(Vg,V;),and V; is a function of surface potential

v,, e V; (WO) , where ¥, is a function of pH solution. We can see these results

obviously in Fig. 2-2. Therefore, detailed investigation of the electrode-electrolyte
interface is necessary for designing a high pH sensitivity ISFET.

In brief, An ISFET is electronically identical to a MOSFET, but with one more
feature: the possibility to chemically modify the threshold voltage via the interfacial
potential at the oxide-electrolyte interface. we will have a statement at the

oxide/electrolyte interface in the next section, that is the key point of ISFET.
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2.2.2 The oxide-electrolyte interface

As mentioned in the preceding section, when we immerse the ISFET in the pH
buffer solution, the oxide/electrolyte interface will build up charges and generate an
electrostatic potential. The characteristics of the ISFET are completely controlled by
the properties of the oxide-electrolyte interface, protonation/deprotonation of the gate
material is influenced by the pH solution, which controls the surface potential.

But what is the charging mechanism at the surface? The site-binding model
introduced by Yate et al. is the most well-known model to describe the charging
mechanism at the oxide/electrolyte interface as illustrated in Fig. 2-3 and Fig. 2-4.
The surface of any metal oxide (the sensing layer) always contains hydroxyl groups,
for instance, in the case of silicon dioxide is SIOH groups. In this model, the oxide
sufaces are assumed to be amphoteric, i.e. the amphoteric sites may donate or accept a
proton from the solution, leaving a negatively charged or positively charged surface

group, respectively. The surfacereactions are:

AOH <> AO™ + H} (2-5)
AOH; <> AOH + H (2-6)

where A is the metal oxide component, such as Si, Al, Zr, Ta, and Hg" represents the
protons in the bulk of the solution. From these chemical reactions, it is clear that an
originally neutral surface hydroxyl site can be neutral, protonized or deprotonized
depending on the pH of the bulk solution. For this reason it is called an amphoteric
site. We also have to know that there are a fixed number of surface sites per unit area,
N;

Ng =V 00 Vo, V0 (2-7)

Base on some electrochemical knowledge and math derivation, we can get the

surface charge density 0, [C / mzj
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0y =4 (Vaon =V, ) =~4B (2-8)
where B is the number of negatively charged groups minus the number of positively
charged groups in mole per unit area. We can see that when the number of positively
and negatively charged groups on the surface is equal and consequently there will be
no net charge on the surface. In this condition, we say the pH value at the point of
zero charge is pHp,.. One more thing we have to know is that different operations of
ISFETs (flat band condition and linear region) will yield different value of pH,,. [3].
Then

a,’ KK,
o, =N : 2-9
0 =4 KK, +Ka,  +a, (&5

which K, and K, are intrinsic dissociation constants. A detailed derivation can see the

Ref. [4,5]. Equation (2-9) shows the relationsbetween the activity of the protons at the
oxide surface 4. and the surface charge density @, in terms of the total number of
availablesites N, and the intrinsic dissociation constants K, and K,. After we get the
surface charge density, we can find the intrinsic buffer capacity /,,, the capability of

the surface to store charge as result of a small change in the H' concentration, defined

as

do, OB

i, o =B (2-10)

From equation (2-9) and (2-10), we can get S,

Ka *+4K K,a  +KK,’
B =Ny = =

23y, 2-11)
(KK, +K,a,, +a,’)

It is called “intrinsic” buffer capacity, because it is only capable of buffering

small changes in the surface pH (pH;) and not in the bulk pH (pH;). We can see that

the value of N;, K, and K}, are oxide dependent. More surface sites will have larger

B... According to Ref. [4], Hydrolysis of the surface will create more surface sites
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and thus a rise in the intrinsic buffer capacity and the sensitivity.
Not only the surface reaction will affect the surface charge density, but also the
background electrolyte will influence the surface charge density [4]. This dependence

is ascribed to variations in the double layer capacitance. For reasons of charge

neutrality the surface charge 0, is balanced by an equal but opposite charge, o, in

electrolyte. The two opposite charges, 0, and 0, parallel to each other form the
electrical double layer structure, and the integral electrical double-layer capacitance is

named C, ;. The relation between o,, o,, C,,; and ¥, is given by
Oy ==0,==Cy ¥, (2-12)

where the potential difference ¥, =¥, —V,, the surface potential subtracts the bulk

potential of the electrolyte.
But what is the detailed mechanism for the' electrical double layer? The first
double layer model is proposed-by Helmholtz in 1879. He regards the double layer as

[{%2)

a parallel plate capacitance structure as shown in Fig. 2-5. The plate distance “r” is
taken as the ion radius and the double layer capacitance C, :% will be a constant

value, where Q is the surface charge and V is the potential difference of the double
layer. But from the experiment, we can know the double layer capacitance is not a
constant value, so the Hemholtz is not suitable to describe the exact double layer
structure. Therefore the Hemholtz model is merely suitable for the high concentration
electrolyte. Because the potential difference will be large in high concentration
electrolyte and the double layer structure will be like the parallel plate capacitance.
Because the Helmholtz model only considers the electrostatic force, therefore it
can not model the relation between the double layer capacitance and electrolyte
concentration. In the beginning of 20th century, Gouy and Chapman proposed the idea
of a diffuse layer to interpret the capacitive behavior of an electrode/electrolyte

interface as shown in Fig. 2-6. This model made significant improvements by
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introducing a diffuse model of the electrical double layer, in which the potential at a
surface decreases exponentially due to adsorbed counter-ions from the solution. They
think that the ions in the solution are not only electrostatically attracted to the
electrode surface but also the attraction is counteracted by the random thermal motion
which acts to equalize the concentration through the solution. The ions concentration

in the electrolyte will obey the Boltzmann equation:

C,(x)=C’exp (‘1—?} (2-13)

where @, is the potential at any distance x with respect to the bulk of the solution,

C (X) and C; are the molar concentration of species i at a distance x and in the

1

bulk of the solution ,respectively. Z; is the magnitude of the charge on the ions. The
relation between ionic activity (&) and iens eongentration (¢;) is a; = f;xc;, where

f; is activity coefficient, in diluted electrolyte /; will be approach unity. However,

the Gouy-Chapman model has one major drawback. The ions are considered as point

charge that can approach the surface arbitrarily close in this model. This will cause
unrealistic high concentrations of ions near the surface at high values of vy, [4].

Hence, the Gouy-Chapman model only suitable for low concentration electrolyte.
This imply that the electrical double layer structure have to combine the Hemholtz
and Gouy-Chapman model in certain way.

In 1924, Stern combined these two double layer models, named
Gouy-Chapman-Stern model. The Gouy-Chapman-Stern model, which combines the
Helmholtz single adsorbed layer with the Gouy-Chapman diffuse layer, is most
widely used to describe the electric double layer structure in ISFET literature. The
model describes that some of the ions in the electrolyte are next to the electrode
surface and because of the finite ions size, the ions couldn’t approach the surface

arbitrarily close. The other ions are distributed in the electrolyte according to the
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Boltzmann equation and form a charge diffuse layer in the electrolyte. There is a

distance, xy, which is the closest plane for the centers of the ions. Hence, the diffuse

layer is starting from xy, and will possess the same amount of charge o, (of

opposite sign) as oxide surface charge o,, because the Helmholtz layer is not

containing any charge, as shown in Fig. 2-7 and Fig. 2-8. In Gouy-Chapman-Stern
model, the double layer capacitance consists of a series network of a Hemholtz layer

capacitance (Stern capacitance) and a diffuse layer capacitance. The difference

between ¥, and W, is the potential difference across the Stern capacitance and the
Stern capacitance has a value of g’% [F/m*]. By the Gouy-Chapman-Stern model,
H

we can get the critical parameter : differential double layer capacitance C,; , the

ability of the double layer to store charge im,response to a small change in the

potential, defined as

do, _ doy,

C, =—"=
v oy, v,

(2-14)

According Ref. [3], for reasons of simplicity, not the expression for C, is

stated here, but of its inverse. The derived inverse C,; is made up of two

components in series:

L _oy,_ 1 1

Cdif 800 CStern \/26‘,6‘0qu21’10 C()Sh ( qu//] j (2- 1 5)
kT 2kT

where v/, is the potential at xz, ny the concentration of each ion in the bulk solution

in number/litre, and z the valence of the ions. The parameters &,., &,k g,and T

have their usual meaning.
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2.2.3 Theory for the pH sensitivity of ISFET

From above discussions, the sensitivity of pH ISFET is related to the intrinsic

buffer capacity B, and the differential capacitance C,; . By site-binding model and
Gouy-Chapman-Stern model, we can get the values of B, and C,, respectively.
The pH sensitivity is the change of the insulator-electrolyte potential, ¥,, on a

oy,

" OpH,

change of the bulk pH . This expression is derived from a separate treatment

of both sides of the double layer, i.e., the gate insulator and the electrolyte [8].

Combining equation (2-10) and equation (2-14), we can get the effect of a small

change in the surface pH (pHs) on the change in the surface potential v/,

oy, _Oy, 0o, __qBy (2-16)
OpH; Oo, OpH, Car i

Combing equation (2-16) with the'Boltzimann equation, the activity of the of the

bulk protons ¢,. can be related to the activity of the protons in the direct vicinity of
the oxide surface 9, -, that is

a,. =a, -exp(—qy,/kT) (2-17)

or in the from of pH

v,
H, - pH, =——— 2-18
piig — phy 2 3kT ( )
then equation (2-16) can be write in the form

Wy - qcﬂ (2-19)

Y, ;

o| pH, + 4

(p 5 2.3ij

rearrangement of equation (2-19), we can get a general expression for the sensitivity

of the electrostatic potential to changes in the bulk pH,
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oy, kT

=23—« (2-20)
apHB q
with
1
A==
2.3kTC,, L1 o O<ac<l (2-21)
9’ B

the parameter @ is a dimensionless sensitivity parameter that varies between 0 and 1
depending on B, and C,. When B, is high and C, is small enough, & will

approaches 1. If @ = 1, the ISFET has a so-called Nernstain sensitivity of precisely
-59.2 mV/pH at 298K, which is also the maximum achievable sensitivity.

It appears that the usual SiO, from the MOSFET process does not fulfil the
requirements of a high value A, . The pH sensitivity of SiO, sensing film ISFET is

only about 30mV/pH. In order o find high-Sensitivity sensing film, many sensing
layer have been investigated such as Si3N4 [9,10], AL,O; [9,11], Ta,05[9,12], HfO,
[12], SnO; [13].

The ISFET has many advantages over-the conventional glass electrode, such as,
small size, strong robustness, high input impedance, low output impedance, and rapid
response [6,9]. It seems to attractive for biomedical applications. Nevertheless,
ISFET has two major time-dependent factors, drift and hysteresis, that will influence
the output voltage accuracy and prevent the applications of the ISFET. Therefore, it is
importance to understand the mechanism of drift and hysteresis. In the next section,

we will have some descriptions for these two unwanted mechanisms.

2.3 Non-ideal phenomena of ISFET

The total response of pH-ISFET consists of three parts: fast response, slow
response and drift. The response of an ISFET to a fast pH step is general characterized

by a fast response, followed by a slow change in the same direction, i.e. slow response,
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and ultimately a drift which is linear or logarithmic with time [14]. The fast response
time is defined to be the time needed for the output to change from 10% to 90% of the
total variation (at the order of ms or faster). The slow response is the extra time
needed for the response to reach 100%. The drift is defined as the monotonic change
of response after a proper time from the response (ex. 5 hours). However, the
technological difficulties in ISFET applications are due to a lack of understanding of
the time effects of device. The time-dependent effects of pH-ISFET are characterized
by non-ideal mechanisms such as hysteresis and drift, which leaded to unstable
response of the pH-ISFET. Thereore, in order to extend to applications of the

pH-ISFET, it is need to measure these non-ideal phenomena.

2.3.1 Hysteresis

The amplitude of the slow response is quite. small ( 3% to 7% of the total pH
response ) but will last for several hours [15]- This is because the slow response is
correlated to the response of reactive sites in the bulk, i.e. buried sites of the film, not
like the fast response is related to the surface reaction [16,17]. Because the ions
diffuse to the buried sites for reaction, it will take a long time for response. The slow
response will make small part of the pH response slowly, and occurs with a delay of
the order of minutes to hours after the pH variation. There will have different output
voltage, when the pH-ISFET was measured many times at the same pH value [18],
and we call this phenomena is “Hysteresis” or “Memory effect”, still memory the

original pH state.

2.3.2 Drift

When the intrinsic response (fast and slow response) is completed, the output

voltage of the pH-ISFET still vary with time gradually and monotonically. This
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phenomenon is called “Drift”. Drift behavior exists during the entire measurement
proces. The drift phenomenon has limited the commercial viability of ISFET based
sensors. This phenomenon is a complex effect to pH-ISFET which relate to time,
sensing film quality, temperature, and pH aqueous solution.

According to Ref [14], it is difficult to identify the cause of this phenomenon,
which could be either a surface or a bulk effect, or both. Some possible causes of drift
have been proposed. In 1998, Jamasb proposed a physical model quantitatively
explains drift in terms of hydration of the silicon nitride surface [19]. This is the first
physical model that provides a quantitative description of the drift characteristics.

He proposed that the surface of a silicon nitride film is known to undergo a
relatively slow conversion to a hydrated SiO, layer or an oxynitride during contact
with an aqueous solution. In other words, as time increases, the thickness of the
hydrated layer is increased. Therefore, the oxide eapacitance is decreased, results in
the threshold voltage increases with time.. Since- hydration alters the chemical
composition of the nitride, then influénces the dielectric constant of the overall
insulator capacitance, i.e. the series combination capacitance of the superficial
hydrated layer. Consequently, the amount of the inversion charge stored in the
semiconductor at a given gate bias slowly changes over time, giving rise to a
monotonic temporal change in the threshold voltage. The new idea sounds make sense
for explaining drift mechanism. The author uses a new diffusion concept, dispersive
transport, to model the transport mechanism. We will introduce “dispersive transport”

in the next section.

2.3.3 Dispersive transport

Dispersive transport is proposed by Scher and Montroll in 1975 for explaining
the phenomenon of the long tail photocurrent I(t) in photoconductor like As,Ses,

which can not be explained by traditional Gaussian diffusion theory [20,21]. They use
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a stochastic transport model based on time-dependent continuous-time random walk
to interpret dispersive transport. Dispersive transport does not depend on the details of
any specific mechanisms, but characterizes the motion of a carrier subjected to a
broad distribution of event times. The event times include [1] hopping times from
hopping transport [2] trap release times from multiple-trap transport [3] or both
[1) and [2] thatis from trap-controlled hopping transport. In ISFET, sites may be
the buried sites beneath the sensing layer surface and traps may be the dangling bond

in the sensing films.
The carriers transport in an amorphous insulating material, which considered as a

network of localized sites, by a succession of hops from one site to another, as shown

in Fig. 2-9. Each line represents a transition rate W ()
W(I") — VVoe_r/rO e*A/kT (2_22)
where 7 is the difference in pesition, A 1is the energy level of the sites, 7, is the

radius of the local charge distribution. We-can-know that W (r) is sensitive to the
sites distance and A, the difference in-position ane energy levels of the sites,
respectively. The sensitivity of W(l’) to small changes in ¥ and A means that the

site-to-site hopping time in such a distordered sysyem will be a highly fluctuating
quantity. It will suffer a wide statistical dispersion. This is a turn yields a broad
distribution of hopping times [20,21]. We shall quantity these ideas with some of the
mathematics of the stochastic model. Therefore, the authors designate a hopping time
distribution function ¥(f) which describes the probability per unit time for a carrier
to hop at a time t, at any sites when the previous hop occurred at t = 0. The function
also can describe a distribution in release times in a multiple trap model of the
transport. W(¢)dt will be the probability that after a carrier arrives in a given cell.
According to Ref [22], dispersive transport is characterized by a power-law time

decay of the mobility or diffusivity of the form ¢/, 0<f<I. Dispersive transport
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leads to a decay in the density of sites/traps occupied by the species undergoing
transport and the hydrated layer is essentially limited by dispersive transport in the
presence of these sites/traps. The thickness of this hydrated layer will exhibit a

stretched-exponential time dependence. That is

AN, () = AN, , (0) exp[(—t/z')ﬂ } (2-23)

where ANj,,(¢) is the area density (units of cm™) of sites/traps occupied, 7 is the

time constant associated with structural relaxation, and B 1is the dispersion

parameter characterizing dispersive transport.
2.3.4 Physical model for drift

Jamasb proposed the physical model for drift in 1997 [24]. The key point of this
model was that employing the dispersive:transport theory to express the drift of gate
volyage, which is caused by hydration effect at the insultor/electrolyte interface.

Since hydration leads to a ‘change of the chemical composition of the sensing
oxide layer, it is reasonable to assume that'the dielectric constant of the hydrated layer
differs from the dielectric constant of the original sensing oxide. The overall insulator
capacitance, which is determined by the series combination of the hydration layer and
the underlying sensing film, will exhibit a slow, temporal change. When drift
phenomenon occurs, the gate voltage will simultaneously exhibit a change to keep a

constant drain current. The change in the gate voltage can be written as
AV (1) =V5(1)=V5(0) (2-24)
Since the voltage drop inside of the semiconductor is kept constant, AV(t) becomes
AV () =V s () = Vi (O)]+ [V, () =V, (0)] (2-25)

where Vg is the flatband voltage and V7, is the voltage drop across the insulator. Vip

and Vs are given by
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ﬁ_ Oox + O

Ve =E. ,+ 7" —w,— -
=Ly X YW, p Co (2-26)
- (QB + Qinv)
ins = 3 2-27
o (2-27)

where Q;,, is the inversion charge. If the temperature, pH, and the ionic strength of the

sol

solution are held constant, E,.;, ', ¥,, and @5 can be neglected, so the drift can be

rewritten as

AVo(0)=~Qpr +Os5 + 0y +Q,-nv)[c%)— - I(OJ (-2

In this study, the gate oxide of the fabricated ISFET was composed of two layers,
a lower layer of thermally-grown SiO, of thickness, x;, and an upper layer of
sputter-grown ZrO, of thickness, xy. Ci(O)is the effective insulator capacitance given
by the series combination of the& thermally-grown. SiO, capacitance, &;/x;, and the
sputter-grown ZrO, capacitance, ey/xy. C{t) 18 analogous to C,0), but an additional
hydrated layer of capacitance~make ‘C;lalways /smaller than C; ep/xg;, at the
oxide-electrolyte interface must ‘be ;considered, and the sputter-grown ZrO,
capacitance is now given by &u/[xy —xz]. The series combinations of the capacitances

are illustrated in Fig. 2-10. Therefore, the drift is given by

AV (£)=~(Qy + 055 + 0y +va>(M]xHL (0) (2-29)

U gHL
From this equation, we observed that drift is directly proportional to the thickness of
the hydrated layer which may contain both H™ and OH" ions. Other terms at Eq. (2-29)
can be considered as constant value no matter what type the substrate is. According to
this assume it is possible to eliminate the drift or hold the drift to be a constant at any
other pH aqueous solution through the CMOS ISFET. By applying dispersive

transport theory, an expression for x;(t) is given by [19]

Xy () = X, (@) —exp|- (/) | (2-30)
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with

Dooa’oﬁ_lANS/r 0)
ADﬂNhydr

Xy (0) =

(2-31)

where Ap is the cross-sectional area, and Ny,q, is the average density of the hydrating
species per unit volume of hydration layer. Substitution of Eq. (2-30) in Eq. (2-29)

yields the expression of drift by the following formula:

AV (1) =~(Opy +Ogs + 0y + Qi,zv)(MJxHL @fi—expl-t/0’ (232

Euln
2.4 Summary

In this chapter, we have introduced the basic concepts and theories of ISFET. The
ISFET operational mechanism is similar to the MOSFET. In a constant drain to source
voltage Vps, the drain current will only controlled by V. Furthermore, in ISFET, the
drain current will also controlled by different pH values. Because there will be a
chemical reaction at the oxide/electrolyte interface, and build up charges and potential
to change the drain current /p. We introduce the charging mechanism at the surface
layer by site-binding model introduced by Yate et al.. We also describe the
background electrolyte will also influence the surface charge density, and use the

Gouy-Chapman-Stern model to describe this mechanism. By these two models, we

can get the critical parameters B, , C, and derive the expression equation of

oy, _

sensitivity =-23—a At the end of this chapter, we also mention the
OpH, q

non-ideal phenomena of ISFET, drift and hysteresis, which prevent the widespread

application.
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Chapter 3

Experiment and Measurement

3.1 Introduction

To investigate the properties of the Polyimide and Nafion'™ as protective
membrane above solid-state reference electrode, the miniaturized reference electrodes
for pH-ISFET is fabricated in this chapter. The organization of the chapter 3 is as
follows. We first will introduce the characteristics of polyimide and Nafion™
materials. The fabrication process flow of ISFET will be described in section 3. The
section 4 contains illustration of key steps in this experimental process. Section 5 is
the measurement system setup which ismused for investigating the characteristics of

different polyimide/Nafion"™-based structures:

3.2 The characteristics of the Polyimide and Nafion™

3.2.1 Polyimide

Polyimide (PI) is widely used in electronics and aerospace because of their
excellent thermal, electrical, chemical, and mechanical properties. It consists of an
organic dianhydride and a diamine [1]. These two components react to a polyadduct
with high viscosity and high density. In this study, we employ polyimide as protective
membrane above metal reference electrode because it exhibits several advantages,
such as thermal reproducibility, good chemical resistance, high viscosity, excellent
mechanical properties, and characteristic orange/yellow color. Therefore we use
polyimide membrane to protect metal reference electrodes from chemical attack and

the problems of liquid/solid interface.
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3.2.2 Nafion

According to the lectures, Nafion'™ is a perfluorinated polymer that contains
small proportions of sulfonic or carboxy ionic functional groups and with this
functional groups, Nafion has the features of unique equilibrium ionic selectivity and
the ionic transport. Fig. 3-1 shows the its chemical structure and model, we can see
that Nafion™ can be divided into three parts: (A) a hydrophobic fluorocarbon
backbone C-F (B) an interfacial region of relatively large fractional void volume (C)
the clustered regions where the majority of the ionic exchange sites, counter ions, and
absorbed water exists [2-5]. Because of the high concentration SOs; 1ion clusters,
Nafion™ exhibits a high conductivity to cations, i.c. high cation exchange.
Furthermore, Nafion™ is modified from Teflon, so Nafion™™ is extremely resistant to
chemical attack and high working temperature.

According to the above iatroduction, we use-Nafion'™ to be the protective
membrane above polyimide membrane:In order to examine if the Nafion™ coating
will influence H' sensitivity, we coated Nafion'™ membrane above the metal

reference electrode to test the reproducibility and linearity first.

3.3 Fabrication process flow of ISFET

All procedures of experiment were accomplished in NDL (National Nano Device
Laboratory) and NFC (Nano Facility Center). In this study, the ISFET devices were
made on a p-type Si (100) wafer. The fabrication procedures are listed as follows and
the process is illustrated in Fig. 3-2:

(a)
1. RCA clean

2. Wet oxidation of silicon dioxide (6000 A, 1050°C, 65mins)
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(b)
3. Defining Source/Drain region (Mask’1)
4. BOE wet etching of silicon dioxide
5. Dry oxidation of silicon dioxide as screen oxide (300 A, 1050°C, 12mins)
6. Source/Drain implantation (Dose=5E15(1/ cm?), Energy=25KeV)

7. Source/Drain annealing (950°C, 30mins)

(c)
8. PECVD oxide deposition (1 ¢z m)
(d)
9. Defining contact hole and gate region (Mask™2)
10. BOE wet etching of silicon dioxide
11. Dry oxidation of gate.oxide (100 f\, 850°C, 60mins)
(e)
12. Defining of contact hole (Mask'3)-and wet etching of silicon dioxide by
HF
13. Defining of Sensing layer (Mask"4) and sensing layer (ZrO,) deposition by
Sputtering (300 A).
14. ZrO, sintering (600°C, 30mins)
()
15. Define the contact and solid reference electrode region (Mask”5)
16. Ti/Pt deposition (150 A 1350 A) by sputtering or Al evaporation (5000 A)
(g)
17. Backside Al evaporation (5000 2\)
18. Pt and Al sintering 400 C, 30mins
(h)

19. The polyimide/Nafion™ membrane-based material was coated onto metal
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electrode surface

3.4 Key steps illustration

3.4.1 Gate region formation

In step 1, RCA clean is a standard set of wafer cleaning steps which needs to be
performed before high temp processing steps (oxidation, diffusion, CVD) of silicon
wafers in semiconductor manufacturing. The purpose of the RCA clean is to reduce
the possible pollution (such as dust particles, grease, organics, diffusion ions, and
native oxide) from the wafer surface. Careful RCA clean will ensure the integrity of
device electricity. In step 2, 6000 A thickness wet oxide is deposited as barrier layer
for S/D implant. The energy and the density of S/D implant are 25KeV and SEI5
(1/cm®) with phosphorous dopant, respectively. After S/D implanting, we have to
activate the dopant by following a 950 C, 30 mins N -annealing.

Next, we have to deposit “1. zrm thickness.'oxide by PECVD. In standard
MOSFET process, we don’t need to deposit'oxide. However, it is necessary to execute
for protecting the pH-ISFET device. During a long period of electrolyte immersing,
ions may diffuse and affect the electrical characterization of ISFET, so a thicker oxide
can eliminate the effect. It is a significant difference compare with standard MOSFET
processes. After oxide depositing by PECVD, we grow dry oxide with thickness 100

A as gate oxide.

3.4.2 Sensing layer deposition

In step 13, we deposit ZrO, sensing layer by sputtering. Various sensing material
with different deposition techniques decides the characteristics of drift and sensitivity.

It has been proved the ZrO, film deposited by sputtering has good characteristics as a
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pH-ISFET sensing layer. Therefore, in this study, we still use ZrO, as the sensing
layer and research the suitable solid-state reference electrode. Table 3-1 is the

sputtering parameters.

3.4.3 Polyimide/Nafion™ membrane-based reference electrodes

In step 16, we have to deposit titanium (Ti) as the adhesion layer before depositing
Pt because the adhesion between Pt/SiO; is very poor. The Ti layer can improve the
surface adhesion and Pt layer can protect the titanium from oxidation and corrosion.
In step 19, this procedure is the most important part in our experiment.
Polyimide/Nafion™ membrane-based reference electrodes have been fabricated by
combining silicon fabrication and drop-coating method. To investigate the
Polyimide/Nafion™ membrane-based material ‘on the improvement of reference
electrode performance, two type metal electrodes (Ti/Pt and Al) were prepared. Then
the Polyimide/Nafion"™ membrane-based material was coated onto an exposed area
of metal electrode to produce a Solid-state reference electrode. After that, we coat
Nafion™ (NF) above polyimide as a protective membrane. Besides the two-layer
structure, a mix composition of Nafion"™ and polyimide is also prepared for this study.
The test structures are listed in Table 3-2. Following is our process flow:
1. Dropping the polyimide solution onto the metal electrode at room temperature.
2. Dried under a dust-free ambient air condition for 24 hours, the solution
become colloid.
3. In order to drive off solvent, the polyimide was baked in two steps on hot-plate,
first at 120°C for 10 minutes and subsequently at 300 C for 2 mins.
4. Dropping Nafion™ 2% solution above polyimide. In the case of dropping
Nafion™, the polyimide must be covered with Nafion™ completely.

5. Dried under a dust-free ambient air condition for 30 mins.
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3.5 Packing and measurement system

Before executing measurement, a container is bonded to the gate region of ISFET
using epoxy resin. Entire sensing region and solid-state reference electrode must be
included in the opening under the container. In order to investigate the characteristics
of different polyimide/Nafion™ membrane-based reference electrodes, we measure
the Ips-Vgs curves for the pH-ISFET by using HP4156A as measurement tool and the
measurement setup is shown in Fig. 3-3. In the setup of HP-4156A, substrate voltage
is grounded to avoid the body effect and the reference electrode sweeps to different
voltage.

For getting accurate result of measurement, all measuring conditions of the
experiments were carried out at a constant temperature of 25°C using a temperature
control system, and the entire medsurement procedures were executed in a dark box
because light will produce serious influence on the pH-ISFET [7]. The measured pH
values are 1, 3, 5, 7, 9, 11,713, and“the pH buffer solutions were supplied by
Riedel-deHaen corp. Preparation’.of NaCl solution is also needed in Na' ions
measurement. The NaCl salts are electronic grade and solutions are prepared in DI
water with different mole concentrations, 107 M, 10°M, IO'IM, IM. When
preparation of NaCl solution, it have to know the solubility of NaCl at room
temperature is about 37g NaCl per 100g water. In order to reduce the preparation error
of mole concentration, we prepare 1M solution, and the other mole concentraions are

diluted by DI water.

3.5.1 Current-Voltage (I-V) measurement set-up

In our measurement, a HP-4156A semiconductor parameter analyzer system was
set up to measure the I-V characteristic curves, in which include Ips-Vgs and Ips-Vps

curves at controlled temperature. We have to take care when dropping the pH-buffer
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solution at the sensing region. Because the sensing region is small, we have to pay
attention to preventing generation of air bubbles at the interface. In order to make sure
that the devices are under a steady state, every pH buffer solution is immersed for 60s
before measuring.

From Ips-Vgs curves, we can extract the pH sensitivity (mV/pH) of ZrO,
pH-ISFET. At first, we find the point of maximum transconductance, i.e. the
maximum slope of Ips-Vgs curves, and get the corresponding current value (Ips). At
the constant Ipg of maximum transconductance, we can find that with different pH
values the reference electrode voltage (Vi) will shift linearly and the shifted voltage

per pH value is the sensitivity, as illustrated in Fig. 3-4.

3.5.2 Current-Voltage (I-V) measurement set-up with solid-state reference

electrodes

In this study, we try to ovetcome the limitations-of the glass reference electrode,
one of the ways to overcome these limitations.is through the all-solid-state reference
electrodes. In this situation, we replace the glass reference electrode with solid-state
reference electrode. The reproducibility of the output voltage (V) is what we concern
about in this study first. Hence, as the same with measuring for sensitivity, every pH
value is immersed for 60 seconds before Ips-Vgs measurement. Then the
reproducibility of output voltage is measured for 120 seconds with 30 seconds a
measurement point. From the reproducibility of output voltage, we can observe the

linearity of test structures for different pH bufter solutions.

3.5.3 Drift measurement set-up with solid-state reference electrodes

The drift characteristics were measured with pH = 7 buffer solution and the same

condition samples period of 30 seconds, 1 minute, 10 minutes and 1 hour. 33
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measuring points in the time frame of 7 hours were measured by polyimide/Nafion™
membrane-based solid-state reference electrodes. The detection principle is in a

similar manner to that of the pH measurement and is shown in Fig. 3-5.
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Chapter 4

Results and Discussion

4.1 Introduction

The aim of this research is to investigate the miniaturized solid-state reference
electrode. In this chapter, Section 2 begins with background on the history and
development of the solid-state reference electrodes. The experimental results and
discussion of the solid-state reference electrodes with the polyimide/Nafion™
membrane-based materials are described in section 3. Finally, conclusion is reported

in section 4.

4.2 Solid-state reference electrode:integrated with ISFET

4.2.1 Solid-state reference electrode

D. harame was first to incorporate a silver/silver chloride (Ag/AgCl) structure on
the ISFET chip [1]. In microelectrochemical sensors, thin-film Ag/AgCl electrodes
without any internal reference electrolyte are often referred as ‘“quasi-reference
electrodes”. Most investigations have been focused on the miniaturization of the
Ag/AgCl electrode. However, several factors limit the durability of the Ag/AgCl
electrode. Foremost is the well-known non-negligible diffusion of the chlorine ions
when the Ag/AgCl electrode directly contacts to the electrolyte solution. Moreover,
the electrode is susceptible to changing activity of its primary ion [e.g. a(Cl’) in
Ag/AgCl system] and the existence of interfering redox materials. Hence, the lifetime
of such structure is very short and the potential reproducibility is very poor. In other

words, the potential at the solid/liquid interface is thermodynamically undefined and
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will lead to significant errors in pH measurement. In addition, its use is thus severely
restricted. To solve these problems of bare Ag/AgCl electrode as mentioned above,
another approach was attempted and devoted to miniaturize and scale down the
mature macro liquid-junction reference electrode, yet preserving its basic structure
and operation principle. This approach was carried out to incorporate the liquid-filled
solid-state reference electrode as an integrated part of the ISFET chip, using IC
technology and micro-machining. However, to seal a small volume of saturated
potassium chloride (KCl) electrolyte is still a mass production challenge [2]. Recently,
various modifying methods have been proposed to improve the Ag/AgCl electrode,
such as KCl membrane and Nafion™ coating [3], where chloride ions were trapped
within the KCl membrane.

According to previous experiment in our group, it showed that the
polymer-based materials can make REFET have-low sensitivity. It means that the
surface potential maintains almost a' constant-value,-i.e. the surface potential will be
stable. On the basis of the expetimental results, we-applied the polyimide/Nafion™
membrane-based materials to the metal reference electrodes. We choose NF, PI, PI/NF,
and PI-mix-NF structures as the protective membrane of metal reference electrode.
Comparing with the Ag/AgCl reference electrode, such solid-state reference
electrodes will not have the problem of chloride diffusion.

As described in the previous section, an electrochemical sensor needs a reference
electrode to define a stable accurate electrochemical potential as the measurement
reference. It is therefore important that the potential of the reference electrode to be
constant and invariant with solution composition. Hence, we can observe the behavior
of these solid-state reference electrodes. Properties such as the drift, hysteresis, and

reproducibility are some indicators to characterize the reference electrodes.
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4.2.2 The glass reference electrode (GRE)

In this experiment, for the reason of a standard reference line, we first measure
the sensitivity of ZrO,-pH-ISFET by glass reference electrode. In chapter 1, we have
introduced the potential of glass electrode is very stable and accurate. Fig. 4-1 shows
the sensitivity and sensitivity linearity of ZrO,-pH-ISFET measured by glass
reference electrode is about 59 mV/pH. The value is very close to the theoretical
maximum sensitivity of 59.2mV/pH. Furthermore, we can observe that Ips - Vgs
curves are shifted parallel with the pH concentration of the buffer solutions in the
non-saturation region with Vpg= 1V. It is obviously that the threshold voltage shift

towards positive values with increasing pH values.

4.3 The experimental resultsiand discussion of solid-state reference

electrodes

4.3.1 Potential reproducibility and linearity

A good reference electrode is a prerequisite for providing a stable reference
potential. An unstable reference electrode potential results in the shift of the working
electrode potential and affects the output current. Reproducibility is a test of the
manufacturability of the fabrication technology. In this study, we first tested the
potential  reproducibility and linearity of ZrO,-pH-ISFET with the
polyimide/Nafion™ membrane-based solid-state reference electrode. The
reproducibility of the ZrO,-pH-ISFET in buffer solutions with pH =1, 3, 5,7, 9, 11,
and 13 at a constant temperature of 25 C is obtained using a HP4156A semiconductor
parameter analyzer for 120 seconds with 30 seconds a measurement point. We also
used the linear fit program to fit our experimental data.

Fig. 4-2 ~ Fig. 4-17 show that the reproducibility and linearity of
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ZrO,-pH-ISFET by all kinds of polyimide/Nafion'”' membrane-based solid-state
reference electrodes. The discussions of the measuring results of reproducibility and
linearity are listed as follows:

(1) For bare metal reference electrodes, we can see that the gate voltage (Vi) of
each pH value is very unstable within 120 seconds and linearity is also very
bad. The unstable phenomenon is caused by solid/liquid interface and other
chemical reactions.

(2) By Nafion™ membrane coating, we can see that potential reproducibility
become better and stable. In Fig. 4-3 and Fig. 4-11, we also find that the
reproducibility in acid electrolyte is more stable than in basic electrolyte.
The possible reason for this phenomenon is that Nafion™ is a
cation-exchange membrane, and the H' ions in acid are more than in basic,
therefore the thermodynamic equilibtium at the solid/liquid in acid
electrolyte will achieve quickly than.in basic electrolyte.

(3) From the experimental results;-it is obviously that the baked PI membrane
could greatly improve the reproducibility and linearity. The improvement
was considered that the solvent in polyimide membrane was removed after
two-step baking.

(4) The solid-state reference electrode with Ti/Pt/PI-mix-NF structure showed a
poor reproducibility and linearity. The results were considered to be caused
by the poor mixed structure and a large surface roughness. Furthermore, the
difference in viscosity and density between polyimide and Nafion™ is very
large.

(5) From the experimental results, we conclude that Pt/baked PI/NF structure
could greatly improve the reproducibility of solid-state reference electrode
potential. The reproducibility and linearity is very stable between pH 1 to pH
13. These results mean that the low sensitivity sensing layer of REFET also

work at the solid-state reference electrodes. From the experimental results,
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the Ti/Pt/PI/NF structure seems to have the potential to solve the unstable

problem of the solid-state reference electrodes.

4.3.2 pH sensitivity

The pH sensitivity of the ZrO,-pH-ISFET in buffer solutions withpH=1, 3, 5, 7,

9, 11, and 13 at a constant temperature of 25 C is obtained using a HP4156A

semiconductor parameter analyzer. Furthermore, the alkali metal ions are easy to be

found in electrolytes, we also investigate the Na" sensitivity of ISFET.

Fig. 4-18 ~ Fig. 4-35 show that the H" and Na" sensitivity of ZrO,-pH-ISFET by

all kinds of polyimide/Nafion"™ membrane-based solid-state reference electrodes. The

sensing performances of sensitivity for different test structures were summarized in

Table 4-1. The discussions of the measuring results of sensitivity are listed as follows:

(1)

()

€)

(4)

For bare metal reference electrodes, the experimental results show that the
Ips - Vgs curves are Grregular and unstable, bare Al solid-state reference
electrodes especially.

The experimental results show ‘that the Ips - Vgs curves which were
measured by Al solid-state reference electrodes with polyimide/Nafion™
membrane coating are not very parallel and unstable. However, we need a
stable reference potential for measurement. Therefore the Ips - Vgs curves
are difficult to be regarded as a standard reference line. The main reason is
that the redox reactions at the surface of aluminum metal. Fundamentally,
redox reactions are a family of reactions that are concerned with the transfer
of electrons between species.

Fig. 4-27 shows that the sensitivity is a little increased by Nafion™
membrane coating. However, the sensitivity of Ti/Pt/NF structure is only
27.5 mV/pH in pH 1 ~ pH 9 and is still difficult in application.

From the experimental results, we can conclude that the ZrO,-pH-ISFET
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with Ti/Pt/baked PI/NF membrane solid-state reference electrode has a
higher sensitivity of 56.5 mV/pH in the pH 1 ~ pH 13.

(5) Fig. 4-34 and Fig. 4-35 show Na' sensitivity and sensitivity linearity of
Ti/Pt/PI/NF structure with and without baked PI is 7.5 mV/pNa and 10.25
mV/pNa, respectively. It shows that the ZrO, sensing film is more selective

to H" than Na'.

4.3.3 Drift characteristics

Drift is typically characterized by a relatively slow, monotonic, and temporal
change in the threshold voltage of the ISFET device under constant conditions such as
temperature, pH value, and electrolyte concentration. The drift is an inevitable
phenomenon of pH-ISFET, some studies already indicate that drift behavior exists
during the entire measurement process [4].: To make sure that the device is under a
stable state, the ISFET must be immersed in the buffer solution for 1h before drift
measurement. The measuring time kept up for 7 h at a constant temperature of 25 C.
We can calculate the drift of ISFET from 1°to'7 h to gain the drift rate.

Fig. 4-38 ~ Fig. 4-44 show that the drift of ZrO,-pH-ISFET by all kinds of
polyimide/Nafion™ membrane-based solid-state reference electrodes in pH = 7 buffer
solution for 7 h. In addition, the drift of Ti/Pt/PI/NF structure with and without baked
PI showed in Fig. 4-46 and Fig. 4-47 were measured for 24 h, respectively. The drift
rate amount of various solid-state reference electrodes is summarized in Table 4-2.
The discussions of the measuring results of drift are listed as follows:

(1) According to the Fig. 4-45, we can see that Ti/Pt/PI/NF structure has an
obviously small drift. it is possible to eliminate the drift rate by this structure.
Furthermore, experimental results indicate the Ti/Pt/PI/NF structure of
reference electrode with baked PI membrane exhibited an obviously small

drift rate (1.05 mV/h) than same structure without baked PI membrane.
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(2) From the experimental results, the solid-state reference electrode with
Ti/Pt/PI-mix-NF structure showed a serious drift rate. The results were
considered to be caused by the poor mixed structure and a large surface
roughness. This unstructured compound could result in serious hydration.

(3) Fig. 4-46 and Fig. 4-47 show the drift of Ti/Pt/PI/NF membrane reference
electrode with and without baked PI and the results indicate drift rates of 1.08

mV/h and 1.57 mV/h for 24 h measurement, respectively.

4.4 Conclusions

In this study, we successfully applied the polyimide/Nafion™ membrane-based
material for solid-state reference electrode. The structure of polyimide/Nafion™
membrane-based solid-state reference electrode is simple and easy to fabricate by
drop-coating  method. Our _analysis ' .indicated the polyimide/Nafion™
membrane-based material can ‘work:. at“the solid-state reference electrodes and the
unstable voltage problems of solid-state reference electrode are greatly solved by
Ti/Pt/baked PI/NF structure. The reproducibility within 120 seconds is very stable and
the sensitivity is extremely close to the performance of glass reference electrode. It
exhibited an excellent pH response of 56.5 mV/pH and the Na" sensitivity of this
structure is only a little influenced by different Na" concentrations with the value 7.5
mV/pH. Furthermore, the experimental data indicated that the Ti/Pt/baked PI/NF
structure has a drift smaller than other test structures obviously.

From the experimental results, we confirm the kind of polymer-based material
have a big potential to integrate a miniaturized solid-state reference electrodes
integrate into ISFET chip. The cheap and simple production of miniaturized
all-solid-state reference microelectrodes could substitute classical reference electrodes

in practical applications.
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Chapter 5

Future Work

In our experiment, characteristics of various solid-state reference electrodes are
studied. Based on the observed result, Ti/Pt/Polyimide/Nafion™ membrane is a good
candidate for solid-state reference electrode. But the coating process is not optimized
in this experiment.

For the purpose of mass manufacture, the yield and reliability are the most
important issues. In our experiment, the performance sometimes will fail and unstable
during coating and measurement. So, the optimized coating method, including the
influence of baking temperature or dropping manners, needs to be studied further. The
properties of these polymer materials and other new polymer stuffs are also need to be
more understood.

Additionally, we will change the sensing-layer for ChemFET and ENFET that
have more biomedical applications. Hence, the device will become a useful tool in the

future.
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Table 1-1 Sensitivity for different sensing layers

Sensing layer Test range Sensitivity Reference
(PH) (mV/pH)
Zr0O; 1-13 57.5 5
SiO; 4-10 25-48 6
SizNg 1-13 46-56 6
Al,O3 1-13 53-57 6
Ta,0s 1-13 56-57 6
SnO, 2-10 58 7
Internal
-==1T" Conducting Line
Internal
Reference FElectrode
Internal A o
Buffer Solution 7

=
LY

% zlass Membrane
-~

L
-~

Fig. 1-1 Conventional pH glass electrode
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Fig. 2-2 Ip-Vps curve of an ISFET with VVgs (a), and pH (b) as a parameter
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Fig. 2-4 Schematic representation of site-binding model
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Fig. 2-6 Gouy-Chapman model
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Fig. 2-8 Potential profile and charge distribution at an oxide/electrolyte solution
interface
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Solution

Fig. 2-9 Series combination of the itial (b) hydrated insulator capacitance
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- il
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— o A longer hop
*—————_| (thanaverage)

—>carriers will be delay

q\ /’D C'k‘ .
SN b o’ Cop s
o N .
o—/J °

Fig. 2-10 Schematic representation of carriers hopping through a random array of
sites
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Table 3-1 ZrO, Sputtering parameters

parameters of ZrO: sputter

Power : 110 W

Ar / O, flow rate : 24 / 8 (sccm )

Density : 6.51

Acoustic impedance : 14.72

Tooling factor : 0.533

Rate : 0.01 A /s

Pre-sputter'60W:for 10 min

Pressure : 7.6%10 > torr
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Table 3-2 Test structures of solid-state reference electrodes

Solid-state RE Protective membrane coating
test structures (NF = Nafion™, PI = Polyimide)
NF PI PI-mix-NF PI/NF
Baked PI | Baked PI-mix-NF Baked PI/NF
Ti/Pt electrode] NF PI PI-mix-NF PI/NF
Baked PI | Baked PI-mix-NF Baked PI/NF

Al
electrode electrode electrode electrode

Al

54




.
F:g:!
k
—C—803Na

—C
F

E
c
I
7
TF

C_
Fa
2
?Fc
o}
1

T
Fa

Fa

FaC

Fig. 3-1 Chemical structure and model of Nafion™
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Fig. 3-3 Measurement set-up
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Fig. 3-4 Detection principle of sensitivity
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0.0 0.5 1.0 1.5 20 25 3.0

vV, (V)

Fig. 3-5 Detection principle of drift
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450 —pH=1
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P p
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Fig. 4-1 The Ips - Vg curves and sensitivity linearity of ZrO,-pH-ISFET measure by

glass reference electrode
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Fig. 4-2 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by bare

Al solid-state reference electrode
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Fig. 4-3 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by
AIl/NF solid-state reference electrode
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Fig. 4-4 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by
Al/PI solid-state reference electrode
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Fig. 4-5 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by
Al/PI-mix-NF solid-state reference electrode
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Fig. 4-6 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by
AIl/PI/NF solid-state reference electrode
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Fig. 4-7 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by
Al/baked PI solid-state reference electrode
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Fig. 4-8 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by
Al/baked PI-mix-NF solid-state reference electrode
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Fig. 4-9 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by
Al/baked PI/NF solid-state reference electrode
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Fig. 4-10 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by
bare Ti/Pt solid-state reference electrode
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Fig. 4-11 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by
Ti/Pt/NF solid-state reference electrode

71



—a—pH=1-<4-pH=9
—e pH=3--»-pH=11

2.35 r - A pH=5 -4 pH=13
2.30 |- Measured by Ti/Pt/Pl Solid-RE| —y—pH=7
225F @ - . - -
220 v
215}
210F Pe--memee- R Pmeeeeeas Pocccmeeen >
205
< 200
~ 195F <4-—---—-- O == L CEERE R -
o [
> 190F .. y—e— e y— e ——- y————— -y
185
180F a------ A --e- - A -oo- - A - e - A
1.75F
- - - ——— - ——— - - - -0
170f - .
165} = "
1.60 [ . 1 . 1 . 1 . 1
0 30 60 90 120
Time (sec)
23
Measured by Ti/Pt/Pl Solid-RE i
2oL Linearity = 0.96632
- \—Iinear fitting'
21
20}
s |
O B
$ 1.9
18}
17F
16 s M M M M M M
0 2 4 6 8 10 12 14

pH value

Fig. 4-12 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by
Ti/Pt/PI1 solid-state reference electrode
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Fig. 4-13 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by
Ti/Pt/P1-mix-NF solid-state reference electrode
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Fig. 4-14 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by
Ti/Pt/PI/NF solid-state reference electrode
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Fig. 4-15 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by
Ti/Pt/baked PI solid-state reference electrode
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Fig. 4-16 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by
Ti/Pt/baked PI-mix-NF solid-state reference electrode

76



+pH:1 —4'-pH:9
—e pH=3--»-pH=11
. oA pH=5 celpeee pH =13

21 I —v—pH=7
2.0 FMeasured by Ti/Pt/baked PI/NF Solid-RE
[ * 4 L B ey <
19} °
18}
17 [ poo------ »ocommo-- Pococme-- Pomomon-- >
< 16
2 L ¢-—--—-- “-—e—-- <= “-—-—-- -
g 15}
14 ¥ - - -——-—- - —-— -
1.3 - Ao~ Ao A-eoen-- Ao A
12'_0-———-0-———-0-———-0-———-.
11F »— e — -— —
1 1 1 1 1
0 30 60 90 120
Time (sec)
2.2

L Measured by Ti/Pt/baked PI/NF Solid-RE
2.0 | Linearity = 0.97057

L [——linear fitting |
18F

lo " 1 " 1 " 1 " 1 " 1 " 1 "
0 2 4 6 8 10 12 14

pH value

Fig. 4-17 Reproducibility and sensitivity linearity of ZrO,-pH-ISFET measured by
Ti/Pt/baked PI/NF solid-state reference electrode
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Fig. 4-18 Sensitivity of ZrO,-pH-ISFET measured by bare Al solid-state reference

electrode
750 pH=1
200 |. Measured by Al/NF Solid-RE pH=3
- -- pH=5
650 |- —-—pH=7
600 | —omopH=9
[ cee-pH=11
55+  J  jee=~ecfccqnze” ... pH =13
g soo0f
0O 450
400 |
350 |
300 |-
250
200 [ 1 " 1 " 1 " 1 "
0.0 0.5 1.0 1.5 2.0

VG (V)

Fig. 4-19 Sensitivity of ZrO,-pH-ISFET measured by Al/NF solid-state reference
electrode
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Fig. 4-20 Sensitivity of ZrO,-pH-ISFET measured by Al/PI solid-state reference

electrode
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Fig. 4-21 Sensitivity of ZrO,-pH-ISFET measured by Al/P1-mix-NF solid-state
reference electrode
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Fig. 4-22 Sensitivity of ZrO,-pH-ISFET measured by Al/PI/NF solid-state reference

electrode
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Fig. 4-23 Sensitivity of ZrO,-pH-ISFET measured by Al/baked Pl solid-state
reference electrode
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Fig. 4-24 Sensitivity of ZrO,-pH-ISFET measured by Al/baked PI-mix-NF solid-state
reference electrode

700 ——pH=1
L Measured by Al/baked PI/NF Solid-RE pH=3
650 | ---pH=5
s —-—pH=7
600 |- —---pH=9
- ----pH=11
50fF e S T pH =13
@ 500 |
D 450
400 |
350 |
300 |
250 [ " 1 " 1 " 1 " 1
-0.5 0.0 0.5 1.0 1.5 2.0

Vg (V)

Fig. 4-25 Sensitivity of ZrO,-pH-ISFET measured by Al/baked PI/NF solid-state
reference electrode
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Fig. 4-26 Sensitivity of ZrO,-pH-ISFET measured by bare Ti/Pt solid-state reference

electrode
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Fig. 4-27 Sensitivity of ZrO,-pH-ISFET measured by Ti/Pt/NF solid-state reference
electrode
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Fig. 4-28 Sensitivity of ZrO,-pH-1SFET measured-by Ti/Pt/PI solid-state reference

electrode
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Fig. 4-29 Sensitivity of ZrO,-pH-ISFET measured by Ti/Pt/PI-mix-NF solid-state
reference electrode
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Fig. 4-30 Sensitivity of ZrO,-pH=ISFET measured by Ti/Pt/PI/NF solid-state
reference electrode
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Fig. 4-31 Sensitivity of ZrO,-pH-ISFET measured by Ti/Pt/baked PI solid-state
reference electrode
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Fig. 4-32 Sensitivity of ZrO,-pH=ISFET measured by Ti/Pt/baked PI-mix-NF
solid=state reference.electrode
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Fig. 4-33 Sensitivity of ZrO,-pH-ISFET measured by Ti/Pt/baked PI/NF solid-state
reference electrode
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Fig. 4-34 Na" sensitivity and sensitivity linearity of ZrO,-ISFET by Ti/Pt/PI/NF
solid-state reference electrode
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Fig. 4-35 Na" sensitivity and sensitivity linearity of ZrO,-ISFET by Ti/Pt/baked PI/NF
solid-state reference electrode
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Fig. 4-36 Summary of H'-sensitivity for different test structures
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Fig. 4-37 Summary of H*-linearity for different test structures
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2.160 —m— Drift in pH = 7 buffer solution for 7 hours
2.159 Temperature:25°C

2.158 [ Measured by Glass-RE

2157 [ Drift ~0.62 mV/h

2.156 | l

2.155 |
2154}

2153} i . T
\

Vi (V)

2152 |

2151 F mm .../

2.150 N = T

omqol 0 o 0w
0 5000 10000 15000 20000 25000 30000

Time (sec)

Fig. 4-38 Drift of ZrO,-pH-ISFET measured by glass reference electrode for 7 hours
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Fig. 4-39 Drift of ZrO,-pH-ISFET measured by Ti/Pt/PI solid-state reference
electrode for 7 hours
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—m—Drift in pH = 7 buffer solution for 7 hours
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Fig. 4-40 Drift of ZrO,-pH-ISFET measured by Ti/Pt/PI-mix-NF solid-state reference
electrode for 7 hours
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Fig. 4-41 Drift of ZrO,-pH-ISFET measured by Ti/Pt/PI/NF solid-state reference
electrode for 7 hours
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—m—Drift in pH = 7 buffer solution for 7 hours
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Fig. 4-42 Drift of ZrO,-pH-ISFET measured by Ti/Pt/baked PI solid-state reference
electrode for 7 hours
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Fig. 4-43 Drift of ZrO,-pH-ISFET measured by Ti/Pt/baked PI-mix-NF solid-state
reference electrode for 7 hours
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—m— Drift in pH = 7 buffer solution for 7 hours
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Fig. 4-44 Drift of ZrO,-pH-ISFET measured by Ti/Pt/baked PI/NF solid-state
reference electrode for. 7 hours
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Fig. 4-45 Summary of drift for different test structures
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—m— Drift in pH = 7 buffer solution for 24 hours
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Fig. 4-46 Drift of ZrO,-pH-ISFET measured by Ti/Pt/PI/NF solid-state reference
electrode for 24:hours

—m— Drift in pH = 7 buffer solution for 24 hours
- Temperature: 25°C

F Measured by Ti/Pt/baked PI/NF Solid-RE
C Drift ~ 1.08mV/h

VG (V)
NNONPONNPNNONNNPONNPONNONNNNNDN

OCOOCOCOORLRPEEENNNNNWWWWW-S
ONPROOWONPOIOONPAPOOONI~,OOOO

_u
em g g N

LM B BN BLA BN B L N R B L B
u
|
u
|
]
\
[ ]
/
u
\
| ]
/

-—

| I I U |
0 2 4 6 8 10 12 14 16 18 20 22 24 26

Time (hour)

Fig. 4-47 Drift of ZrO,-pH-ISFET measured by Ti/Pt/baked PI/NF solid-state
reference electrode for 24 hours
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Table 4-1 Summary of H* sensitivity for different test structures

Solid-state RE
test structure

Without baking | pH range | With baking pH range
Al INF NA
PI 49.2 pH3~pH9 NA
PI-mix-NF NA 53.73 pH1~pH?9
PI/NF 49.35 pH3~pH9 NA
Ti/Pt |NF 275 pH1~pH9
P 46.5 pH 1~pH 13 49.17 pH 1~pH 13
PI-mix-NF 35.38 pH 22pH 9 45 pH1~pH 11
PI/NF 50.25 pHiL~pH 13 58.5 pH1~pH 11
Table 4-2 Summary of drift for different Ti/Pt test structures
Solid-state RE Drift for 7 hours Drift for 24 hours
LeSESLUCIUFE J, i hout baking] With baking | Without baking | With baking
Ti/Pt/Pl 4.5 mV/h 3.56 mV/h \\
Ti/PUPI-mix-NF | 952 mV/h 6 mv/h \
Ti/Pt PI/NF 2.48 mV/h 1.05 mV/h 1.57 mV/h 1.08 mV/h
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